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Abstract

Transcriptionally engaged Pol II has been observed at many inactive genes, in a paused state.

Since Pol II can be found even in the inactive state, is Pol II recruited to these genes by default?

If the recruitment of Pol II is regulated, how is it achieved? If the recruitment is regulated, it is

presumably not by transcriptional activators, since Pol II is present even when genes are inactive.

Could it be by pioneer factors, factors that regulate chromatin accessibility for the binding of other

factors, but do not cause transcriptional activation?

In this thesis, I have identified Lola-I, a protein ubiquitously expressed during the late stages

of Drosophila embryogenesis, to be necessary for the establishment of paused Pol II at many

paused genes. Lola-I acts as a pioneer factor which depletes the promoter nucleosome of paused

genes to allow the recruitment of Pol II. Besides, I have characterized in detail the differences

between paused and non-paused genes, which are expressed during the late stages of Drosophila

embryogenesis. The paused genes are generally broadly expressed and have a basal expression

even in inactive tissues. Furthermore, utilizing the Lola-I mutants, I established the role of paused

Pol II in decreasing the stochasticity in gene expression. This thesis provides first insights into how

paused Pol II occupancy can selectively be established at specific promoters and how this could be

utilized to fine-tune gene expression.
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Chapter 1

Introduction

How is the information embedded in the DNA read to produce precise special-temporal gene ex-

pression? This is one of the central questions in the field of transcription and developmental biol-

ogy. The general picture has been that small stretches of DNA sequences in the genome can act as

modules of different functionalities such as the promoters, enhancers, insulators, etc., and the inte-

grated action of these elements produce precise transcriptional output. To understand how varied

transcriptional outputs are produced in response to various developmental and disease conditions,

it is imperative to know the different elements which affect transcription and the interactions be-

tween them.

Traditionally, promoters are considered as just a landing platform for the transciptional ma-

chinery and that the modulation of gene expression is achieved at the promoter proximal regula-

tory regions (Ma & Ptashne (1987), Hope et al. (1988)) or the distal regulatory regions (enhancers)

(Spitz & Furlong (2012), Banerji et al. (1981), Small et al. (1992)) by the action of transcription

factors. Recent experiments however, suggest that the promoters might play a more integral role

in transcriptional regulation. For example, the promoter sequence could affect the total transcrip-

tional output by affecting the burst size (Larsson et al. (2019), Fukaya et al. (2016), Suter et al.

(2011), Bartman et al. (2016)). Promoters can also act as enhancers. In ectopic and in vivo en-

hancer activity assays and in vivo, promoter sequences can enhance the activity of distal promoters

(Zabidi et al. (2014), Diao et al. (2017), Dao et al. (2017), Arnold et al. (2013)). These experiments

challenge the distinction between promoters and enhancers. Moreover, the enhancer sequences are

also transcribed (Kim et al. (2010), Arner et al. (2015), Core et al. (2014a), Kim & Shiekhattar

(2015), Meers et al. (2018)) and the histone modifications at promoters are more similar to the

enhancers than what has been previously characterized (Henriques et al. (2018)). Furthermore,

promoter sequences might also dictate enhancer-promoter specificity (Zabidi et al. (2014), Verri-

jzer et al. (1995)). Thus, it is becoming increasingly clear that promoters also play a crucial role in
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the regulation of gene expression.

Transcriptional regulation was thought to happen at the level of recruitment of polymerase II

to the promoters (Ptashne & Gann (1997))). However, it is becoming increasingly clear that the

promoter-proximal pausing of Pol II and its release is also crucial (Adelman & Lis (2012)). Paused

Pol II has been found to be important for the rapid and synchronous activation of the target genes

(Lagha et al. (2013), Boettiger & Levine (2009), Boettiger et al. (2011)). It has been proposed to

be involved in enhancer-promoter interactions (Ghavi-Helm et al. (2014)). Moreover, Pol II has a

long intrinsically disordered tail (Corden (1990), Corden et al. (1985), Allison et al. (1985)) which

might be involved in phase transitions (Cho et al. (2018), Chong et al. (2018)), a mechanism by

which enhancers have been proposed to activate genes in the recent models (Hnisz et al. (2017),

Boehning et al. (2018)). Thus, paused RNA Pol II could act as a hub for many interactions.

However, despite the many key roles paused Pol II might play in transcriptional regulation, many

aspects of Pol II pausing is still not clear. In this thesis, I aim to dissect the role of paused Pol II

in transcription regulation. Before going further into the aims of this thesis, I will introduce the

current general understanding of the transcription process.

1.1 Different stages of transcription

The major steps in a typical transcription cycle are as follows. It begins with the recruitment of

general transcription factors (GTFs) and Pol II to promoters. Following the recruitment of Pol II to

promoters, Pol II initiates RNA synthesis and then pauses very close to the promoter, which usually

happens 30-50 bp downstream of the TSS. The paused Pol II is transcriptionally still engaged

and proceeds to further elongation, without any of the GTFs, after receiving additional activation

signals. After completing the transcription of the rest of the gene, it terminates. The terminated

Pol II is reused in some cases. Now we shall look in detail the different stages of transcription.
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Figure 1.1: A typical transcriptional cycle of Pol II.

1.1.1 Initiation of RNA Polymerase II

Unlike the bacterial systems, RNA Polymerase in eukaryotes requires the GTFs for recognition

of the promoter and early steps of the transcription cycle. Bacterial RNA Polymerase (RNAP)

complex, which transcribes all the different types of RNAs in bacteria, consists of the catalytic

core of two α subunits and one copy of β , β ′ and ω subunits and the regulatory core made up

of σ subunit. σ subunit determine the promoter specificity of the holoenzyme. Following the

binding of RNAP to the promoter in a closed complex, the holoenzyme melts the promoter DNA

and transitions to an open complex, followed by the RNA chain initiation, promoter clearance,

σ release, RNA chain elongation and termination (Browning & Busby (2004)). The above steps

that take place in the prokaryotes are similar to the eukaryotes, which in addition, have promoter-

proximal pausing in higher organisms. The similarity between the eukaryotic, prokaryotic and

archaeal polymerase subunits and the transcription processes are remarkable (Allison et al. (1985),

Chung et al. (2003), Ebright (2000), Werner & Grohmann (2011)).

In eukaryotes, transcription is achieved in most species by three different types of RNA Poly-

merases (RNA Pol I-III) (Roeder & Rutter (1969), Herr et al. (2005)). These polymerases differ in

their subunit composition as well as the type of RNAs they transcribe. Ribosomal RNAs (rRNAs)

are transcribed by RNA Polymerase I. RNA Pol II transcribes the protein-coding messenger RNAs

(mRNAs) and also small regulatory RNAs, whereas RNA Pol III transcribes the transfer RNAs (tR-

NAs) (Lindell et al. (1970), Kedinger et al. (1970), Weinmann et al. (1974), Weinmann & Roeder

(1974)).

Eukaryotic Pol II is a multi-subunit complex consisting of twelve subunits. The subunits RPB1,
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RPB2, RPB3, RPB6, and RPB11 have high sequence homology with the bacterial counterparts

(Werner & Grohmann (2011)). All multi-subunit RNAPs, including the eukaryotic RNA Pol II,

resemble a crab claw, where the jaws feed the duplex DNA in the catalytic center. During the RNA

synthesis, the duplex DNA is unwinded, creating a region of a single-stranded DNA bubble. One

of the DNA strands of the bubble is utilized for the synthesis of the complementary RNA at the

catalytic center. The unzipped DNA snaps back and exits the Pol II complex.

RPB1, the largest subunit of RNA Polymerase II, contains a long intrinsically disordered

carboxy-terminal domain (CTD) composed of the consensus heptapeptide sequence YSPTSPS.

The copy number of the heptad repeat varies across different species with 26 repeats in S.Cerevisiae

to 52 repeats in H.Sapiens. The sequence composition of the heptad also varies across the tail and

between different species (Chapman et al. (2008)). Major deletions or modifications of the CTD

results in mortality (Hsin & Manley (2012), West & Corden (1995)). Moreover, while the CTD

is essential in vivo, in vitro experiments have shown that it is not necessary for RNA synthesis

(Buratowski & Sharp (1990), Zehring et al. (1988))). Therefore, the CTD might play more of a

regulatory role than basic transcription (Gerber et al. (1995), Scafe et al. (1990)).

The CTD acts as a landing site for different histone-modifying enzymes such as Set1 and Set2,

RNA processing enzymes involved in capping and splicing, and termination factors (Hsin & Man-

ley (2012). Structurally, the CTD is located close to the RNA exit channel, allowing the CTD

bound RNA processing enzymes access to the exiting RNA (Cramer et al. (2001)). In addition,

the CTD itself is heavily post-translationally modified. The post-translational modification status

could act as a code for the binding of different factors, and the modifications are also the conse-

quence of various factors associating with the CTD at different times.

One of the major modifications that occurs is the phosphorylation of Ser2 and Ser5 residues.

Enrichment of phosphorylated Ser5 at the promoter region and phosphorylated Ser2 towards the

gene end has been observed (Li et al. (2007)). When Pol II is recruited to the promoter, it is unphos-

phorylated. The CTD gets phosphorylated at the Ser5 by one of the GTFs (TFIIH), which might

lead Pol II to leave the promoter. The phosphorylation of Ser2 happens when it is released from
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the pause site into elongation. As Pol II elongates through the gene body, CTD gets more phospho-

rylated by the elongation factor (P-TEFb), which travels with the Pol II, while Ser5 is gradually

removed by the phosphatases. This leads to the changing ratio of Ser5/Ser2 phosphorylation of the

CTD as Pol II moves over the gene body. The changing phosphorylation status serves as a signal

for many of the histone-modifying enzymes, capping, splicing, and termination factors at different

parts of the gene (Hsin & Manley (2012)). Moreover, the CTD has been recently shown to be also

involved in phase transitions, at least in the in-vitro experiments, and the phosphorylation status

of the CTD has been indicated to be involved in the phase-transition behavior (Boehning et al.

(2018)).

1.1.1.1 Role of GTFs

Biochemical reconstitution systems revealed that in addition to the eukaryotic Polymerase II com-

plex, additional factors are required for accurate transcription (Matsui et al. (1980), Weil et al.

(1979)). Early in vitro studies with the purified GTFs suggested that transcription initiation begins

with the ordered step-wise recruitment of GTFs and Pol II (TFIID, TFIIA, TFIIB, TFIIF and Pol II,

TFIIE and TFIIH)(Buratowski et al. (1989), Conaway & Conaway (1993), Roeder (1996)). In this

model, TFIID, which contains the TATA-binding protein (TBP) and the TBP associated factors

(TAFs), first binds to the promoter. TBP is highly evolutionarily conserved (Hernandez (1993))

and is one of the well studied GTFs. Binding of TBP, a saddle-shaped protein (Nikolov et al.

(1992)), to the TATA motif causes bending of the DNA (Chasman et al. (1993), Kim et al. (1993b),

Kim et al. (1993a)), which could help in the formation of the initiation competent open complex.

At the TATA-less promoters, TAFs have been proposed to interact with other promoter motifs to

bring TFIID complex to the promoter (Burke & Kadonaga (1996), Pugh & Tjian (1991)), Purnell

et al. (1994), Kaufmann & Smale (1994), Martinez et al. (1994), Chalkley & Verrijzer (1999)).

For example, TAF2 is known in in vitro studies to bind to the initiator element (Inr) (Verrijzer

et al. (1994)), which is capable of directing accurate transcription (Smale & Baltimore (1989)}).

TAF9 and TAF6 can interact with the downstream promoter element (DPE) (Tora (2002), Burke

5



Figure 1.2: Recruitment of TFIID at TATA and TATA-less promoters: At TATA promoters the
recruitment of TFIID might be driven by TBP. At TATA-less promoters it might be driven by the
TAFs.

& Kadonaga (1997)). There are also proteins that are homologous to TBP and TAFs, which could

assemble different TFIID complexes at different promoters. For example, TRF2 (Rabenstein et al.

(1999)) is required for the transcription of the ribosomal protein genes, and cell proliferation genes

(Hochheimer et al. (2002), Wang et al. (2014)). TRF3 has been shown to involved in the expres-

sion of muscle-specific genes in differentiated muscles, and genes involved in oogenesis (Deato

et al. (2008), Goodrich & Tjian (2010)). Other than the promoter recognition role at the TATA-less

promoters, TAFs might also play a role as coactivators at all promoters, by interacting with the

activators or through their enzymatic activities (Verrijzer & Tjian (1996), Pugh & Tjian (1990),

Sauer et al. (1995b), Sauer et al. (1995a), Jacq et al. (1994)). In addition to the TFIID complex,

other promoter recognizing complexes containing TBP and TAFs also exist. For example, the

SAGA complex, better known for its acetyltransferase activity, also can bring TBP and TAFs to

promoters(Grant et al. (1997), Martinez et al. (1998), Ogryzko et al. (1998)). While it was initially

thought that TFIID and SAGA complexes might act on distinct promoters (Li et al. (2000), Kuras

et al. (2000)), recent studies suggest that such clear separations might not exist (Warfield et al.

(2017)).

TFIIA is a multi-subunit complex, consisting of α,β ,γ subunits (Cortes et al. (1992), Coulombe

et al. (1992), Geiger et al. (1996), Tan et al. (1996)). Whether TFIIA is a GTF is debatable, how-

ever, it can act as an antirepressor and as a coactivator (MA et al. (1996)). It can bind to TBP dimers

to induce TBP monomer formation, thereby inducing the binding of TBP to DNA (Coleman et al.

(1999), Imbalzano et al. (1994)). It can also compete with other negative cofactors that destabilize
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TBP binding to DNA or prevent it from interacting with other GTFs (Kokubo et al. (1998)). It can

also act as a coactivator by interacting with activators (Kobayashi et al. (1995), Papai et al. (2010)),

other GTFs and cofactors to effectively assemble the pre-initiation complex (PIC).

TFIIB is made of a single polypeptide (Ha et al. (1991), Hisatake et al. (1991), Malik et al.

(1991)). It’s binding to the TBP-TFIID complex stabilizes it (Nikolov et al. (1995), Wolner &

Gralla (2001)). It also acts as an interface for the recruitment of the TFIIF and Pol II complex

(Buratowski & Zhou (1993), Barberis et al. (1993)). TFIIB also interacts with the nascent RNA

and the transcription bubble at the catalytic center and might stabilize the bubble (Liu et al. (2010),

Pal et al. (2005)). TFIIB also plays a role in transcription start site selection (Pinto et al. (1992), Li

et al. (1994), Berroteran et al. (1994), Hawkes & Roberts (1999)).

The Pol II and TFIIF complex binds next after the DNA-TFIID-TFIIA-TFIIB complex forma-

tion (Buratowski et al. (1989)). TFIIF is made up of RAP30 and RAP74 subunits (Conaway &

Conaway (1989a), Price et al. (1989)). TFIIF helps in the recruitment of Pol II to the promoter

(Flores et al. (1991), Killeen & Greenblatt (1992)). It might also prevent spurious initiation by

preventing the binding of Pol II to non-promoter regions (Killeen et al. (1992)).

TFIIE, which is a tetramer with two copies of α and β subunits (Flores et al. (1989), Inos-

troza et al. (1991)), helps in the recruitment of TFIIH (Maxon et al. (1994)) and stimulates the

TFIIH enzymatic activity (Ohkuma & Roeder (1994)) to form initiation competent PIC. It pro-

motes the melting of the promoter DNA, exposing the single-stranded template for RNA synthe-

sis (Goodrich & Tjian (1994)). Its role in promoter melting is supported by experiments which

show that TFIIE and TFIIH are dispensable with premelted or supercoiled DNA templates (Pan &

Greenblatt (1994), Parvin et al. (1994), Tantin & Carey (1994), Tyree et al. (1993)).

TFIIH is a multi-subunit complex (Conaway & Conaway (1989b), Feaver et al. (1991), Flores

et al. (1991), Gerard et al. (1991)), which contains the subunits XPB, XPD, CDK7, and others,

with ATPase, helicase, and CTD kinase activities (Tirode et al. (1999)). XPB and XPD subunits

have ATPase and helicase activities. The XPB and XPD subunits unwind the DNA in the 3’ to

5’ and 5’ to 3’ direction, respectively (Fishburn et al. (2015)). The helicase activity of XPB helps
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Figure 1.3: Stepwise assembly of GTFs and Pol II

in the melting of DNA by feeding the downstream DNA into fixed Pol II (Grünberg et al. (2012),

Kim et al. (2000)). The ATPase and helicase activities help in the formation and the maintenance

of the open complex formation (Fishburn et al. (2015), Dvir et al. (1997), Moreland et al. (1999)).

During the initial synthesis of the RNA, the slippage of RNA 3’end from the active site results in

the Pol II arrest. ATPase and the helicase activity could reduce Pol II arrest and abortive initiation

during the early stages by stabilizing the transcription bubble (Holstege et al. (1997)). The RNA-

DNA hybrid is greatly stabilized after the synthesis of about 25 nucleotides (Dvir (2002)). The

phosphorylation of the CTD tail by the CDK7 subunit, which possesses the CDK kinase activity,

could help further in the clearance of Pol II from the promoter and in the binding of other CTD tail

associating proteins (Hsin & Manley (2012)).

While many of the in vitro experiments have shown that the PIC assembly happens through the

step-wise recruitment of the GTFS and Pol II, isolation of unbound Pol II in a stable complex with

several of the GTFs, as a holoenzyme (Koleske & Young (1994), Kim et al. (1994), Koleske &

Young (1995)), suggests that the assembly of PIC could happen by recruitment of the TFIID com-

plex and Pol II complex with GTFs and other cofactors. This will be similar to the bacterial system

where the σ subunit first binds to the promoter, followed by the ααββ ′ complex. Furthermore,

live imaging studies have suggested that the binding stability of the GTFs on DNA is on the order

of seconds (Darzacq et al. (2009), Zhang et al. (2016)). It is also important to note that the in vitro

conditions might be different from the in vivo conditions leading to different stabilities. Knowing

these details of PIC formation and the stability of different states would allow us to understand

better the rate-limiting steps in transcription and how they might be regulated.
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1.1.1.2 Promoter sequence

Transcription begins with the assembly of GTFs and Pol II on DNA. This assembly does not

happen throughout the genome. Presence of nucleosomes prevents transcription initiation from

most regions of the genome (Wasylyk & Chambon (1979), Knezetic & Luse (1986)). In addition to

the requirement for accessible DNA, at least partially made accessible by the presence of dynamic

histone variants or partial nucleosomes (Kubik et al. (2015), Chereji et al. (2017), Brahma &

Henikoff (2019)), certain sequence features can lead to efficient assembly and initiation. A core

promoter is a minimal sequence which can support basal levels of transcription (Weil et al. (1979)).

The core promoter stretches 40 bp on either side of the TSS, consisting of several DNA motifs

located generally at distinct positions with respect to the start site.

TATA sequence is one of the well-studied and well-conserved core promoter elements (Lifton

et al. (1978), Goldberg (1979)). It is usually found about 25-30 bp upstream of the start site

(Lenhard et al. (2012)). It recruits TFIID through its interactions with TBP (Kim et al. (1993b),

Kim et al. (1993a)). The polar binding of TBP at the TATA site (Patikoglou et al. (1999)) could

contribute to the orientation of the PIC. However, the orientation of the activators might have a

greater contribution to the PIC orientation in vivo. Relatively fixed location of the TATA box

suggests that it could affect the start site selection. In S.cerevisiae, TATA box is found 40-120

bp from the start site, where Pol II after assembly does scanning to find the start site. While

in many other metazoans, including S.pombe, the start site selection happens where the PIC is

formed without any scanning (Choi et al. (2002)). It is also important to note that TATA-box is not

present at all promoters (Basehoar et al. (2004)).

Inr is another core-promoter motif. It acts as a recognition site for TFIID at TATA-less promot-

ers (Smale & Baltimore (1989)). At TATA promoters, it can work cooperatively with the TATA

motif to recruit TFIID, if they are within a certain distance (Emami et al. (1997)). If the TATA

and Inr motifs are further apart, they act independently to recruit multiple PICs. Inr sequence also

acts as a transcription start site at the +1A, which is preferred by Pol II (Javahery et al. (1994)).

However, transcription can start at other nucleotides, if the preferred base is not found.
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Figure 1.4: Promoter elements

Other motif sequences such as the TFIIB recognition element (BRE), Downstream promoter

element (DPE, recognized by some TAFs), Pause button (PB), etc., are also enriched at promoters.

At most promoters, not all the elements are present in the same promoter, suggesting that they

might play a redundant role (Ohler et al. (2002), FitzGerald et al. (2006)). It has been observed

that specific motifs and motif combinations are prevalent at various gene groups (Carninci et al.

(2006)). TATA motif, together with a variant of Inr is found to be enriched at genes that are ex-

pressed in differentiated cells, in a very restrictive manner, the so-called effector genes (Schug

et al. (2005), Lenhard et al. (2012), Carninci et al. (2006)). Meanwhile, the promoters of house-

keeping genes in Drosophila have motifs such as Ohler1, Ohler6, and DRE (Holstege et al. (1997),

Rach et al. (2009)). In addition, the initiation pattern at the housekeeping promoters is generally

broad or dispersed (FANTOM Consortium and the RIKEN PMI and CLST (DGT) et al. (2014)).

In mammals, the housekeeping genes are not enriched for any of the motifs found in Drosophila

housekeeping genes. Instead, they just have elevated GC content and CpG dinucleotides, known

as the CpG islands (Carninci et al. (2006)). Many developmental genes, such as the patterning and

morphogenesis genes, have Inr, DPE, and PB in Drosophila, with focused initiation. In mammals,

these genes have a broad initiation pattern and are associated with CpG dinucleotide sequences

without enrichment for the motifs found in Drosophila (Akalin et al. (2009)). The significance

of certain motif associations with specific gene groups is not clear, except in a few cases. In the

developmental genes, the presence of paused Pol II has been proposed to be helpful for fast and

synchronous activation, and the associated motifs might play a role in inducing pausing (Lagha

et al. (2013), Boettiger & Levine (2009), Boettiger et al. (2011)).

Experiments that map Pol II-associated RNA, such as the GRO-seq and start-seq, have identi-

fied the presence of pervasive transcription throughout the genome in many cell types and organ-
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isms (Core et al. (2014a), Meers et al. (2018)). The transcription initiation from many sites distal to

the annotated start sites (ENCODE Project Consortium et al. (2007), Kapranov et al. (2007), Kim

et al. (2010)), including many known enhancers, agree with the view that the presence of bona fide

core-promoter motifs might not be essential for transcription initiation. In this model, transcrip-

tional machinery tries to enhance with any open region with sequences that distantly resemble core

promoter motifs. Closer, the found motifs at these open regions are to a bona fide motif; better, the

region can support transcription initiation. Presence of activators and cofactors at enhancers might

further simulate this fortuitous transcription.

1.1.2 RNA Polymerase II pausing

It came as a surprise when the widespread occurrence of promoter-proximal pausing was found

through genome-wide studies of the late 2000s (Muse et al. (2007); Zeitlinger et al. (2007)). The

general understanding of the field based on numerous studies in yeast (S.cerevisiae) had been that

gene regulation happens at the level of recruitment of Pol II to the promoters (Ptashne & Gann

(1997)) and once recruited Pol II transcribes the genes with very little regulation. In contrast to

this view, the presence of paused Pol II after the initiation suggested a secondary regulatory step,

perhaps even a more important one.

The occurrence of Pol II pausing had been observed, as early as the late 1970s and 80s, at

a few genes such as β -globin (Gariglio et al. (1981b)), c-myc (Strobl & Eick (1992), Krumm

et al. (1992)), Fos (Plet et al. (1995)) Drosophila Heat Shock Protein Hsp (Rougvie & Lis (1990),

Rasmussen & Lis (1993)), and HIV-LTR (Kao et al. (1987)). While some studies in the 1990s

suggested widespread occurrence of Pol II pausing (Rougvie & Lis (1990), Law et al. (1998)), the

general applicability of pausing as a mode of regulation was appreciated only after the genome-

wide studies of the late 2000s (Zeitlinger et al. (2007), Muse et al. (2007), Guenther et al. (2007),

Core et al. (2008)). ChIP-seq studies on Pol II found an accumulation of Pol II near the promoter

region of many genes, similar to the heat shock genes (Zeitlinger et al. (2007), Muse et al. (2007)).

Based on the ratio of Pol II signal at the promoter region to Pol II signal at the gene body, a metric
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known as pausing index, it was estimated that about 30-40% of all genes might be regulated by

Pol II pausing. Other methods, such as GRO-seq and Start-seq, which map Pol II occupancy by

sequencing the Pol II-associated RNA, have also identified the global role played by Pol II pausing

in transcriptional regulation (Core et al. (2008), Nechaev et al. (2010)). While these studies iden-

tified genes with stable pausing, other studies involving knockdown of pausing inducing factors

showed that pausing might be happening at all promoters, albeit at different efficiency and stability

(Gilchrist et al. (2010)). Furthermore, the promoter-proximal pausing of Pol II might be necessary

at all genes, even if it happens only transiently at certain genes (Shao & Zeitlinger (2017), Chen

et al. (2015b)), for regulating other co-transcriptional processes.

Promoter proximal pausing of Pol II happens 20-40 nt downstream of the TSS (Core et al.

(2008), Nechaev et al. (2010), Shao & Zeitlinger (2017), Giardina et al. (1992)). Paused Pol

II has been proposed to play various roles at different genes, which might depend on pausing

stability. Paused Pol II could acts as a checkpoint to ensure proper phosphorylation of Pol II and

the recruitment of proteins involved in co-transcriptional events. Even transient pausing of Pol II,

which happens at the housekeeping and TATA genes, might be enough to achieve this function.

At genes which undergo stable pausing, paused Pol II might play other roles such as rapid gene

activation, reducing transcriptional noise, regulate genome organization, etc.,

Pol II pausing is induced primarily by the binding of two factors (Wu et al. (2003)), Negative

elongation factor (NELF)(Yamaguchi et al. (1999), Narita et al. (2003)) and DRB sensitivity in-

ducing factor (DSIF)(Wada et al. (1998)). DSIF and NELF are sufficient two induce Pol II pausing

in in-vitro assays. However, other factors and DNA features around the promoter might also play

a role in Pol II pausing.

1.1.2.1 Contributions of trans factors to Pol II pausing

The NELF complex consists of the four subunits NELF-A, NELF-B, NELF-C/D, and NELF-E

(Yamaguchi et al. (1999), Narita et al. (2003)). NELF is generally conserved in metazoans (Wu

et al. (2005), Vos et al. (2016), Narita et al. (2003)). Its absence in yeast coincides with the
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Figure 1.5: Pause inducing factors

absence of Pol II pausing, suggesting that it might be crucial for the Pol II pausing (Narita et al.

(2003)). Structural studies involving the NELF-DSIF-Pol II complex provide mechanistic insights

into how NELF might regulate Pol II pausing (Vos et al. (2018b)). It has been proposed that NELF

could cause tilting of DNA–RNA hybrid in the paused state, and this could impair the binding

of the nucleoside triphosphate substrate. NELF binding also could restrain Pol II mobility that is

required for pause release. Additionally, NELF could prevent the binding of TFIIS. NELF-E has

an RNA-binding domain and has been suggested to be involved in Pol II pausing (Yamaguchi et al.

(2002)). Mutations in NELF subunits can cause developmental defects and cancers (McChesney

et al. (2006), Midorikawa et al. (2002), Sun et al. (2008)). NELF-A is a candidate for the Wolf-

Hirschhorn syndrome (Wright et al. (1999)). Similarly, the deletion of NELF-B leads to an inner

cell mass deficiency and causes early embryonic legality in mice (Amleh et al. (2009)). NELF-B/E

have been shown to be important for the proper endometrial function during pregnancy in mouse

and humans (Hewitt et al. (2019)).

DSIF is composed of two subunits Spt4 and Spt5 (Yamaguchi et al. (1999), Wada et al. (1998)).

DSIF could cause Pol II pausing by stabilizing the NELF interaction with Pol II. In contrast to

NELF, DSIF also plays a positive elongation role (Wada et al. (1998)) and travels with Pol II

after getting phosphorylated (Vos et al. (2018b)). DSIF is conserved from bacteria (structurally

similar to the bacterial NusG) to humans, suggesting that at least its positive elongation role might

be conserved. Mutations in DSIF subunits have been shown to cause developmental defects in

zebrafish and Drosophila (Guo et al. (2000), Jennings et al. (2004)).

Paf1 complex has also been associated with both Pol II pausing, and Pol II release. Paf1

13



can cause Pol II pausing by restricting access the access of the super-elongation complex (SEC)

(Chen et al. (2015b)), which stimulates Pol II elongation (Luo et al. (2012a), Luo et al. (2012b)).

However, some studies suggest that Paf1 causes Pol II elongation may be in part by displacing

the NELF complex (Vos et al. (2018a)). It is not clear how Paf1 could be involved in both stable

Pol II pausing and pause release. Moreover, Paf1 can also affect transcription through histone

modifications such as ubiquitination and methylation (Robzyk et al. (2000), Ng et al. (2003), Wu

et al. (2014)). Other factors, such as G-down1 has also been implicated in Pol II pausing (Cheng

et al. (2012)).

In addition to the above discussed DNA-binding factors, nucleosomes have also been proposed

to play a role in Pol II pausing. It has been proposed that when Pol II encounters the +1 nucleo-

some, it might slow down. This could allow the pausing factors to bind to Pol II and cause pausing.

Earlier studies came to contradicting conclusions regarding the role of +1 nucleosomes (Mavrich

et al. (2008), Weber et al. (2014), Gilchrist et al. (2010)). It has been proposed that the contradic-

tion could resolved by separating the paused genes into two groups (Li & Gilmour (2013)). The

group with the GAGA motif, which is bound by GAGA factor (GAF), has strong Pol II pausing,

caused by the recruitment of NELF by GAF. These genes might not be dependent on the +1 nucle-

osome for Pol II pausing. The other non-GAGA paused genes, have a strong +1 nucleosome but

have a weaker binding of NELF and less accumulation of paused Pol II at the promoter, compared

to the GAF dependent paused genes. These genes might be dependent on the +1 nucleosome for

Pol II pausing. The role of +1 nucleosomes in Pol II pausing, at least in certain genes, is further

supported by the studies which affect the stability of the +1 nucleosome by mutating the FACT

complex (facilitates chromatin transcription) or acetylation of the +1 nucleosome (Tettey et al.

(2019), Boija et al. (2017)). When the +1 nucleosome stability is reduced, the Pol II pausing is

also reduced.

Pol II elongation is simulated by the recruitment of positive elongation factor (P-TEFb) (Mar-

shall & Price (1995), Zhu et al. (1997), Peterlin & Price (2006)). P-TEFb is made up of cyclin-

dependent kinase Cdk9 and CyclinT (Marshall et al. (1996), Peng et al. (1998a), Peng et al.
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(1998b), Graña et al. (1994)).The human Cdk9 protein also binds cyclin K (Fu et al. (1999)).

P-TEFb causes the phosphorylation of the Pol II CTD at Ser2 (Weeks et al. (1993), Egyházi et al.

(1996)). It also phosphorylates NELF and DSIF (Fujinaga et al. (2004), Yamada et al. (2006)).

This leads to the dissociation of NELF from Pol II and causes further elongation of Pol II with

phosphorylated DSIF. P-TEFb has also been found to be part of the super-elongation complex

(SEC) (Lin et al. (2010), Yokoyama et al. (2010)). P-TEFb can be recruited activators in different

forms (Jang et al. (2005), Yang et al. (2005)). P-TEFb is generally present in an inactive state, in a

complex with the HEXIM-1/2 and 7SK snRNA (Nguyen et al. (2001), Yang et al. (2001), Michels

et al. (2004), Yik et al. (2003), Byers et al. (2005)). This inactive P-TEFb complex can be recruited

to the promoter even before gene activation (Ji et al. (2013)). Pol II elongation can be achieved by

the release of P-TEFb from the inactive complex (McNamara et al. (2013)).

1.1.2.2 Contributions of DNA sequences to Pol II pausing

In addition to their role in transcription initiation, the DNA sequences around promoters also

strongly correlate with Pol II pausing, and mutations in some the promoter elements can affect

Pol II pausing (Shao & Zeitlinger (2017), Shao et al. (2019), Hendrix et al. (2008), Chen et al.

(2013)). It is not clear how these elements affect Pol II pausing. Different elements can affect Pol

II pausing by various mechanisms. For example, the PB element is GC rich (Hendrix et al. (2008)).

GC rich sequence can lead to strong RNA-DNA hybrids. The stability of the RNA-DNA hybrid

can be an obstacle to the forward translocation of the polymerase leading to the backtracking of

Pol II, with 3’ end of the nascent RNA away from the active site (Palangat & Landick (2001),

Nechaev et al. (2010), Tadigotla et al. (2006)). This could cause transcriptional arrest and allow

the binding of pausing factors such as NELF. In addition to the GC rich motifs, promoters of many

of the paused genes are GC rich such as the CpG island paused promoters in mammals. GAGA

motif is also associated strongly with Pol II pausing (Hendrix et al. (2008), Lee et al. (2008), Lee

et al. (1992), Shopland et al. (1995)) and can affect Pol II pausing by the recruitment of NELF

by GAF (Li & Gilmour (2013)). Moreover, even sequences well upstream of the pausing site can
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affect Pol II pausing, including the TATA box and the Inr sequence (Shao et al. (2019)). It has

proposed that differences in the TFIID dynamics at different promoters could lead to a range of

paused Pol II stabilities (Shao et al. (2019)). Certain sequences can directly recruit NELF and

P-TEFb. The HIV-LTR gene produces a short hairpin loop at the 5’ end of the synthesized RNA.

Binding of NELF to nascent RNA can cause Pol II pausing. Binding of an activator protein TAT

to the RNA loop, brings P-TEFb and dislodges NELF, leading to the elongation (He et al. (2010),

Sobhian et al. (2010), Muniz et al. (2010)).

1.1.2.3 Elongation

The release of Pol II from the promoter-proximal pause site by P-TEFb leads to the synthesis of the

rest of the gene. The polymerase progression through this phase is relatively few slowdowns and

backtracking. One such region is at the intron-exon boundaries presumably through its interactions

with the spliceosomal complex. The intron retention or alternate spicing is dependent on the Pol

II elongation rate (Bentley (2014), Saldi et al. (2016)). However, the details of such regulations

are not clear. The binding of several elongation factors with Pol II enables the increased proces-

sivity of Pol II with fewer backtrackings post-pause-release. Some the major elongation factors

include elongin (Bradsher et al. (1993a), Bradsher et al. (1993b)), TFIIS (Sekimizu et al. (1976)),

TFIIF, DSIF, ELL (Shilatifard et al. (1996)), which is also a component of SEC, etc. These fac-

tors stimulate elongation in various ways, including by stabilizing the 3’ nascent RNA near the

catalytic site, stabilizing Pol II in a more active conformation, cleave backtracked RNA, etc. The

phosphorylation of the CTD tail could also play a role in this by recruiting the elongation factors

(Phatnani & Greenleaf (2006), Hsin & Manley (2012)). The association of chromatin remodelers

allows Pol II to travel through nucleosomes. It is not clear if certain genes regulate gene output by

primarily controlling the elongation rate post-pause-release. Following the complete transcription

of the gene, Pol II and the nascent RNA are released from the DNA. The released Pol II is recycled

for re-initiation in some cases. I will not go into the mechanisms of termination further here.
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1.1.2.4 Establishment of paused Pol II

How is paused Pol II established at gene promoters? One model is that the presence of paused

Pol II is the default state of promoters. Since it is the elongation of Pol II from the paused site

that leads to genes expression, the establishment of paused Pol II could be inconsequential and

could be the default promoter state. The other possibility is that the paused Pol II establishment is

tightly regulated. The predicted nucleosome occupancy at paused promoters is very high (Gaertner

et al. (2012), Xi et al. (2010), Tillo et al. (2010)), and it presumably has to be actively removed to

allow access to GTFs and Pol II (Wasylyk & Chambon (1979), Knezetic & Luse (1986), Gilchrist

et al. (2010)). This argues against the model that the presence of paused Pol II is the default state

of promoters. Moreover, the paused Pol II occupancy has been observed to change during the

Drosophila embryogenesis (Gaertner et al. (2012), Chen et al. (2013)). While many promoters

recruit paused Pol II during the zygotic genome activation, certain genes recruit Pol II only during

the late stage of embryogenesis ((Gaertner et al. (2012)). This suggests that the paused Pol II

occupancy is regulated, and the presence of paused Pol II is not the default state. Similarly, in

mammals, where the promoters sequences are also favorable for nucleosome assembly (Tillo et al.

(2010)), it is also observed that the promoter accessibly changes during development (Lu et al.

(2016)). This suggests the paused Pol II occupancy might also be regulated in mammals. However,

it is not clear how is the paused Pol II establishment regulated and what might be the purpose of

such a regulation. Since the promoter nucleosome undergoes a major change with the recruitment

of Pol II, we propose that chromatin plays an important regulatory role in the regulation of Pol II

establishment at the paused genes.

1.1.3 Chromatin and Gene expression

There is a necessity for all living organisms to compact the DNA, in order to be able to package

the DNA into a cell which is many-fold smaller in diameter compared to the length of DNA. This

is primarily achieved by the binding of basic histone proteins to the negatively charges phosphate

backbone of DNA. Other non-histone proteins, like transcription factors, polymerases, RNA, etc.
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also bind to the DNA to form a complex called as chromatin (because of its ability to bind to certain

dyes, chroma means color). The compaction of DNA limits the access of the genetic information

for replication and transcription and also protects it from damage. Thus, chromatin play a crucial

role in transcriptional regulation (Struhl (1999)).

The fundamental unit of chromatin is nucleosome, composed of highly conserved histone sub-

units H2A, H2B, H3, H4 (Kornberg & Thomas (1974), Kornberg (1974), Kornberg (1977)). The

nucleosome core is made of the tetramer formed by the subunits H3-H4. H2A and H2B dimers

flank the nucleosome core on either side (Richmond et al. (1984), Luger et al. (1997)). This oc-

tamer forms the repeating structure of the chromatin, positioned approximately every 175bp; of

this, about 147bp of DNA is wrapped around the octamer core. The DNA sequence in between

the octamers is known as the linker region bound by the linker histone, H1. This arrangement of

chromatin leads to 11nm fibers seen in electron micrographs. The chromatin can be further com-

pacted at certain regions of the genome. The compaction can be influenced by the proteins binding

to the regions; many of them regulate and are regulated by the post-translational motifications of

histones. The post-translational modifications of histones play an important regulatory role in the

regulation of gene expression. Acetylation, and methylation are some the most common histone

modifications, and they can affect/correlate with the transcriptional state of the gene. Histone

modifications also function as epigenetic marks that can be inherited by daughter cells.

Compaction of the genome varies with transcriptional state and location along the chromo-

some. Traditionally, chromatin was divided into heterochromatin and euchromatin, which corre-

sponds to the transcriptionally inactive and active regions (Heitz (1928), Elgin (1996), Grewal &

Elgin (2002)). The heterochromatin can be further divided into facultative and constitute hete-

rochromatin, also known as the blue and green chromatin, respectively (Filion et al. (2010)). The

constitutively silent heterochromatin region is present at the centromeric and telomeric regions,

marked by the H3K9Me2 marks and are bound by proteins such as HP1, SU(VAR)3-9, etc. The

facultative heterochromatin are regions silenced in a developmentally regulated manner, marked

by H3K27Me3 marks and are bound by the Polycomb group of proteins. Other than the above
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mentioned classical repressive region, another major form of repressive chromatin, known as the

black chromatin, has been found (Filion et al. (2010)). How repression is achieved in the black

chromatin is not clear. The active regions also further classified into the housekeeping (Yellow)

and developmentally regulated (Red) regions, which have been found to bind to distinct proteins.

This broad classification of the genome captures, in essence, the diverse proteins associated with

the chromatin. The functions of many of the proteins associated with these regions are not known.

Moreover, while there is a strong correlation between the gene expression and the chromatin-

associated proteins and histone marks, the nature of causality is also clear.

The chromatin is modified constantly during different transcriptional states. The chromatin is

inhibitory to both transcription initiation and elongation (Wasylyk & Chambon (1979), Knezetic

& Luse (1986)). During initiation, the promoter nucleosome has to be removed or modified to

allow GTFs and Pol II access to the DNA. In yeast, the majority of genes, which are constitutively

expressed, have a nucleosome-free/depleted region (NFR or NDR) upstream of the TSS, cover-

ing the also proximal regulatory sequences (Bernstein et al. (2004), Lee et al. (2004), Yuan et al.

(2005)). The NDR is caused by strong anti-nucleosomal sequences such as poly(dA:dT) (Field

et al. (2008), Segal & Widom (2009)). However, the regulated genes have a promoter nucleosome

covering the TATA box, which is frequently present at the regulated promoters, and the near-by

proximal regulatory region. In higher eukaryotes, the promoter sequences intrinsically favor nucle-

osome occupancy. However, many of them nucleosome depleted, presumably by active chromatin

remodeling processes. During elongation, nucleosomes present a challenge to the transcribing

Pol II (Hodges et al. (2009), Bintu et al. (2012), Churchman & Weissman (2011), Weber et al.

(2014)). The Pol II-associated factors constantly modify, evict, and reassemble the nucleosome

to allow passage of Pol II, meanwhile also preventing cryptic initiations. Pol II-associated factors

such as FACT (Orphanides et al. (1998), LeRoy et al. (1998), Orphanides et al. (1999)), Spt16

(Bortvin & Winston (1996)), Asf1 (Schwabish & Struhl (2006)) has been shown to be involved in

transcription-associated remodeling.

Similarly, at enhancers, the presence of nucleosomes prevent the transcription factors from
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accessing the DNA. Binding of many transcription factors depends on a special class of proteins

known as pioneer factors that can bind to their DNA motifs even when they are masked by nu-

cleosomes (Zaret & Carroll (2011)). Binding of pioneer factors can allow the binding of other

factors by altering the chromatin structure. Pioneer factors can alter the chromatin, either simply

through their binding, freeing up more DNA which could be bound by other factors or through the

recruitment of chromatin remodelers. The mechanism of action by many of the pioneer factors is

not clear. In addition to the pioneer factor-mediated binding, transcription factors can bind to their

motif through cooperative interactions, when multiple motifs are present (Workman & Kingston

(1992)). They can bind through just simple mass action when they are present in very high con-

centrations (Workman & Kingston (1992), Morse (1993)). They can also out-compete histones

when they undergo natural turn over. Transcription factors can thus have pioneering activity along

a spectrum.

The pioneering activity was initially discovered at the Alb1 locus, which is occupied by GATA1

and FoxA1 in undifferentiated gut endoderm, where Alb1 is silent (Liu et al. (1991), Gualdi et al.

(1996), Bossard & Zaret (1998)). The GATA1 and FoxA1 binding sites are crucial for the proper

Alb1 expression in the later stages. The FoxA1 homolog in C.elegans, PHA-4 also acts as a pioneer

factor in endoderm development (Gaudet & Mango (2002), Fakhouri et al. (2010)). Some of the

other well-known pioneer factors include Oct2, Sox4, PU.1 in mammals. In Drosophila, Zelda is

a well-known pioneer factor in the early embryo (Liang et al. (2008), Harrison et al. (2011)). The

role of pioneer factors is not always to open the chromatin; some of the pioneer factors act as place

holders by preventing further repression. FoxD3 binds to many of the late endodermal genes in

ES cells and prevent the methylation of the region. It might be acting as a place holder for the late

binding of FoxA1 (Xu et al. (2009)).

Enhancer activation, in many cases, starts with the expression of a pioneer factor at a partic-

ular stage and tissue (Spitz & Furlong (2012), Zaret & Carroll (2011)). This can initiate chro-

matin occupancy or position changes and prime the enhancer for future activation. In the right

context, the enhancer might become active, while in other contexts, it might become repressed.
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Enhancers in different states are associated with various epigenetic signatures. Active enhancers

usually have H3K4me1, H3K79me3, H3K27ac, and RNA polymerase II binding (Creyghton et al.

(2010), Heintzman et al. (2009), Heintzman et al. (2007), Rada-Iglesias et al. (2011), Bonn et al.

(2012b)). Many of the repressed enhancers have histone marks such as H3K27me3. Certain en-

hancers can have only some of the active marks (H3K4me1 and low H3K27Ac) (Creyghton et al.

(2010), Rada-Iglesias et al. (2011), Zentner et al. (2011)). These enhancers are in a ’poised’ state.

This can be an intermediate state ready for rapid future activation. The majority of active enhancers

can get activated without any observable poised state in the previous developmental stage (Bonn

et al. (2012b), Choukrallah et al. (2015)). Therefore this type of priming might be required only

for a subset of enhancers. The poised mark has been proposed to be a result of active competition

between histone acetylases and deacetylases, leading to ultra-fast zero-order activation kinetics

(Koenecke et al., 2017). Therefore, such priming might be important at enhancers with rapid ac-

tivation kinetics. The presence of H3K4me1 in the absence of H3K27ac can also be a result of

active repression(Koenecke et al. (2017)).

While the histone modification enzymes which catalyze these activities are known, how they

are recruited is not always known. Moreover, mutations in the histone modifiers do not always

affect the enhancer function. For example, while the loss of P300 (enzyme which catalyzes the

H3K27Ac) activity leads to reduced activation (Raisner et al. (2018)), mutations in COMPASS

leads to loss of H3K4Me1, but the enhancer function is not lost (Dorighi et al. (2017), Rickels

et al. (2017)). Thus, the functions of many of the histone modifications are not clear.

Similar to a poised enhancer, promoters with both active and inactive histone marks, in a bi-

valent or poised state have been found. The promoters of many of the developmental genes exist

in a bivalent state, with both H3K4Me3 and H3K27Me3, in the ES cells, presumably allowing

them to differentiate upon differentiation cues (Bernstein et al. (2006), Marks et al. (2012), Young

(2011), Min et al. (2011),Brookes et al. (2012), Ku et al. (2008)). It is not clear if the bivalent

promoters have paused Pol II. While some earlier studies, found cooccurrence of paused Pol II

with the bivalent promoters, it was later found that the overlap between the bivalent and the paused
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.

Figure 1.6: Establishment of paused Pol II

promoters are no more than the overlap between all promoters and the paused promoters (Williams

et al. (2015)). The paused Pol II is enriched at the signaling genes and might regulated the pluripo-

tency by fine-tuning the expression of the signaling molecules (Williams et al. (2015), Gilchrist

et al. (2012)). Thus, the promoter state with paused Pol II might be functionally equivalent to the

primed or poised state at the enhancers.

1.2 Aims of this thesis

In this thesis, I aim to address several important open questions regarding the establishment of

Paused Pol II. We will analyze the late paused genes that recruit Pol II during the late stages of

Drosophila embryogenesis but show no Pol II during the early stages (Gaertner et al. (2012)).

These genes provide a clear example of PoII occupancy changes at paused promoters. The pro-

moter nucleosome occupancy undergoes a major change during Pol II recruitment (Gaertner et al.

(2012)). I hypothesize that the factors involved in the recruitment of Pol II at the paused genes

might function by regulating the promoter nucleosome occupancy.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Fly stocks

Wild type flies (OregonR) were obtained from the Bloomington Drosophila Stock Center at Indiana

University.

2.1.1.1 Intact flies

The UAS RAN-GAP-mcherry-FLAG-BirA lines were crossed with tissue specific gal4 driver lines

to generate fly stocks expressing tissue specific RAN-GAP-mcherry-FLAG-BirA in six different

tissues- Neuron, Glia, Trachea, Epidermis, Muscle, Gut (Foregut and hindgut) (Lagha et al., 2013).

The genotypes of fly lines are mentioned in Table 2.1.

2.1.1.2 Lola-I mutants and overexpression flies

Lola-I mutant lines were obtained from Bloomington stock center (ORC4 - 28267) and from Ed

Giniger (ORE50). Homozygous Lola-I mutant files were non-viable and were therefore maintained

with a Cyo-GFP balancer to enable the sorting of the homozygous mutant embryos. Lola-I rescue

lines are generated as follows. We first inserted actin-promoter driving full-length Lola-I cDNA

construct into the attP40 locus and then crossing these Lola-I expressing lines with ORC4 lines to

obtain the meiotic recombinants.

2.1.2 Antibodies

Lola-I, Rpb3 (Pol II), and GAF antibodies were custom made using Genescript services.
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Tissue expression Genotype Gal4 driver bloomington stock number

Neuron 8760 w[*]; Pw[+mC]=GAL4-elav.L3, p[UAS-3xFLAG-blrp-
mCherry- RanGap, UAS-BirA)6

Glia 7415 w[*]; Pw[+m*]=GAL4repo, p[UAS-3xFLAG-blrp-
mCherry- RanGap, UAS-BirA)6/TM6Tb

Muscle 27390 w[*]; Pw[+mC]=GAL4-Mef2.R3, p[UAS-3xFLAG-blrp-
mCherry- RanGap, UAS-BirA)6/TM3Sb

Trachea 8807 w[*]; Pw[+mC]=GAL4-btl.S2, Pw[+m*]=lacZ-un8276,
p[UAS-3xFLAG-blrp-mCherry- RanGap, UAS-
BirA)5/Cyo

Foregut and hindgut 110394 w[*]; PGawBNP3084 , p[UAS-3xFLAG-blrp-mCherry-
RanGap, UAS-BirA)5/Cyo

Epidermis 7021 Pw[+mW.hs]=GawB112A, w[*],p[UAS-3xFLAG-blrp-
mCherry- RanGap, UAS-BirA)6

Table 2.1: A list of INTACT flies used
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2.2 Experimental Methods

2.2.1 Embryo collection

Adult flies were maintained in population cages for embryo collections, and embryos were col-

lected and matured on apple juice plates at 25 ◦C in cages. For example, 14-17h AED embryos

were collected on apple juice plates for three hours at 25 ◦C in cages and then matured at 25 ◦C

for another 14 h. Embryos were dechorionated for 1 min with 67% bleach then crosslinked for 15

min with 1.8% formaldehyde (final concentration in water phase). For the smFISH experiments,

the embryos were crosslinked in 1x PBS in DEPC treated water. Homozygous Lola mutant em-

bryos were obtained by sorting for GFP negative embryos in PBT. Embryos were flash-frozen in

liquid nitrogen and stored at -80°C. For ATAC-seq and scRNA-seq experiments, the embryos were

processed immediately after dechorionation without crosslinking.

2.2.2 Embryo sorting

Embryos were sorted using the COPAS embryo sorter. Embryos were first gated such that the

debris and the out of stage withheld larvae were removed, and the majority of embryos were

still retained. The gated embryos were then sorted for the absence of the GFP signal. With the

lolaORC4/Cyo-GFP mutant lines, the GFP double-positive Cyo-GFP/Cyo-GFP embryos and the Cyo-

GFP/ORC4 embryos were easily separable from the homozygous GFP negative ORC4 mutant

embryos. Embryo sorting was done in PBT with 0.01% triton or 0.1% triton.

2.2.3 Isolation of tissue-specific nuclei

Nuclei isolation was performed using previously published protocols with modifications (Bonn et

al. 2012; Deal and Henikoff 2011). Nuclei were isolated by douncing 0.5 g of embryos in HBS

buffer (0.125 M Sucrose, 15 mM Tris (pH 7.5), 15 mM NaCl, 40 mM KCl, 2 mM EDTA, 0.5 mM

EGTA, 2% BSA, protease inhibitors) in a 15 ml dounce tissue grinder followed by filtering the

nuclei suspension through two layers of miracloth (Calbiochem, #475855). Nuclei were spun at
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500g for 10 min at 4°C, and the supernatant was discarded. The nuclear pellet was resuspended in

HBS buffer and dissociated using syringe (22.5-gauge needle) 10 times. Nuclei were spun again,

and the pellet was resuspended an HBS buffer and incubated with Dynabeads M-280 Streptavidin

beads (Invitrogen, # 11205D) for 30 minutes with end to end rotation at 4°C. A magnet was used

to separate the bead-bound nuclei, and the beads were washed thoroughly with HBS buffer.

2.2.4 ChIP-seq experiments

ChIP-seq experiments were performed as described (Chen et al., 2013) with the following differ-

ences: 100 mg OregonR embryos were used per IP. 5 µg chromatin was used for tissue-specific

ChIP-seq experiments. After incubation of magnetic beads with antibodies, tissue-specific IP sam-

ples were washed three times by rotating tubes for 3 min at 4°C to reduce background. Libraries

were prepared according to the manufacturer’s instructions. ChIP-seq libraries were prepared from

5-15 ng ChIP DNA or 100 ng WCE input DNA.

2.2.5 ATAC-seq experiments

ATAC-seq was performed using about 500-2000 embryos of stage 14–17 h AED. Nuclei were

isolated by douncing the embryos in HBS buffer, as mentioned above, in the isolation of tissue-

specific nuclei section. Whole embryo ATAC-seq was performed without the selection of nuclei

from any specific tissue using the OregonR embryos. The transposition of the nuclei was performed

as described (Buenrostro et al., 2013) using 2.5 µl Tn5 transposase, followed by PCR amplifica-

tion (Nextera DNA Sample Preparation Kit: FC-121-1030, Illumina) and library preparation (the

Nextera index kit: FC-121-1011, Illumina) was used to create libraries. Libraries were purified

using Agencourt AMPure XP beads (A63881, Beckman Coulter), and paired-end sequencing was

performed on the NextSeq 500 instrument (Illumina). Following sequencing, the chromatin acces-

sibility is calculated by computationally filtering for fragments of size 0-100 bp, which represent

small fragments that are supposedly from the accessible regions.
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2.2.6 MNase-seq experiments

MNase digestion was performed similar to (Chen et al., 2013). Briefly, chromatin was extracted

from 0.1mg of wt OregonR embryos per replicate, then digested with a concentration MNase

(Worthington Biochemical Corporation #LS004798) gradient for 30 min at 37°C. All the digestion

gradients were run on a gel, and the digestion concentration to be sequenced was chosen such that

the digestion is complete, but the samples are not over digested as mentioned in (Chen et al. 2013).

Libraries were prepared using the NEBNext DNA Library Prep kit following the manufacturer’s

instructions and then paired-end sequenced on an Illumina HiSeq 2500 sequencing system. The

nucleosome sized fragments (100-200 bp) were selected computationally following sequencing to

analyze the nucleosome occupancy.

2.2.7 mRNA-seq experiments

Total mRNA was extracted from non-cross-linked embryos using the Maxwell Total mRNA purifi-

cation kit (Promega, #AS1225) according to the manufacturer’s instructions. PolyA-mRNA was

isolated using DynaI oligo(dT) beads (Life Technologies, #61002). Libraries were prepared fol-

lowing the instructions of the TruSeq DNA Sample Preparation Kit (Illumina, #FC-121-2001) and

sequenced on the HiSeq 2500 and the Nextseq 500 (Illumina).

2.2.8 scRNA-seq experiments

scRNA-seq experiments were performed on 14-14.5h AED wildtype OregonR embryos. The iso-

lation of single cells was performed similar to the previously published protocol (Karaiskos et al.,

2017), with the following modifications. The embryos were dounced in the SFX medium with

0.1% PF68 + 0.1% BSA, which was found to improve the viability. The total number of dounces

was increased to 120 to improve the isolation of cells from the late-stage embryos. The isolated

cells were filtered and washed and then resuspended in Schneider’s medium to avoid any inter-

ference with droplet formations in the subsequent steps. The resuspended cells were immediately

processed in the 10x Genomics instrument with optimal loading at a targeted capture rate of about
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6000 cells per run to minimize doublets. RNA isolation and cDNA synthesis and amplification

were done according to the manufacturer’s instructions. Libraries were then prepared following

the instructions of the TruSeq DNA Sample Preparation Kit (Illumina, #FC-121-2001) and se-

quenced on the HiSeq 2000. scRNA-seq experiments were performed on two biological replicates

on separate days from different cages.

2.2.9 Western blot

Whole-cell extracts were obtained from embryos through douncing followed by sonication in A2

lysis buffer. Samples are denatured by adding Laemmli buffer and heating at 95c for 5-10 min. De-

natured proteins were separated through sodium dodecyl sulfate-polyacrylamide gel electrophore-

sis and transfer on to a nitrocellulose or PVDF membrane. Proteins were detected and quantified

by incubating the membrane with primary antibodies against the proteins of interest, followed by

incubation with secondary fluorescent antibodies. LICOR scanner was used to detect the fluores-

cent signal from the blot.

2.2.10 Immunostaining

Whole Drosophila embryos were prepared for immunostaining by removing the chorian and vitelline

membranes using bleach and methanol/heptane mix, respectively. Permeabilization and preserva-

tion is achieved by washing in methanol. Methanol permeabilized dehydrated embryos were rehy-

drated; incubated with primary antibodies against the proteins of interest; followed by incubation

with fluorescent secondary antibodies. Embryos were mounted in 2.5% DAPCO and imaged using

confocal or epifluorescent microscopes.

2.2.11 In-vitro Nucleosome binding assay

2.2.11.1 Purification of Lola-I

Purified Lola-I protein was produced commercially by Genescript. Briefly, Lola-I full-length se-

quence was synthesized and sub-cloned, with Flag-TAG to facilitate the purification, into expres-
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sion vector F1 for insect cell expression. DH10Bac strain was used for the recombinant bacmid

(rbacmid) generation. Sf9 cells were grown in Sf-900 II SFM Expression Medium. The cells

were maintained in Erlenmeyer Flasks at 27 ◦C in an orbital shaker. One day before transfection,

the cells were seeded at an appropriate density in 6 wells. On the day of transfection, DNA and

Cellfectin II were mixed at an optimal ratio and then added into the plate with cells ready for

transfection. Cells were incubated in Sf-900 II SFM for 5-7 days at 27 ◦C before harvest. The

supernatant was collected after centrifugation and designated as P1 viral stock. P2 was amplified

for later infection.

The viral stock was later used to infect the cells. The Sf9 cells (1 L) containing 5% FBS were

infected with the P2 virus at MOI=3 and harvested at 48 h post-infection. Cells were sonicated in

50 mM Tris, pH 8.0, 150 mM NaCl, 5% Glycerol containing protease inhibitor. The supernatant

after centrifugation was purified by the Flag column. Cell pellets were harvested and lysed by

proper cell lysis buffer. The cell lysate supernatant was incubated with Flag Columns to capture

the target protein. Fractions were pooled and dialyzed with 50 mM Tris-HCl, 150 mM NaCl, 5%

Glycerol, pH 8.0 followed by 0.22 µm filter sterilization. Proteins were analyzed by SDS-PAGE

and Western blot by using standard protocols for molecular weight and purity measurements.

2.2.11.2 Design of the nucleosome positioning templates

Nucleosomal templates were derived from the Widom 601 strong nucleosome-positioning se-

quence. Lola-PI TFBS AAAGCTC were added at differing positions to ensure that the TFBS

are either in an exposed or concealed orientation as determined by the crystal structure of a nucle-

osome with the Widom 601 sequence (Makde et al., 2010). Therefore, ten templates were designed

starting from the 217-bp Widom 601 sequence and compared to non-specific binding to one con-

trol sequences (Table. 1). Starting with the Widom 601 nucleosome positioning sequence, ten

templates were designed and compared to non-specific binding to the control sequence (Table. 1).

The Widom 601 nucleosome positioning sequence produces highly stable and optimally positioned

nucleosomes. Since the NCP structure is in principle, dyad symmetric, we primarily focused on
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the right half of the core particle. With increasing distance to the dyad axis, four translational

settings were tested – dyad (R0, R0.5), intermediate (R4, R4.5), edge (R6, R6.5, R7), and linker

which is outside the NCP. At each translational position within the NCP, two rotational settings

were tested by shifting the Lola-PI TFBS 5-bp to the right. TFBS accessibility was determined by

modeling the TFBS position onto the nucleosome crystal structure formed from the Widom 601

sequence (Makde et al., 2010). In addition, to explore whether two neighboring TFBS will en-

hance Lola-PI binding to the nucleosomes, a template with two neighboring TFBSs was designed

(R6+R7), another template with 2 TFBSs at a further-away distance was used as control (L6+R7).

Label Sequence

R0 GATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGC

CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

AAAGCTCCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCT

CCAGGCACGTGTCAGATATATACATCCTGTGCATGTATTGAACAGCGA

CCTTGCCGGTGCCAGTCGGATAGTGTTCC

R0.5 GATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGC

CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

GCGCTAAAGCTCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCT

CCAGGCACGTGTCAGATATATACATCCTGTGCATGTATTGAACAGCGA

CCTTGCCGGTGCCAGTCGGATAGTGTTCC

R4 GATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGC

CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

GCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCAAAGCT

CCAGGCACGTGTCAGATATATACATCCTGTGCATGTATTGAACAGCGA

CCTTGCCGGTGCCAGTCGGATAGTGTTCC
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Label Sequence

R4.5 GATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGC

CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

GCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTC

AAAGCTCACGTGTCAGATATATACATCCTGTGCATGTATTGAACAGC

GACCTTGCCGGTGCCAGTCGGATAGTGTTCC

R6 GATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGC

CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

GCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCT

CCAGGCACGTGTCAAAAGCTCACATCCTGTGCATGTATTGAACAGCG

ACCTTGCCGGTGCCAGTCGGATAGTGTTCC

R6.5 GATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGC

CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

GCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCT

CCAGGCACGTGTCAGATATAAAGCTCCTGTGCATGTATTGAACAGCG

ACCTTGCCGGTGCCAGTCGGATAGTGTTCC

R7 GATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGC

CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

GCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCT

CCAGGCACGTGTCAGATATATACAAAAGCTCCATGTATTGAACAGCG

ACCTTGCCGGTGCCAGTCGGATAGTGTTCC

R8 GATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGC

CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

GCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCT

CCAGGCACGTGTCAGATATATACATCCTGTGCATAAAGCTCACAGC

GACCTTGCCGGTGCCAGTCGGATAGTGTTCC
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Label Sequence

R6+R7 GATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGC

CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

GCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCT

CCAGGCACGTGTCAAAAGCTCACAAAAGCTCCATGTATTGAACAGCG

ACCTTGCCGGTGCCAGTCGGATAGTGTTCC

L6+R7 GATGGACCCTATACGCGGCCGCCCTGGAGAATAAAGCTCCCGAGGC

CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

GCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCT

CCAGGCACGTGTCAGATATATACAAAAGCTCCATGTATTGAACAGCG

ACCTTGCCGGTGCCAGTCGGATAGTGTTCC

601 con-

trol

GATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGC

CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC

GCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCT

CCAGGCACGTGTCAGATATATACATCCTGTGCATGTATTGAACAGCG

ACCTTGCCGGTGCCAGTCGGATAGTGTTCC

Table 2.2: Position of Lola-I motifs in different 601 templates

2.2.11.3 In vitro nucleosome reconstitution & purification

All 11 synthesized DNA templates were amplified via PCR with the following primers:

5’-GATGGACCCTATACGCGGC-3’,

5’-GGAACACTATCCGACTGGCA-3’

After PCR, all DNA fragments were column-purified (QIAGEN) and quantified. In vitro nucle-

osomes were generated from H2A/H2B dimer and H3.1/H4 tetramer (NEB). All 11 nucleosome

sequences were mixed at equal molar amounts. Mixed DNAs were then added to histones at oc-

tamer/DNA molar ratios of 1.25:1 in 2M NaCl solution. Nucleosomes were reconstituted through
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salt gradient dialysis as described (Hayes & Lee, 1997), which were further purified by 7%-20%

sucrose gradient centrifuge (Fang et al., 2016) and concentrated by 50K centrifugal filter units

(Millipore, AmiconR Ultra).

2.2.11.4 DNA binding assay followed by EMSA

The protein-nucleosome binding assays were carried out with purified nucleosomes mentioned

above and human recombinant Lola-PI protein in 7 µl DNA binding buffer (10mM Tris-Cl, pH7.5;

50mM NaCl; 1mM DTT; 0.25mg/ml BSA; 2mM MgCl2; 0.025% P-40; and 5% glycerol), and

then incubated for 10 minutes on ice and then for 30 minutes at room temperature. Increasing

concentrations of Lola-PI protein were added to 0.25 pmol purified nucleosomes, from Lola/nu-

cleosome molar ratios of 0:1, 1:1, 2:1, 4:1 to 10:1. Protein binding was detected by mobility shift

assay on 4% (w/v) native polyacrylamide gels (acrylamide/bisacrylamide, 29:1, w/w, 7 × 10 cm)

in 0.5 × Tris Borate-EDTA buffers at 100V at 4 ºC. After electrophoresis, DNA was imaged by

staining with SYBR Green (LONZA).

2.2.11.5 DNA isolation and purification

All visual bands were excised from the gel, as well as the bands at the same locations in the other

lanes. Each gel slice was processed separately for a total of 20 samples from 2 replicate exper-

iments. In order to extract DNA from polyacrylamide gel, the chopped gel slices were soaked

in diffusion buffer (0.5 M ammonium acetate; 10mM magnesium acetate; 1mM EDTA, pH8.0;

0.1% SDS), and incubated at 50 ºC overnight. The supernatant was collected, residual polyacry-

lamide removed with glass wool, and DNA purified with QIAquick Spin column (QIAGEN). The

DNA concentration for each sample was determined by qPCR by comparing to a standard curve

generated from the control 601 sequence.
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2.2.11.6 Library construction & sequencing

After we obtained the concentrations of the purified DNA samples, we performed two rounds of

PCR to construct sequencing libraries for Illumina sequencing. The first-round PCR used forward-

amplicon-primer and reverse–amplicon primer (see below). The number of cycles for PCR was

determined by the sample concentration determined by qPCR and ranged from 8 to 12 cycles.

Each sample was then indexed using Nextera dual indices (Nextera XT Index Primer 1 (N7xx) and

Nextera XT Index Primer 2 (S5xx)). After each PCR, reactions were cleaned up with AMPure

XP beads (Beckman Coulter). All samples were multiplexed and sequenced in a single lane on the

Next-Seq using 2 × 150-bp paired-end sequencing. Sequencing and quality control were performed

at the University at Buffalo Genomics and Bioinformatics Core.

2.2.12 smFISH

smFISH technique was optimized and adapted from the Stellaris website and based on Shawn

Little’s protocol (personal communication). smFISH probes were designed by and ordered from

Stellaris (Biosearch Technologies). The probes were designed with a C-terminal TEG-Amino

tag, and the 3’ ends were fluorescently labeled with a succinimidyl ester and HPLC purified as

previously described (De Kumar et al., 2017)). The following probe sets were generated: GIP-

Af555, PPO1-Af647, PPO2-Af647, Lola-I-Af647.

2.2.12.1 Sample preparation

1. Embryo collection and crosslinking:

Properly staged embryos were collected and dechorionated with bleach. Embryos were then

crosslinked in 4% formaldehyde in a 1:3 mixture of PBS and heptane. Following crosslink-

ing, embryos were sorted in PBT (0.1% Triton). Following sorting embryos were devitel-

linated with a 1:1 mixture of methanol and heptane. Embryos were then permeabilized in

methanol. Embryos can then be stored at −20 ◦C.
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2. Protease treatment: Embryos were rehydrated gradually. Following rehydration, embryos

were post-fixed and treated with proteinase k (0.5ug/ml) for one hour in ice and one hour at

37 ◦C. The proteinase k digested samples were crosslinked once more.

3. Hybridization: The permeabilized embryos were washed with a series of PBT and Stellaris

WashA buffers. Prehybridization in the Stellaris Hyb buffer was done overnight at 37 ◦C.

Hybridization was at 25C overnight with 1µ molar concentration of probes.

4. Whole embryo mounting: Embryos were mounted in Prolong gold and curated at room

temperature (22 ◦C) for three days to one week.

2.2.12.2 Image acquisition

3-color samples were generated in whole-mount fixed embryos, with Dapi, GIP-Af55, and a com-

bined far-red probe set with PPO1-Af647 and PPO2-Af647. (The contribution of PPO1 and PPO2

is to find positive cells, and not quantification of transcript intensity, so we merged the PPO1 and

PPO2 probe sets). For analyzing the Lola-I expression, Lola-I-Af647 and dapi stained embryos

were used.

All data were acquired on a Nikon base outfitted with a CSU-W1 Yokogawa disc. Emission

was collected onto a Hamamatsu ORCA-flash 4.0 scMOS. Emission filters were as follows – dapi –

455/50 nm, green – 525/36 nm, red – 605/52 nm, and far-red – 705/72 nm. The main dichroic was

a 405/488/561/640 nm tetra-band dichroic, and those correspond to the laser lines used for each

channel. For simple determination of GIP and PPO1 positive cells, whole embryo images were

acquired with a 40x Apo LWD 1.15 NA water objective, with a z-spacing of 1 micron. Images

were blurred in FIJI with a radius of 1 pixel, and a rolling background subtraction with a radius of

250 pixels was applied to all channels with the exception of the dapi channel. Positive cells were

easily distinguished (see Figure 3.22A) and were manually counted.

For analyzing the Lola-I expression, RNA fish data was acquired on a PerkinElmer Ultra-

view spinning disk confocal micro-scope equipped with an EM-CCD camera (model C9100-13;
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Hamamatsu Photonics), using Volocity software (PerkinElmer). An Apochromat 63×, 1.46 NA

oil immersion objective was used with a 405/488/561/640 nm multiband dichroic. LoLa-PI probes

were fluorescently labeled with Af647 and purified, as discussed above. Dual color images of Dapi

and Lola-PI-Af647 were acquired with 405 nm and 640 nm laser lines, respectively, with 415-475

nm emission filter for Dapi and a 660-750 nm emission filter for Af647.

2.3 Data Analysis

2.3.1 Sequence alignment

All sequencing reads were aligned to the Drosophila melanogaster genome (dm6) using Bowtie

(v 1.1.2)(Langmead et al. (2009)) , allowing a maximum of two mismatches and including only

uniquely aligned reads. The sequenced reads were trimmed to 50 bp before alignment. Aligned

reads were then extended to the estimated insert size or the actual size for the paired-end libraries.

For the bulk mRNAseq samples, the gene expression values were calculated by performing pseudo-

alignment using the Kallisto package (Bray et al. (2016)). For the scRNA-seq samples, alignment

and separations of reads from different cells were done using the Cell Ranger pipeline (v 2.1.1)

from 10x Genomics.

2.3.2 smFISH analysis

2.3.2.1 Quantification of smFISH data

For modeling purposes, it was necessary to calibrate transcript intensity to convert from integrated

raw intensity per cell to number of transcripts per cell. For this, data was acquired on the same

Nikon spinning disc, but with a z-spacing of 0.3 microns, and a 100x Plan Apo 1.4 NA oil objective.

Data was blurred with a radius of 1 pixel, and a rolling ball background subtraction was applied

with a radius of 50 pixels. Data was then z-binned (summing pixels) in the z dimension by 7. In

order to distinguish single transcripts and minimize the chance of fitting spots that contain multiple

transcripts, cells with low overall expression were found. Within the low expressing cells, single
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cytosolic spots were fit to a 2-dimensional Gaussian, and the integrated intensity of the Gaussian fit

was used as an approximation for contribution of every single transcript to the integrated intensity

of each cell. Cells were outlined manually in FIJI, and the integrated intensity of each cell was

summed over a total z-dimension of 6 microns. Autofluorescence in the gut is considerable. For

illustration purposes, we determined the ratio of autofluorescence in the red and green channels

and subtracted this value from the red images per pixel based on the green pixel intensity. Note

this gut area is outside the area of interest – the PPO1 and GIP positive cells, and therefore was for

visual purposes only and did not affect quantification. A cell was considered to be in the ‘bursting’

state if it had a visible nascent transcript, which we set as each cell that possessed a secluded,

nuclear spot at least three times brighter than the determined single transcript intensity (see Figure

3.22D). This will slightly underestimate the bursting percentage, as new nascent transcript sites

that are not producing high numbers of transcripts are not counted.

2.3.2.2 Application of model

Single-molecule RNA FISH intensities were analyzed according to Raj et al. (2006). Intensity

distributions were calibrated according to the intensity of a single transcript, as described above, in

order to convert from raw integrated intensity per cell to transcripts per cell. The resulting intensity

distributions were fit to simple two state gene expression model involving stochastic activation,

inactivation, production, and degradation. As in Raj et al. (2006), we expressed all rates as ratios

to the transcript degradation rate, which we assume is constant across conditions measured here.

As mentioned in previous work, the ratio of activation to inactivation rates is poorly determined

for the model. Nevertheless, our measurements provide clear evidence for the number of cells

with active expression because of the visual identification of nascent transcripts in the nucleus.

We combined these measurements with a count of total potentially expressing cells but co-labeling

with a PPO1 + PPO2 FISH probe. In this way, we can estimate the fraction of bursting cells and,

therefore, the ratio of activation to inactivation rates. This ratio was fixed in the analysis. Fitting

was performed via Levenberg marquardt non-linear least squares using custom software available
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at research.stowers.org/imagejplugins. Errors were determined via monte carlo analysis in which

we generated 100 curves from the best fit with errors corresponding to the chi-squared parameter

and then fit these curves to generate errors for the fit parameters.

2.3.3 Invitro binding assay

Quality sequence reads were mapped to each specific starting sequence using VSearch (Rognes

et al., 2016). After obtaining the amount of the reads from each band, we analyzed the data

relative the control 601 sequences in each sample (Eq. 2.1). Where N is one of the 11 nucleosome

sequences, 601 indicates the Widom 601 control sequence.

Relative Supershi f t = log2(
reads supershi f tN/reads supershi f t601

reads nucleosome bandN/reads nucleosome band601
) (2.1)

In this method each specific nucleosome sequence is measured relative to non-specific binding.

This approach internally controls technical variability introduced by gel-excision, PCR, NGS-

library construction, or NGS sequencing.

2.3.4 Mapping scRNA-seq data to known tissue types

We obtained the gene expression profiles of about 3500 cells in total from two independent bio-

logical replicates. The cells from both the replicates were pooled together for all the analyses. The

Seurat package (Satija et al. (2015)) was used for normalization, clustering, and visualization of

the scRNA-seq data. The cell-gene expression matrix is normalized by the total expression and

scaled to by a scale factor of 10000 and log-transformed. The principal component analysis was

performed on highly variable genes. The first 20 principal components were used as input for

clustering by the Shared Nearest Neighbor method. Seurat was also used to identify the marker

genes for each of the clusters. The tissue of origin for the clusters was identified by comparing the

scRNA-seq expression patterns with the in situ hybridization profiles from the Berkeley Drosophila
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Genome Project (BDGP) similar to the previously published method (Karaiskos et al. (2017)).

Briefly, the annotated gene expression profiles for the embryonic stage 13-16 were obtained from

BDGP, excluding the ubiquitously expressed genes. The scRNA-seq data was then binarized into

ON/OFF, for expression values above/below a threshold. We used the expression value at the 0.9

quantile for each gene, as the threshold above which it is considered ON. The results did not vary

significantly for a wide range of cutoffs. The Matthews Correlation Coefficient was calculated

based on this binarized version of our data versus the binarized BDGP data. The annotation with

the maximum correlation with a cell is used as the annotation for the cell. The annotation of the

maximum number of cells in a cluster is considered to the tissue type of the cluster. For ambiguous

clusters, we analyzed the occurrence of known tissue markers and manually merged or separated

clusters such that they better matched anatomical structures. For example, there were cases when

more than one cluster was annotated with the same tissue type, and we could not find meaningful

differences between them. In these cases, we merged these clusters. While in other cases, when

small subgroups with distinct tissue types were found within a cluster, the clusters were separated

into multiple sub-clusters. The lolawt scRNAseq data was aligned to the lolaORC4 embryos using

the canonical correlation analysis (CCA).

2.3.5 % of cells with expression and coefficient of variation calculations

The percentage of cells with any detectable transcripts for each gene in each tissue was calculated.

The tissue with maximum expression was considered as the expressing tissue, and the five least

expressing tissues were considered as other tissues. The coefficient of variation was calculated

as the ratio of standard deviation of expression divided by the mean expression in the expressing

tissue. Only the cells with detectable transcripts were considered for this calculation.

2.3.6 Promoter element enrichment

The presence of known Drosophila promoter elements in each promoter is identified with zero

mismatches in a specified window relative to the TSS. For each gene group and each promoter
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element, the enrichment was calculated as the fraction of genes in a group with a promoter element

over the fraction of all genes with the same promoter element. The statistical significance was

calculated with Fisher’s exact test after correcting for multiple testing by the Benjamini–Hochberg

method.

2.3.7 Pausing index calculations

The pausing index was calculated as the amount of Pol II ChIP-seq signal in the 200bp window

downstream of the TSS divided by the Pol II signal in the 200bp-400bp region downstream from

the TSS in the gene body.

2.3.8 Data and software availability

All data analysis performed in this paper, including raw data, processed data, software tools, and

analysis scripts are available through publicly accessible Amazon Linux virtual machine image

(ami-id will be provided with peer-reviewed publication of this work or on request). The analysis

code is also available on GitHub @zeitlingerlab. Raw and processed data associated with this

manuscript have been deposited in GEO and will be available upon peer-reviewed publication of

this work or on request.
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Chapter 3

Characterization of Lola-I as a promoter pioneer factor that regulates RNA

polymerase II pausing

A large fraction of metazoan promoters have a disposition for RNA polymerase II (Pol II) pausing.

Since these promoters show paused Pol II even in the inactive state, the loading of paused Pol II

is thought to occur by default in a constitutive fashion. In contrast to this view, we show here that

the loading of paused Pol II is regulated over the course of Drosophila embryogenesis by the zinc

finger transcription factor Lola-I. During the late stages of embryogenesis, ubiquitous expression

of Lola-I regulates the loading of paused Pol II to a specific set of promoters. At the Lola-I target

promoters, Pol II is recruited ubiquitously throughout the embryo. However, this does not lead

to ubiquitous expression but rather primes them for tissue-specific activation. The mechanism by

which Lola-I regulates the loading of paused Pol II occurs through the depletion of nucleosomes,

similar to the role of pioneer factors at enhancers. Moreover, the priming of target promoters by

Lola-I shifts the gene expression equilibrium towards the active state, and might thereby reduce the

transcriptional noise and bring synchrony in gene expression between cells. Our results therefore

suggest a broader role for pioneer factors in regulating chromatin accessibility in the genome and

in preparing genes for activation.

3.1 Introduction

For transcription to occur within chromatin, the DNA at enhancers and promoters has to be acces-

sible to transcription factors and RNA polymerase II. During embryonic development, enhancers

are made accessible first by lineage-specific pioneer factors, which recognize and bind to specific

DNA sequences even when the binding sites are part of a nucleosome. In the presence of the right

combination of cell-type-specific transcription factors, these enhancers then become devoid of nu-

cleosomes during enhancer activation. In contrast, promoters are usually nucleosome-depleted in
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a more constitutive fashion (Bernstein et al. (2004), Lee et al. (2004), Yuan et al. (2005)). They ei-

ther contain AT-rich sequences that make nucleosome occupancy unfavorable (Field et al. (2008),

Segal & Widom (2009)) or they contain binding sequences for a constitutively expressed pioneer

factors (such as GAGA in Drosophila), which keep the promoter nucleosome-free (Tsukiyama

et al. (1994), Okada & Hirose (1998), Fuda et al. (2015)). Therefore, the accessibility of promot-

ers is generally not considered a target for regulation during development.

Consistent with promoters being constitutively accessible, a large fraction of promoters show

evidence for transcriptional initiation, as for example evident by the high occupancy of paused

RNA polymerase II (Pol II) in the genome (Zeitlinger et al. (2007), Muse et al. (2007), Guenther

et al. (2007), Core et al. (2008)). If a promoter is accessible and Pol II can initiate transcription,

Pol II typically accumulates at the promoter-proximal pause site at around 20-60 bp downstream

of the transcriptional start site (TSS). During gene activation, Pol II is increasingly released from

pausing into productive elongation, in which transcripts are being produced. Since a large fraction

of promoters show high levels of paused Pol II even in the absence of gene activation, it is assumed

that Pol II initiation occurs at basal levels by default and that the release from Pol II pausing is the

rate-limiting step for productive transcription. Consistent with a permissive state for initiation, the

promoters of highly paused genes are usually strongly depleted of nucleosomes (Gaertner et al.

(2012), Gilchrist et al. (2010)). However, it is possible that promoters with paused Pol II might

be regulated at the level of promoter accessibility. Highly paused promoters in Drosophila tend to

have GC-rich sequences and are predicted to intrinsically favor nucleosome formation (Tillo et al.

(2010), Xi et al. (2010), Gaertner et al. (2012)), suggesting that these promoters could be protected

by nucleosomes under some conditions. Indeed, we have previously observed that a certain set of

genes in Drosophila acquire paused Pol II only at later stages of embryogenesis (Gaertner et al.,

2012), and this change in the occupancy of paused Pol II is accompanied by a depletion in promoter

nucleosomes. However, how this global change in paused Pol II and nucleosome occupancy might

occur is not known.

Here, we show that the sequence-specific zinc-finger transcription factor Lola-I regulates the
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loading of paused Pol II at this set of target promoters. Moreover, Lola-I regulates the loading of

paused Pol II by functioning as a promoter pioneer factor. Lola-I motifs tend to be found at the

edges of nucleosomes in vivo and Lola-I preferentially binds this location in in vitro nucleosome

binding assays. Thus, the expression of Lola-I during the late stages of Drosphila embryogenesis

leads to pre-loading of paused Pol II at the Lola-I target genes. Moreover, the pre-loading of paused

Pol II leads to synchrony in gene expression between cells and reduction in transcriptional noise,

but the pre-loading also leads to basal expression throughout the embryo.

3.2 Results

3.2.1 Lola-I is required for the de novo recruitment of paused Pol II in the late embryo

We previously observed that a set of promoters have no Pol II at the early stages (2-4h AED) and

then acquire high levels of paused Pol II at the late stages (14-17h AED) of Drosophila embryo-

genesis (Gaertner et al. (2012)). To test whether this set of promoters (referred to as opening set)

might be regulated by sequence-specific transcription factors, we analyzed the DNA sequences

around these promoters (Figure 3.1A). The most highly enriched motif was AAAGCT.This motif

is specifically enriched at the opening set of promoters and not at genes that have constantly high

levels of paused Pol II throughout embryogenesis (constant set). Notably, the motif has previously

been shown to be bound by Lola-I (Enuameh et al. (2013)) (Figure 3.1B), a splice isoform from the

lola locus that becomes upregulated during the late stages of Drosophila embryogenesis (Casas-

Vila et al. (2017)). This makes Lola-I a good candidate for regulating the loading of paused Pol II

at the opening set.

We therefore tested whether Lola-I binds to the opening set in vivo. There are about 25 dif-

ferent splice isoforms made from the lola locus, with the same N-terminal BTB domain but have

different C termini, encoding different zinc finger domains that bind to diverse sets of DNA motifs

(Goeke et al. (2003), Enuameh et al. (2013)). We generated isoform-specific antibodies against the

C-terminus of Lola-I and confirmed Lola-I’s expression in late embryos on Westerns blots (Fig-
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Figure 3.1: Lola-I correlates with the recruitment of paused Pol II in the late embryo: A) Schematic
illustration of establishment of paused Pol II at late genes. B) Enrichment of Lola-I motif at the late
paused genes. Lola-I motif was identified de-novo at the late paused genes. Differential enrichment
analysis shows specific enrichment of the Lola-I motif at the late genes (Wilcoxson two-sided test,
*P <10-15). C) Lola-I shows increasing expression during Drosophila embryonic development,
shown by western blot specifically against the Lola-I isoform. D) Single gene example shows Lola-
I binding to the promoter of the late paused gene Tpi. E) Heatmap shows that Pol II occupancy,
RNA levels, accessibility (measured by DNAse hypersensitivity) correlate with the binding of
Lola-I at its target promoters. (Wilcoxson two-sided test, *P <10-15)
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Figure 3.2: Conservation of Lola-I binding sites: A) Single gene examples showing the conserva-
tion of the Lola-I binding sites at Lola-I target promoters across different Drosophila species using
the PhastCons score. Lola-I binding to its target sites correlate with Pol II binding and increased
accessibility. B) Boxplot of the PhastCons score shows the conservation of the Lola-I binding sites.
Lola-I binding sites at promoters bound by Lola-I are highly conserved compared to promoter re-
gion (200 bp around the binding site) in general or the not-bound Lola-I binding sites (Wilcoxson
two-sided test, *P <10-15). Similarly Lola-I binding sites at non-promoter regions bound by Lola-I
are also highly conserved (Wilcoxson two-sided test, *P <10-15).

ure 3.1C). We then performed chromatin immunoprecipitation (ChIP-seq) experiments with these

antibodies and identified regions bound by Lola-I. These Lola-I-bound regions significantly over-

lap with the opening set of genes, and the most highly enriched 6-mer they contain is the Lola-I

motif (AAAGCT). Furthermore, the Lola-I motifs bound by Lola-I are highly conserved among

the different Drosophila species, consistent with these binding motifs to be functionally important

(Figure 3.2). We therefore conclude that the opening set as previously identified is likely charac-

terized by the presence of Lola-I binding.

We next analyzed how Lola-I target promoters change from the early to late stages of embryo-

genesis. We specifically focused on Lola-I binding targets and compared the results to a random

subset of the constant set. As expected, we found that Lola-I target promoters had dramatically

increased levels of paused Pol II compared to the early stages (Figure 3.1D, as an example; Fig-

ure 3.1E for all targets). At the same time, these target promoters showed a significant increase
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in chromatin accessibility as measured by DNAse-seq (Thomas et al., 2011) and were associated

with higher levels of transcript expression (RNA-seq) in the late embryo (Figure 3.1E). Thus, the

binding of Lola-I to target promoters is associated with increased promoter chromatin accessibility,

Pol II recruitment and gene expression.

To test whether Lola-I is responsible for these promoter changes, we analyzed the previously

reported Lola-I mutant (lolaORC4) ((Goeke et al., 2003)). In this mutant, Lola-I peptides, but not

other Lola isoforms, are truncated due to a premature stop codon that leaves the protein without the

zinc finger DNA-binding domain. Consistent with this, we found that homozygous lolaORC4 mu-

tant embryos contained a shorter form of Lola-I that was less abundant than the full-length product

in wild-type embryos in Western blots (Figure 3.3A). These lolaORC4 mutant embryos had signif-

icantly reduced Pol II occupancy and chromatin accessibility measured by ATAC-seq (Assay for

Transposase-Accessible Chromatin using sequencing) (Buenrostro et al. (2013)) at Lola-I targets,

but not at control promoters (Figure 3.3B,C). These defects were not due to a developmental delay

or due to secondary mutations in the lolaORC4 stock (Figure 3.4). Notably, the defects in Pol II oc-

cupancy and accessibility in lolaORC4 mutants were rescued by the transgenic expression of Lola-I

(Figure 3.3B,C). This shows that Lola-I specifically affects Pol II and chromatin accessibility at

the promoters to which it directly binds.

3.2.2 Single-cell RNA-seq reveals tissue-specific genes in the late embryo

While, we have now clearly established the role of Lola-I in loading Pol II at certain late genes,

it is not clear if Lola-I establishes paused Pol II or is a general activator. We have previously

observed that certain paused genes have Pol II loaded at their promoters, even in tissues where

they are not expressed (Gaertner et al. (2012)). We reasoned that if Lola-I is a general activator,

binding of Lola-I to its target promoter will correlate with the expression of its target genes both

temporally and spatially. However, if Lola-I and Pol II are bound in tissues where the Lola-I targets

are not expressed, it would argue that Lola-I is involved in the establishment of paused Pol II and

is not a general activator. To this effect we performed scRNAseq (single-cell RNA sequencing)
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Figure 3.3: Lola-I is required for the recruitment of paused Pol II in the late embryo: A) Lola-I
mutant line lolatextsuperscriptORC4 has a premature stop codon before the DNA binding domain.
Western blot analysis shows mostly degraded Lola-I protein in the lolaORC4 mutant. B) Pol II
occupancy at the Lola-I target Tpi goes down in the lolaORC4 mutant embryos. While in the rescue
line which expresses lola-I cDNA in the lolaORC4 background, Pol II occupancy is rescued to the
wildtype levels. In the control non-Lola-I target gene, Dl, Pol II occupancy remains the same
between all the samples. C) Heatmap shows that globally Pol II occupancy (Wilcoxson two-sided
test, *P <10-9), accessibility (measured by ATAC-seq) (Wilcoxson two-sided test, *P <10-14) goes
down specifically at the Lola-I target promoters in the lolaORC4 mutant embryos and is rescued by
the expression of lola-I.
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Figure 3.4: Effect of loss of lola-I on accessibility. A) Illustration of different lola-I mutants.
lolaORC4 mutant has a premature stop codon. lolaORE50 mutant has a frameshift mutation. B)
Heatmap showing accessibility changes at the Lola-I targets at different conditions. Lola-I tar-
gets show reduced accessibility in the lolaORC4 mutant embryos at 14-17h (Wilcoxson two-sided
test, *P <10-9) andat 17-20h (Wilcoxson two-sided test, *P <10-10)and in the transhetreozygous
lolaORE50/ORC4 mutant embryos (Wilcoxson two-sided test, *P <10-13)

and tissue-specific Pol II and Lola-I ChIP-seq experiments.

To obtain an unbiased global view of the gene expression programs in differentiated tissues, we

performed single-cell RNA-seq on late Drosophila embryos (Figure 3.5A). We chose stage 16 em-

bryos (14h-14.5h) since the tissues are fully formed, while the cuticle is not yet developed enough

to hamper the dissociation of the cells. We obtained the expression profiles of approximately

3,500 cells after processing the cells through a 10x Genomics Chromium instrument. Cells were

prepared and sequenced in two separate batches, the results of which were overall highly similar

with regard to data quality and tissue clusters (Figure 3.6). We clustered the single-cell RNA-seq

data and then labelled and modified the clusters based on large-scale in situ hybridizations from the

Berkeley Drosophila Genome Project (BDGP) and existing knowledge of the Drosophila tissues

at this stage (Figure 3.5A). For ambiguous clusters, we analyzed the occurrence of known tissue

markers and manually merged or separated clusters such that they better matched anatomical struc-

tures. In this manner, we obtained scRNA-seq data for 16 tissues of the late Drosophila embryo:

central nervous system (CNS), peripheral nervous system (PNS), glia, germ cells, epidermis, tra-
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Figure 3.5: scRNA-seq captures the expression profiles of effectors genes in the late stages of
Drosophila embryogenesis. A) Single cells were isolated from 14-14.5h Drosophila embryos (Af-
ter Egg Deposition - AED). Isolated cells were processed through 10x Genomics instrument and
the gene expression profiles were obtained after sequencing. The obtained gene expression profiles
were used to map the isolated cells to known cell types by comparing against the available in situ
hybridization profiles from the Berkeley Drosophila Genome Project. B) tSNE projection of the
gene expression data from the isolated cells shows various tissue types captured in the scRNA-seq
experiment. Marker genes for each tissue type is also shown.

chea, muscle, dorsal vessel, fatbody, plasmocytes, crystal cells, ring gland, salivary gland, gastric

caecum, midgut and malpighian tubules. (Figure 3.5B). For each tissue, we then identified marker

genes that reliably represented the cluster, some of which were previously known (Figure 3.5B and

3.7, 3.8). This gave us the tissue specific expression profile of the Lola-I targets. To test if Lola-I

acts as a general activator or is involved in the establishment of paused Pol II, we also needed the

tissue-specific binding profiles of Lola-I and Pol II.
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Figure 3.6: scRNA-seq experiments provide reproducible and high-quality gene expression pro-
files: A) Correlations of gene expression levels between single-cell replicates were calculated by
computing the sum of read counts for each gene across all cells in both replicates, which shows
very high similarity between the replicates. Pearson correlation was measured between the repli-
cates. B) PCA projection of the scRNA-seq data from both the replicates show the consistency of
the two replicates. C) The number of Unique Molecular identifiers (UMI) and the number of genes
captured per cell are shown. On average, we captured about 4000 genes per cell. D) PCA projec-
tion of the scRNA-seq data shows tissues of similar origin clustering together, which indicates that
the main sources of variations in the scRNA-seq data is biologically significant.
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Figure 3.7: Expression profiles of marker genes of the clusters identified in the scRNA-seq data.
Heat map of de-novo identified marker genes. Top four differentially expressed genes in each
tissue (Wilcoxon rank sum test, expression in at least 5% of cells in at least one group) is shown.

3.2.3 Late genes differ in their Pol II occupancy pattern across tissues

To obtain the tissue-specific binding profile of Lola-I and Pol II, we isolated biotin-tagged nuclei

from the tissue of interest with the help of streptavidin-coupled magnetic beads (Deal & Henikoff,

2011) from dissociated fixed embryos (14-17h) and used the chromatin as input ChIP-seq (Figure

3.9A). We tagged six different tissues: neurons (using elav-Gal4), glial cells (using repo-Gal4),

muscle (using mef2-Gal4), trachea (using btl-gal4) and epidermis and gut (using enhancer trap-

gal4 lines 7021 and 110394, respectively, see Methods) (Figure 3.9B).

Pol II ChIP-seq tracks from the six tissues confirm that the data are tissue-specific since each

profile showed unique high Pol II occupancy at genes only expressed in that tissue (Figure 3.9B

middle panel). For example, the tracheal gene Osi20 and the muscle gene Mlp60A showed high

Pol II occupancy in the trachea and muscle samples respectively, but not in the other tissues (Fig-

ure 3.9B middle panel). Furthermore, we compared the Pol II occupancy data with the expression

programs obtained from the single-cell RNA-seq data, if we had a corresponding expression clus-
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Figure 3.8: Comparison of scRNAseq data and the in situ hybridization data. Many of the known
marker genes for the clusters based on previous studies and in situ hybridization from BDGP, have
tissue specific expression in the scRNA-seq data, as shown in the Dot plot. The size of the dot
represents the frequency of cells in a tissue with expression and the color intensity represents the
mean expression in the tissue.
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ter, and found an overall correlation between Pol II levels and gene expression (Figure 3.10). This

led us to conclude that the Pol II profiles are indeed from the expected tissue and that obvious

cross-contaminations were not observed.

In contrast to the tissue-specific genes with tissue-specific Pol II occupancy described above,

we observed that other tissue-specific genes did not follow this pattern of Pol II occupancy. Some

genes showed high Pol II occupancy in many or all tissues, despite being expressed in a very tissue-

restricted fashion. For example, the Ace gene showed very high Pol II promoter occupancy in all

tissues, although its expression is restricted to neuronal populations (Figure 3.9B right panel). This

discrepancy can easily be explained by Pol II being in a paused state at these genes. Indeed, Pol

II occupancy at the Ace gene peaks at the pausing position (30-50 bp downstream of the TSS) and

is not detectable at substantial levels at the gene body (Figure 3.9B right panel). Thus, while the

promoter has paused Pol II in all tissues, full-length transcripts are only made in specific tissues.

This profile of Pol II pausing is not observed at the Osi20 and Mlp60A genes, for which Pol

II occupancy was tissue-specific. Rather than being highest at the pausing position, high Pol II

occupancy is found throughout the body of the gene (Figure 3.9B middle panel).

This observation suggests that there are two types of tissue-specific promoters that are regulated

in a fundamentally different fashion. At one type of promoter, Pol II is widely recruited and found

paused across tissues, but productive Pol II elongation occurs in a tissue-specific manner. At the

other promoter type, Pol II is recruited only in the tissue where it is expressed, and productive

elongation may occur without detectable pausing.

3.2.4 The Pol II penetrance pattern across tissues separates paused and TATA genes

Since we observed such different Pol II behavior on different promoters, we wondered whether

such behavior could be explained by differences in core promoter elements, such as for example

by the presence of the TATA box or pausing elements. We therefore set out to systematically

classify promoters based on their Pol II occupancy patterns. Pol II pausing is often measured with

the pausing index (ratio of paused Pol II at promoter/elongating Pol II in the gene body), but this
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Figure 3.9: Tissue specific Pol II ChIP-seq shows differences in Pol II occupancy patterns at effec-
tor genes. A) Tissue specific ChIP-seq was done by isolating nuclei from specific tissues (shown
in red) by expressing the Escherichia coli biotin ligase (BirA) and the biotin ligase recognition
peptide (BLRP) fused with a nuclear envelope-targeting sequence in the tissue of interest. This
allows the isolation of nuclei from the tissue of interest using streptavidin magnetic beads. B) Pol
II ChIP-seq was done in six different tissues shown in the left panel. The middle and the right panel
shows the read count normalized Pol II ChIP-seq tracks (RPM) from the six tissues at individual
genes. Grey and red tracks indicate non-expressing tissues and expressing tissue respectively for
a particular gene. Middle panel shows the Pol II profile at non-paused genes, which have Pol II
only in the expressing tissues. Right panel shows the Pol II profile at a paused gene, which has
Pol II in all the observed tissues. C) Identified effector genes were grouped in to seven groups
based on the number of tissues in which they have above background Pol II enrichment. Pol II
enrichment was calculated in a window starting from the Transcription Start Site (TSS) and end-
ing 200bp downstream of the TSS. Distinct core promoter elements are differentially enriched in
different groups (Fisher’s exact test with multiple-testing correction, *P < 0.05). Only the groups
with Pol II enrichment in 0 or 1 tissues are enriched for the TATA motif. D) RNA levels (log2
TPM) from 14-17 hrs embryos at the different effector gene groups are shown. The TATA genes
are expressed at levels comparable to the paused genes. E) Pausing indices (log2), ratio of Pol II
at the promoter vs the gene body, are shown for the different effector gene groups. The pausing
indices of genes from the TATA group are significantly lower than that of the highly paused group
(Wilcoxson two-sided test, *P <10-15).
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Figure 3.10: Tissue specific Pol II ChIP-seq shows specificity and correlates with the scRNA-seq
expression profile: The specificity of the tissue specific Pol II ChIP-seq was evaluated by analyzing
the correlation between the Pol II occupancy pattern for a gene and its corresponding expression
profile in the scRNA-seq data. The analysis was restricted to genes with Pol II occupancy in a
single tissue. The Pol II ChIP-seq signal was calculated around the promoter in a window starting
from the TSS and ending 200bp downstream. There is a clear correspondence between the Pol II
occupancy and the scRNA-seq gene expression profile.

measurement is not very reliable since it is highly sensitive to noise, dependent on transcription

rates and cannot easily be applied to short genes. We were therefore intrigued by the idea that the

pattern of Pol II across tissues could be used for classifying promoters.

To get a comprehensive view of Pol II occupancy profile in the late embryo, we first obtained

the the general expression profile of all late genes by eliminating the developmental genes and

ubiquitously expressed housekeeping genes. We selected all genes expressed in the late embryo

and subtracted those genes that are expressed or have Pol II occupancy in the early embryo (2-4h).

By subtracting genes with early Pol II occupancy, we also eliminated developmental genes that

are not yet expressed in the very early embryo but have paused Pol II ready for activation during

subsequent developmental stages (Gaertner et al., 2012). Many of these late genes, could play a

role in tissue-specific functions and morphology in these differentiated tissues, and therefore many

of them could be part of the previously categorized effector genes.

GO analysis found enrichment for effector function, such as synaptic transmission and chitin-

based cuticle development (Figure 3.11A), which are tissue-specific biological functions. Pro-

moter elements enrichment analysis revealed that sequence motifs typically found in paused pro-
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moters such as DPE and PB was indeed significantly enriched in the promoter sequences, while

sequence motifs found in housekeeping genes such as the Dref Response Element (DRE) were

under-represented, as expected (Figure 3.11C). However, in addition paused promoters elements,

TATA motifs were also significantly enriched among late effector genes, raising the possibility that

multiple promoter types are used to induce genes in the late embryo (Figure 3.11C).

Based on the examples we analyzed, we hypothesized that the higher the disposition of a pro-

moter for Pol II pausing, the more widespread the promoter is occupied across different tissues.

Therefore, we grouped the effector genes based on their Pol II penetrance across tissues, i.e. the

number of tissues (from 0 to 6 tissues) in which Pol II was detected around the transcription start

site above background. We then analyzed the enrichment of core promoter elements in all seven

groups (Figure 3.9C).

The results show that Pol II penetrance across tissues indeed correlates with differences in core

promoter elements, with TATA genes and highly paused genes being at the two extreme ends. Pro-

moters where Pol II was found across many tissues were under-enriched for TATA and were highly

enriched for pausing elements such as the DPE and PB, consistent with them being highly paused.

On the other hand, promoters with Pol II occupancy in very few tissues were highly enriched for

TATA (Figure 3.9C). When Pol II was found in 1 or 2 tissues, the pausing element PB was also still

significantly enriched, indicating that they may be dual promoters. Strikingly, the most canonical

TATA promoters, which contain TATA in the absence of pausing elements, were found in the group

with no apparent Pol II occupancy and yet the evidence suggests that these genes are transcribed

(Figure 3.9D). Pol II may be hard to detect at these canonical TATA genes, presumably because

Pol II does not pause, and thus significant levels of Pol II can only be detected with high levels of

transcription. Although the penetrance of Pol II occupancy across tissues appeared to be a good

measurement for Pol II pausing, we considered that it may be confounded by other factors such as

expression levels. We might observe Pol II in fewer tissues simply because the expression levels

are lower and thus these genes pass the threshold of Pol II detection in a smaller number of tissues.

However, there was no positive correlation between Pol II penetrance and whole-embryo transcript
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levels. Although TATA gene expression was initially lower in whole embryos at 14-14.5 h, their

expression rose over time until their expression was overall higher than that of highly paused genes

(Figure 3.9D and 3.17). Thus, genes with Pol II occupancy across many tissues were not expressed

at higher levels than those with Pol II in only few tissues, consistent with paused Pol II being often

associated with lower expression levels (Shao and Zeitlinger 2017). We also tested other measure-

ments for Pol II pausing, including the pausing index, and found them to be consistent with the

Pol II penetrance measurements (Figure 3.9E). This supports the idea that the penetrance of Pol

II occupancy across tissues correlates with the degree of Pol II pausing and that TATA genes are

those where Pol II is found in the fewest tissues and with the least amount of pausing.

We next asked whether these promoter groups differed in their function. While GO analysis

suggested that there were some differences, all groups were enriched for expected effector gene

functions (Figure 3.11B). This led us to conclude that all groups represent genes of similar func-

tion, but that they differ in the promoter type and mechanism by which they were expressed in a

tissue-specific fashion. Thus, while we are interested in the expression profile of the Lola-I, we

also decided to analyze the differences between paused and TATA groups among the late genes.

3.2.5 Lola-I establishes paused Pol II throughout the embryo

Pol II occupancy across different tissue types shows the presence two classes of late genes in

general and the strong paused promoters have Pol II in all or most of the tissues that we analyzed

independent of gene expression. If Lola-I binds to its targets and recruits paused Pol II in multiple

tissues independent of expression, it would suggest that Lola-I is regulating the establishment of

paused Pol II at its targets and is not a general activator. In order to differentiate between these roles

of Lola-I, we first analyzed the expression of Lola-I. We found Lola-I to be expressed throughout

the embryo using immunostaining and smFISH (Figure 3.12A and 3.13). We then analyzed the

binding of Lola-I and Pol II in different tissues from the late stage embryo. We observed that

Lola-I binds to its target promoters in all the observed tissues independent of gene expression

(Figure 3.12B and C). This supports the idea that Lola-I might establish paused Pol II at these
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Figure 3.11: Functional categories and promoter elements of effector genes: (A & B) GO term
enrichments were calculated for Biological Processes. For each gene group and each GO term, the
enrichment was calculated as the fraction of genes in a group associated with a GO term element
over the fraction of all genes with the same GO term. The statistical significance for the enriched
GO terms were calculated using the Hypergeometric test. GO terms associated with less than five
genes were not included in the analysis. Top representative terms are shown in the bar plot. A)
Identified effector genes are enriched for expected GO terms. B) GO term enrichments for the
TATA group and the Paused group effector genes were calculated separately. While there are some
differences between the groups, both the gene groups have expected effector like functional cate-
gories. C) Promoter elements enriched in the identified effector genes are shown. Effector genes
are enriched for the focused promoter elements and are depleted for motif generally associated
with the housekeeping genes.
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sites throughout the embryo. To further test this idea, we analyzed the changes in accessibility and

Pol II binding at these sites in lolaORC4 embryos in different tissues, by recombining the lolaORC4

fly lines with the tissue specific INTACT lines. We observed that the accessibility and the Pol

II recruitment is decreased in the absence of Lola at the Lola sites in both the tracheal and gut

tissues that we analyzed (Figure 3.12D,E,F). This conclusively suggests that Lola-I establishes

paused Pol II throughout the embryo at target promoters during the late stages of embryogenesis

and is not a general activator and thus, Lola-I prepares genes for activation by pre-loading them

with paused Pol II. Moreover, our data also suggest that Lola-I is a stage specific factor, since it is

expressed only in the late stages, and not a tissue-specific factor, since it leads to ubiquitous Pol II

recruitment.

3.2.6 Lola-I binding leads to nucleosome depletion

The DNA sequences at the paused promoters intrinsically favor strong nucleosome occupancy

(Tillo et al. (2010), Xi et al. (2010)). A strong promoter nucleosome has been observed at the

paused promoters but only in the absence of paused Pol II (Gaertner et al. (2012), Gilchrist et al.

(2010)). We hypothesized that the Pol II occupancy at the paused promoters might be regulated

by the removal of the promoter nucleosome. To understand if Lola-I regulates the promoter nu-

cleosome occupancy at the paused promoter, we analyzed the nucleosome occupancy changes at

late genes and specifically at the Lola-I target promoters using MNAse-seq (Micrococcal Nuclease

digestion followed by sequencing). We found that the binding of Lola-I and Pol II recruitment

correlates with decreased promoter nucleosome occupancy (Figure 3.14A and 3.14B). If Lola-I

binding is required for the decreased promoters nucleosome occupancy at these promoters, loss of

Lola-I should lead to increased nucleosome occupancy. Our analysis from the lolaORC4 mutants re-

vealed that the nucleosome occupancy in the lolaORC4 mutants at the target promoters is increased

compared to the lolawt embryos (Figure 3.14E). These results suggest that Lola-I could regulate

the nucleosome occupancy at paused promoters. However, paused Pol II itself has been shown to

be important for the maintenance of nucleosome free regions at promoters (Gilchrist et al., 2010).
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Figure 3.12: Lola-I establishes paused Pol II throughout the embryo. A) Immunostaining using the
Lola-I antibody shows ubiquitous the expression of Lola-I. B) Tissue-specific ChIP-seq data for
Lola-I and Pol II is shown. The read count normalized Pol II ChIP-seq and Lola-I tracks (RPM)
from the five tissues at individual genes (Gip - Lola-I target which is expressed in crystal cells
and Osi-20 - non Lola-I target which is expressed in Trachea) are shown. Single gene example
shows specific binding of Lola-I and Pol II at the Lola-I target promoter Gip, in all the five tissues.
C) Average Pol II occupancy and the expression profiles of different groups of genes are shown.
Lola-I targets have broad Pol II occupancy like the housekeeping genes, but are expressed in a
restricted fashion like the tissue-specific genes. Pol II and expression values for each gene is
sorted from high to low, normalized to the highest value. Normalized mean profile for each group
is obtained by averaging the sorted normalized profiles of all genes in a group. D) Single gene
example shows specific loss of Pol II binding at the Lola-I target promoter Gip, in the tracheal
tissue, in the lolaORC4 mutant. E) Heatmap shows specific loss of Pol II binding at the Lola-I target
promoters in the tracheal tissue, in the lolaORC4 mutant (Wilcoxson two-sided test, *P <10-4). F)
Heatmap shows specific loss of ATAC accessibility at the Lola-I target promoters in the gut and
tracheal tissues, in the lolaORC4 mutant (Wilcoxson two-sided test, *P <10-12).
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Figure 3.13: Lola-I is expressed ubiquitously. A) single-molecule FISH shows ubiquitous expres-
sion of lola-I. B) Control Immunostaining with pre-immune serum shows no immunostainig for
Lola-I

Therefore, it is possible that the increases in promoter nucleosome occupancy in the Lola-PI mu-

tant is an indirect effect due to the reduction in paused polymerase. To test whether Lola-I can

directly establish nucleosome-free state at nearby regions, we analyzed the nucleosome occupancy

changes at non-TSS distal regions bound by Lola-I which lack Pol II. While the majority of the

Lola-I binding sites are at the TSS, a significant proportion of the binding sites lie at non-TSS

distal regions (around 40%). We found that the Lola-I motifs at these sites were also conserved

(Figure 3.2B). We compared the nucleosome occupancy changes at these distal Lola-I target sites

to the promoter binding sites. The nucleosome occupancy is dramatically increased in the absence

of Lola-I both in the early embryos and in the Lola-I mutant embryos at the distal sites similar to

what we observed at the promoter sites (Figure 3.14C). In addition, we also analyzed the changes

in accessibility at these sites using ATAC-seq. The accessibility of these sites is also decreased

similar to the Lola-I promoters. These results indicate that while paused Pol II might contribute

the depletion of the promoter nucleosome, Lola-I can establish nucleosome-free regions, at least

partially, independent of paused Pol II.

We then asked whether Lola-I binding at distal site also might regulate Pol II recruitment at

a nearby promoter by perhaps a non-local mechanism. While the binding of Lola-I at both the

TSS and non-TSS regions correlate with decreased nucleosome occupancy at the local binding site
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Figure 3.14: Nucleosome occupancy changes at Lola-I targets. A) Metagene plots show anti-
correlation between nucleosome occupancy measured by MNAse-seq and the Pol II occupancy at
the late genes. B) Heatmap shows specific loss of nucleosome occupancy at the Lola-I target pro-
moters during the late stages of Drosophila embryogenesis (Wilcoxson two-sided test, *P <10-8).
C) Metagene plots show similar loss of nucloeome occpuancy at both the promoter proximal and
distal Lola-I binding sites. D) Changes in the normalized Pol II binding between the early and late
stages at the Lola-I target promoters are measured and are binned based on the distance between the
Lola-I binding site and the nearby promoter were the Pol II changes are measured. Boxplots show
that Pol II binding occupancy changes only when the Lola-I binding is nearby. E) Heatmap shows
increaed nucleosome occupancy at the Lola-I target promoters upon the loss of Lola-I binding in
the lolaORC4 mutants (Wilcoxson two-sided test, *P <10-7).
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(Figure 3.14C), only when Lola-I was bound near the TSS it leads to Pol II recruitment (Figure

3.14D). Therefore, we concluded that Lola regulates Pol II recruitment by depleting nucleosomes

locally. Further analysis revealed that the binding of Lola not only leads to depletion of nucleo-

somes at the Lola-I binding site, but also leads to phasing of nucleosomes around the binding site

(Figure 3.14C). We can eliminate that the phasing is because of transcription as it is also observed

at the distal sites (Figure 3.14C). In addition, it is also observed at the TSS sites only if it is centered

at the Lola binding site. This lead us to speculate that Lola-I might bind strongly to its binding

sites to allow other remodelers to phase nucleosomes using Lola as an anchor. It is also possible

that Lola directly recruits nucleosome remodelers to displace nucleosomes. These results clearly

suggest that Lola-I regulates the Pol II occupancy at the promoters by regulating the nucleosome

occupancy indicating that Lola-I might be a pioneer factor.

3.2.7 Lola-I binds to the nucleosome edge

Binding of transcription factors including the pioneer factors to nucleosome bound DNA is signif-

icantly affected by the location of the transcription factor binding sites (TFBSs) within a nucleo-

some (Sekiya et al. (2009), Soufi et al. (2015), Zhu et al. (2018)). The binding is influenced by

both how far the motif is from the edge to the center of the nucleosome (translational setting) and

whether it is inward or outward facing with respect to the nucleosome core (rotational setting).

To analyze if Lola-I prefers a particular motif localization, we plotted the nucleosome occupancy

around the Lola-I binding sites using the MNAse-seq data (Figure 3.15A). We found preferential

localization of Lola-I binding sites to edges of the nucleosomes. The Lola-I binding sites are local-

ized at the edges of the nucleosomes in the early embryo when Lola-I is absent (Figure 3.15A). To

corroborate these results, we analyzed the binding preference of purified Lola-I protein to nucleo-

some bound DNA using an in vitro-binding assay. Using the technique we developed before (Yu

& Buck (2019)), we combined the traditional TF-nucleosome binding assay with high throughput

sequencing, so that we can analyze multiple positions on the nucleosome simultaneously through

just one binding reaction (Figure 3.15B,C). In this assay, we incubated Lola-PI to purified nu-
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Figure 3.15: Lola-I binds to the nucleosome edge. A) Nucleosome occupancy around the Lola-I
binding motifs are plotted. MNAse signal is flipped in some cases such that the motifs on either
sides of nucleosome are aligned. Heatmap and metagene plots show the positioning of Lola-I motif
along the nucleosomal edge. B) In vitro binding assay design is shown. Lola-I motifs are inserted
at different position along the well-known nucleosome positioning 601-Widom sequence. C) The
gel-shift assay shows the binding of Lola-I to nucleosome bound 601 sequences with differing
Lola-I motifs. Both the nucleosomal and the super-shifted fractions are purified and sequenced to
measured the relative affinity of Lola-I to different Lola-601 sequences. D) Relative binding of
Lola-I to different 601-Lola sequences at different concentrations are shown. Lola-I binds only
when the motif is located along the nucleosomal edge. E) Schematic explains the action of Lola-I
during embryogenesis. Binding of Lola-I to its motifs located along the nucleosome edge dur-
ing the late stages of Drosophila embryogenesis leads to decreased nucleosome occupancy and
followed by the establishment of paused Pol II.
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cleosomes bound to a strong nucleosome positioning sequence, 601-Widom sequence (Lowary &

Widom (1998)), with or without the binding site and at different locations along the 601 sequence

(Figure 3.15B,C). We measured the relative binding of Lola-I to different sequences by sequenc-

ing the super-shifted and unbound bands from a native polyacrylamide gel. As the concentration

of Lola-PI increased, intensity of the band close to the well (Ss) gradually increased, while the

nucleosome-only band (Nuc) almost disappeared (Figure Figure 3.15C). Our results demonstrate

that nucleosome sequences containing a Lola-PI TFBS located near nucleosome edges (R6, R6.5,

R7) are bound first at the lowest concentrations (Figure 3.15D). While the nucleosomes contain-

ing a Lola-PI TFBS located near the dyad (R0, R0.5, R4, R4.5) are not specifically bound as

compared to the control nucleosomes (Figure 3.15D). Moreover, the template with TFBS at the

linker region (R8) is not bound significantly more than the boundary regions, it only displays a

comparable bound frequency as R6 (Figure 3.15D). Similar results were obtained by analyzing

the nucleosome-only bands by measuring how many templates were bound by Lola-I and shifted

away.

We also tested if there are any cooperative interactions involved in Lola-I binding, by position-

ing multiple Lola-I binding sites. Different from what we expected, binding strength of R6+R7

and L6+R7 looks pretty similar to the sum of R6 and R7, indicating that two neighboring sites

might not produce strong enough synergistic effect to enhance Lola-PI binding to the nucleosomes

at least at the distances tested (Figure 3.15D).

Based on our results we propose a mechanism of promoter opening and Pol II establishment

by Lola-I. The expression of Lola-I during late stages of Drosophila embryogenesis leads to the

binding of Lola-I to its motifs located along the nucleosome edge. Binding of Lola-I leads to

decreased nucleosome occupancy, which in turn leads to the recruitment of Pol II, followed by the

pausing of Pol II at the site, throughout the embryo at the Lola-I target promoters (Figure 3.15E).

Our results thus provide the first example of how paused Pol II might be established de-novo during

development.
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3.2.8 Paused and TATA genes have different expression characteristics

Gene activation is inherently stochastic. The randomness involved in the multi-step assembly of

multi-component transcriptional machinery is major source of this stochasticity. Preassembly of

transcriptionally competent Pol II at the paused promoters, has been proposed to reduce the noise in

gene expression (Boettiger et al. (2011)). Thus, we wanted to test whether the two promoter types,

non-paused TATA promoters and the paused promoters, that we identified among the late genes

may confer different expression characteristics. When we analyzed the single-cell expression data

of TATA genes and highly paused genes within all tissues clusters, we made two observations

(Figure 3.16). First, we found that TATA genes were expressed in a more tissue-specific fashion,

with very little background in the remaining tissues. Thus, TATA genes are often undetectable

in the tissue where they are not expressed, while highly paused genes typically had detectable

and overall much higher levels of background expression. Second, the expression of TATA genes

within a tissue cluster was often more variable between the cells, while highly paused genes within

a cluster were more consistently expressed at the same level. This difference in background is

well illustrated by the TATA gene Ccp84Aa, which is expressed in the epidermis, and the highly

paused gene Gip, which is expressed in crystal cells (Figure 3.16A) and is schematically illustrated

in Figure 3.16E.

To test whether the difference in background expression is statistically significant between all

TATA and all highly paused promoters, we scored the percentage of cells within each cluster that

have detectable expression for each gene. We then selected clusters with expression (cluster with

the highest median expression) and those without (clusters with lowest median expression, bottom

five clusters) and analyzed how many cells within the cluster showed detectable expression. The

results show that paused genes are indeed more consistently expressed within a cluster of cells that

show expression, but also have higher background expression when not expressed (Figure 3.16

C,D).

A simple explanation for this trend could be that paused genes have overall higher expression

levels and therefore are generally detectable at higher levels. We found that at the embryonic
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Figure 3.16: scRNA-seq shows differences in expression characteristics of TATA and Paused
genes. (a) Normalized gene expression levels (read count normalized for each cell, log2) in dif-
ferent tissues, from the scRNA-seq experiment, for a TATA group gene and a Paused group gene
are shown. The TATA gene, Ccp84Aa, shows noisy expression in Epidermis, without any de-
tectable expression in many of the cells. The background expression for the TATA gene in other
non-expressing tissues is very low. The Paused gene, Gip, shows very robust expression in Crystal
cells, with high expression in all the Crystal cells, albeit with a high background expression in the
non-expressing tissues. (b) The differences in cell-to-cell gene expression variability for the TATA
and the Paused effector gene groups were analyzed using the scRNA-seq data. The coefficient of
variation (standard deviation/mean) of gene expression was calculated for all genes in the tissue
with the highest expression for each gene. The coefficient of variation was on average lower for the
Paused genes compared to the TATA genes. (c and d) The frequency of cells with any detectable
expression was calculated in tissues with the highest expression for each gene (expressing tissue)
and in five other tissues with the least expression for each gene (other tissues). (c) The frequency
of cells with detectable expression in the expressing tissues, a measure of expression robustness, is
lower for the TATA genes compared to the Paused genes. (d) The frequency of cells with detectable
expression in the other tissues, a measure of background expression, is also lower for the TATA
genes compared to the Paused genes. (e) A schematic of the expression characteristics of TATA
and Paused genes is shown. Grey hexagons represent the non-expressing tissue and red hexagons
represent the expressing tissue.
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Figure 3.17: TATA gene expression increases over time: RNA levels (log2 TPM) from (a) 14-14.5
h and (b) 17-17.5 h embryos at the different effector gene groups are shown. (a) The TATA genes
are expressed at levels lower than the paused genes at 14-14.5 h. (b) By 17-17.5 h, the TATA genes
are expressed at levels higher than the paused genes.

Figure 3.18: Differences in the expression profiles of effector gene groups: (a) The differences in
cell-to-cell gene expression variability between the TATA and the Paused effector gene groups in
the highest expressing tissue was analyzed using the scRNA-seq data. The coefficient of variation
(standard deviation/mean) of gene expression was calculated for all genes in the different effector
gene groups, stratified by mean gene expression levels. The coefficient of variation was on average
lower for the Paused genes compared to the TATA genes. (b) The frequency of cells with detectable
expression in the five least expressing tissues (different for each gene) was calculated for all genes
in the different effector gene groups, stratified by total expression in the expressing tissues for each
gene. The frequency of expressing cells was on average higher for the Paused genes compared to
the TATA genes. (c) Number of annotation terms associated with each gene in the BDGP insitu
database is calculated. It is a measure of whether the expression of a gene is restricted to specific
subsets of tissue.
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stage (14-14.5 h) we performed our scRNAseq analysis, the TATA genes were slightly at lower

level than the paused genes but show higher expression at later stages (3.17). To rule out the

effect of expression differences on our results, we therefore analyzed the relationship between

median expression and percentage of cells with detectable expression (Figure 3.18A). Consistent

with the whole embryo RNA-seq data at 14-14.5h, TATA genes were not yet as highly expressed,

and the lower expression of TATA genes could have contributed to the observed differences to

some extent. However, it was also clear that this was not a sufficient explanation for the observed

differences. Many TATA promoters with high levels of transcripts in a cluster nevertheless had a

high fraction of cells with undetectable levels of transcripts, and as a result, the TATA promoters

overall followed a different distribution than the paused genes (Figure 3.18A). In addition, the

relationship between median expression and the coefficient of variance also show higher variation

for TATA genes compared to the paused genes (Figure 3.16B). On of the reasons why expression

of TATA genes appear noisier could be because they are expressed in sub-populations of cells even

within a single cluster. Analysis of the traditional in situ data from BDGP supports this idea, since

less number of tissue types are associated with the TATA genes (Figure 3.17C). However, previous

results suggest that in addition to this effect, TATA genes might indeed be inherently noisier than

the paused genes. Similarly, even after accounting for the expression differences, the paused genes

show higher background expression than the TATA genes. These results suggest that the paused

genes have more robust expression when expressed, but also have higher background expression

in tissues where these genes are not expressed. TATA genes, on the other hand, are highly tissue-

specific with little background expression, but result in larger variations among the cells that show

expression.

3.2.9 Expression of the target genes is reduced in the absence of Lola-I

Lola-I regulates the loading of paused Pol II to a specific set of late promoters. This allows us to

utilize the Lola-I mutants and evaluate the causal role of paused Pol II and promoter accessibility

on gene expression and in reducing the noise in gene expression. We first performed whole embryo
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Figure 3.19: Changes in expression of Lola-I targets. A) Boxplot shows the changes in bulk
RNA levels between the lolawt and lolaORC4 embryos in Log2. Lola-I target genes are specifically
downregulated in the lolaORC4 embryos. B) scRNAseq expression data of the Lola-I target gene
Gip is shown. Gip shows very high expression in the few crystal cells, but also have a background
expression in other cells. In the lolaORC4 embryos both the specific expression and the basal
expression is reduced. C) Boxplot shows downregulation of both the specific expression and the
basal expression of the Lola-I targets are reduced in the lolaORC4 embryos compared to the lolawt

embryos. Expression is measured using two metrics: frequency of cells with detectable expression
and the median expression.
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Figure 3.20: Lola-I mutants do not show any gross visible phenotypic defects. Visualization of
Muscle, Neurons and Glia by immuno-staining using antibodies against MHC, elav and repo re-
spectively.
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RNA-seq in the lolawt and lolaORC4 embryos. We observed that the expression of Lola-I targets is

reduced in the Lola-I mutant emrbyos (Figure 3.19A).

We further analyzed the changes in gene expression of Lola-I target genes in different tissues

using single cell RNA-seq. We performed Drop-Seq experiments in 14-14.5hr lolawt and lolaORC4

embryos. We specifically analyzed the changes in basal expression of Lola-I target genes and the

expression of genes in the tissue where they are active. The Lola-I target gene, Gip, which known

to be expressed in the crystal cells, shows high expression in crystal cells but also shows basal

expression in other tissues (Figure 3.19 B). Our results show that both the basal expression and

the expression in the crystal cells are reduced in the Lola-I mutant embryos (Figure 3.19 B). We

also observed similar changes in both the basal expression and active expression of Lola-I targets

genome-wide to be also reduced in the Lola-I mutants (Figure 3.19C). It is important to also note

that only moderate reduction in gene expression is observed in many cases. This suggest a model

where gene activation happens in two stages, with establishment of paused Pol II followed by the

enhancer mediated pause-release. In the absence of Lola-I mediated Pol II recruitment, enhancers

could still activate gene expression, albeit less efficiently.

We then analyzed the phenotypic consequences of Lola-I mediated Pol II recruitment and the

resulting reduction in gene expression. The lolaORC4 embryos die at the end of embryogenesis.

However, the lolaORC4 embryos do not show any gross visible phenotype (Figure 3.20). We an-

alyzed the neuronal, muscle and glial structures (Figure 3.20). We could not observe any gross

phenotypic differences. This is consistent with Lola-I targets being late genes and the formation

of these structures is primarily driven by early patterning events. Thus, the embryonic lethality

observed in the lolaORC4 could be result of rather functioning defects in these tissues.

3.2.10 Paused promoters have higher chromatin accessibility

The expression characteristics we observed for TATA genes here are reminiscent of TATA genes

in yeast, which are often induced in response to environmental stimuli and which tend to show

high expression variability. This expression variability has been linked to the presence of a pro-
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Figure 3.21: Paused genes are more accessible than the TATA genes. (a) Average read-count
normalized MNase signal (RPM) from 2-4h and 14-17h at different groups of effector genes are
shown. Grey area highlights the changes in nucleosome occupancy at the Paused genes. (b) Av-
erage read-count normalized ATAC-seq signal (RPM) from 14-17h at different groups of effector
genes are shown. Paused genes show higher accessibility at the promoter region than the TATA
genes. (c & d) Tissue specific ATAC-seq measures the chromatin accessibility in different tissues
from 14-17 h embryo. (c) Read-count normalized ATAC (RPM) signal at individual genes from the
TATA group (Ccp84Aa) and Paused gene group (ect) are shown. (d) Read-count normalized ATAC
signals (RPM) from different tissues were measured from 150bp upstream of the TSS to the TSS.
Paused genes show higher average accessibility across all tissues compared to the TATA genes
(Wilcoxson two-sided test, *P <10-15). (e) A model figure explaining the different characteristics
of the TATA and Paused genes.
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moter nucleosome, which needs to be removed during activation. Less variability is observed at

promoters where the promoter nucleosome is depleted. We have previously observed that paused

and TATA promoters in the Drosophila embryo have different nucleosome configurations and that

the highly paused promoters showed strong nucleosome depletion when paused Pol II was present

(Gaertner et al. (2012), Chen et al. (2013)). When we analyzed the promoter groups among our

effector genes, we found the same pattern. We found that the higher the pausing, the more the pro-

moters became nucleosome-depleted in the late embryo as compared to the early embryo, while

TATA promoters did not show such change (Figure 4.6A). Thus, it is possible that the expression

characteristics involve different nucleosome configurations. If the promoter nucleosome is a bar-

rier to transcriptional activation, one might expect that paused genes have a lower activation barrier

because the nucleosome is already depleted. However, from our nucleosome data, it was unclear

whether TATA promoters are nucleosome-depleted. To test whether TATA promoters are more

accessible than the paused promoters, we performed ATAC-seq experiments in 14-17h embryos

(Figure 4.6B,C,D). We found that TATA promoters showed the least accessibility, and Pol II paus-

ing correlated with higher average promoter accessibility (Figure 4.6B). This accessibility pattern

for each promoter varied little between tissues, indicating that it reflects the basal state of the pro-

moter and is not strongly influenced by activation levels (Figure 4.6C). Overall, TATA promoters

had significantly lower accessibility than highly paused promoters. This is consistent with the hy-

pothesis that the highly paused promoters are nucleosome depleted, while TATA promoters, like

in yeast, are occluded by a promoter nucleosome. We propose that differences in the nucleosome

occupancy between the non-paused TATA and paused promoters could contribute to the expression

differences between these promoter types (Figure 3.21E).

3.2.11 Lola-I poises genes for activation

We wanted to validate our scRNA-seq experiments further and gain insights into how Lola-I me-

diated pre-loading of paused Pol II affects the transcriptional dynamics. Single-molecule FISH

analysis can provide quantitative measurements such as the number of transcripts per cell, the
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Figure 3.22: smFISH shows changes in activation dynamics. A) smFISH data of Gip, displayed in
green, and PPO2 and PPO2 genes displayed in red. See methods for details on smFISH probe gen-
eration, labelling and purification, staining protocol, imaging, and analysis. Overviews (top 3 rows
of panels, scale bar = 100 microns) and zoomed regions (bottom panel, scale bar = 20 microns) are
shown for data acquired with 40x magnification. B) Quantification of number of cells per embryo
expressing high levels of PPO2 and PPO2 vs. Gip in wt and mutant (see Methods) C) Percentage
of Crystal cells (defined by high expression of PPO2 and PPO2) that have visibly high levels of Gip
expression. D) Zoomed region of Crystal cells in wt and mutant, taken with 100x magnification
(see Methods) (scale bar = 10 microns). E) Frequency of bursting cells manually tabulated as the
percentage of PPO2 positive cells with a visible nascent transcript of Gip expression (see Methods
for details of determination of nascent transcripts). F) Probability of mRNA/cell calculated from
100x magnification data (dots) and fits (lines) according to the model indicated (Raj et al. (2006)).
The ratio of Kai and Kia was fixed based on the nascent transcript count from See Methods for a
description of the model and conversation of intensity per cell to mRNA per cell.

75



Figure 3.23: smFISH simulation shows changes in activation dynamics. Simulation of gene ex-
pression in the Lola WT and mutant embryos shows that the number of transcriptional bursts are
reduced in the Lola-I mutant embryos. This is primarily caused by the reduction of the activation
rate.
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number of bursting cells in a population, the size of the transcriptional burst (Raj et al. (2006)).

This could be utilized to model the expression dynamics in the Lola-I wt and mutant embryos

and test how the promoter opening by Lola-I affects the gene expression dynamics in detail. We

analyzed the expression profiles of the Lola-I target, Gip, which is expressed in the crystal cells

(Figure 3.22A,B,C). We chose to analyze Gip, because we could easily identify crystal cells, where

it is expressed, with the marker genes PPO2 and PPO2. These marker genes are expressed exclu-

sively in the crystal cells, and smFISH probes for the marker genes were available. Our smFISH

analysis showed that Gip is expressed at a high level in almost all the PPO2 and PPO2 positive

crystal cells in the lolawt embryos (Figure 3.22A,B,C), consistent with our scRNA-seq data (Fig-

ure 3.19B). In the Lola-I mutant lolaORC4 embryos, the expression of the Gip gene is reduced but

not uniformly in all the crystal cells (Figure 3.22A,B,C). Most of the crystal cells showed no de-

tectable expression for Gip, but in a few crystal cells, Gip was detected at almost wildtype levels

(Figure 3.22A,B,C). Since only a limited number of crystal cells were captured in the scRNAs-seq

analysis, it is possible that we did not observe these high-Gip cells in the mutants in our scRNAseq

data. We eliminated the possibility that the observed differences are due to slight developmen-

tal delays in the Lola-I mutants since even the 14-16 h mutant embryos had less percentage of

Gip expressing crystal cells than the earlier stage wildtype embryos(10-12 h and 12-4 h) (Figure

3.22B,C). Intuitively, this could be explained by the Gip promoters switching to the active state less

frequently in the mutant embryos, but while the promoter is in the active state produces a similar

amount of transcripts. To test this model, we analyzed our Gip-smFISH data at high resolution.

Consistent with our hypothesis, we observed that the frequency of bursting cells, with observable

nascent expression in the nucleus, was decreased in the mutant (Figure 3.22D,E). We further fitted

the observed mRNA distribution in the wildtype and mutant embryos to a simple two-state ex-

pression model (Figure 3.22F). Our model fitted to the observed values very well (Figure 3.22F,

3.23). Our modeling results suggest that the main difference between the wildtype and mutant

embryos is the activation frequency. We also observed slight decrease in the production rate and

slight increase in the activation rate. Moreover, since paused Pol II itself has been proposed to
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Figure 3.24: Schematic explains the action of Lola-I during Drosophila embryogenesis. The Lola-
I target promoters are closed by the presence of nucleosomes during the early stages. Binding of
Lola-I to its motifs located along the nucleosome edge during the late stages of embryogenesis
leads to decreased nucleosome occupancy and followed by the establishment of paused Pol II.
Further gene expression is triggered in specific tissues by the recruitment of pause-release inducing
factors.

help keep the promoters open, it is not clear once the promoter becomes active, whether Lola-I is

required for the subsequent burst. Stable pausing of Pol II has been proposed to happen during the

inter-transcriptional burst period. This would predict that we would observe more number of Gip

positive cells in the Lola-I mutant embryos over time (Figure 3.22C). But our results argue that

Lola-I might be required to keep the promoter open even after the first transcriptional burst (Figure

3.22C). However, at other promoters with more stable paused Pol II, Lola-I might be playing a role

only during the first round of transcriptional burst.

Our results support the model that Lola-I is priming the target promoters for activation. We

propose that the removal of the promoter nucleosome is a major rate-limiting step in gene acti-

vation. Priming of promoters by Lola-I by removing the promoter nucleosome and establishing

paused Pol II allows frequent and faster switching to the active state (Figure 3.24).
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Chapter 4

Discussion

During gene activation, enhancers transition from an inactive closed state through an open poised

state before becoming fully active. This transition is initiated by the binding of pioneer factors and

histone modifications (Zaret & Carroll (2011), Spitz & Furlong (2012)). We propose that similar

to the intermediary poised state of the enhancers, promoter-proximal pausing of RNA polymerase

II could be an intermediate state that promoters transition through during gene activation. While

promoter-proximal pausing of RNA polymerase II was discovered a while back, it has not been

clear whether Pol II recruitment to the paused promoters occur by default or is regulated. Before

the beginning of my thesis, it has been shown that at a group of Drosophila genes, paused Pol II

occupancy changes during Drosophila embryonic development, suggesting that the Pol II occu-

pancy at the paused promoters might be regulated (Gaertner et al. (2012)). This lead us to search

for factors that could regulate the loading of paused Pol II at these genes. Here, we have shown

that the loading of paused Pol II at promoters is regulated. We have also identified how paused

Pol II is established at a group of late Drosophila genes by a promoter pioneer factor Lola-I and

provided mechanistic insights into this process. Our discovery that the loading of paused Pol II

is regulated implies that the activation of these genes can be regulated in a combinatorial fashion.

A straightforward model would be that activation happens in two stages: The first step is the es-

tablishment of paused Pol II, which leads to a competent promoter that is responsive to further

activation signals. The second step is the binding of other transcriptional activators at enhancers,

which stimulates the gene expression by pause release. Active enhancers might still be able to act

on closed promoters, albeit less efficiently.

Many enhancers are primed for activation in a restricted fashion by the lineage/tissue-specific

expression of pioneer factors (PU.1, Pax7, FoxA, etc) (Heinz et al. (2010), Budry et al. (2012),

Iwafuchi-Doi & Zaret (2014)). For example, specific enhancers are primed by the pioneer factor

FoxA in the foregut, PU.1 in the macrophage-lymphoid-lineage, etc. This is followed by the acti-
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vation of enhancers by transcription factors such as ER, GR, C/EBP, etc., which are expressed in

a further restricted manner (Heinz et al. (2010), Lupien et al. (2008), Iwafuchi-Doi et al. (2016)).

Necessitating prior action of pioneer factors, before the transcriptional activators can act on an

enhancer, allows combinatorial logics to be employed at these enhancers and achieve precise gene

expression. In the case of Lola-I, its expression is restricted to the late stages of Drosophila em-

bryogenesis; thereby, these promoters are primed only at the late stages. Interestingly, unlike many

of the other pioneer factors, Lola-I is instead a stage-specific pioneer than a lineage-specific pioneer

factor.

4.1 Mechanisms of action by Lola-I

Nucleosome bound promoters are not accessible to many transcription factors, including the tran-

scription machinery. However, it has been proposed that the presence of specialized DNA binding

domains allow pioneer factors to access the nucleosome bound DNA better. For example, the

winged-helix domains of FoxA1 mimic H1 linker interactions and allow binding to nucleosomal

DNA (Cirillo & Zaret (1999), Cirillo et al. (2002)). Given the diversity of pioneer factor bind-

ing domains, they may employ different mechanisms to access their nucleosome occluded target

site. Thus, the exact molecular basis for the ability of pioneer factors to access their target DNA

sequences in closed chromatin remains obscure.

Binding of pioneer factors to nucleosome bound DNA has been proposed to have two com-

ponents: sequence-driven binding that is mediated by the DNA-binding domain, and non-specific

interactions with nucleosomes that is mediated by the additional regions of the protein (Cirillo &

Zaret (1999)). In this study, Lola-I binding to the nucleosome is stronger when the Lola-I motif is

at the edge than when it is in the linker region. This suggests that the binding of Lola-I could be

mediated by both the sequence driven component and non-specific interactions with nucleosomes.

Following the binding of pioneer factors to DNA, the molecular strategies employed by them

to elicit chromatin accessibility is also not clear. In some cases, cooperative binding of several

factors could displace the nucleosomes without any remodelers. While in other cases, the chro-
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matin opening could be achieved together with the action of chromatin remodelers (Tsukiyama

et al. (1994)). Lola-I could also make regions accessible by recruiting chromatin remodelers like

some of the other BTB domain-containing factors (Tsukiyama et al. (1994)). It is surprising that

the exact mechanisms of pioneering activity are not known for many pioneer factors. In our case,

our preliminary experiments suggested that the absence of any pioneering activity following the

overexpression of Lola-I in the early embryo. This presents an opportunity to look at the interme-

diate state between the binding of a pioneer factor and the complete remodeled accessible state.

This could shed some light on the pioneering process of Lola-I.

Our preliminary pull-down experiments suggested that the Lola-I does not interact directly

with Pol II. Thus the mechanisms of action of Lola-I might be through the opening of the promoter

region rather than by direct recruitment of Pol II. It is not clear if the basal recruitment of Pol II to

the open promoters is enough to establish high Pol II occupancy at these promoters. During gene

activation, enhancers might also stimulate this basal rate of recruitment in addition to stimulating

the Pol II release from the paused site.

While there is an apparent increase in the expression of Lola-I during Drosophila embryoge-

nesis, it is not clear if it is the only driver of the opening of the late promoters. There could also

be other concurrent changes than happen during embryogenesis which are also required for the

opening of the Lola-I target promoters. Our preliminary results using the overexpression of Lola-I

during the early stages suggest that it is not just the expression of Lola-I, which drives the opening

of the Lola-I target promoters. One possibility is that there are chromatin remodelers that inter-

act with Lola-I, which are missing in the early stages. It is also possible that there are repressive

factors that prevent the action of Lola-I during the early stages.

The different splice isoforms made from the lola locus, in addition to the same N-terminal

BTB domain, and different C termini zinc finger domains that bind to diverse sets of DNA motifs

(Goeke et al. (2003)), also are composed mostly of low complexity domains. Such low-complexity

domains (LCDs), also known as intrinsically disordered regions (IDRs), are thought to facilitate

the formation of phase-separated domains (Kato & McKnight (2018); Brangwynne et al. (2009)).
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There is growing evidence that interactions leading to phase transitions play an important role in

transcriptional regulation (Chong et al. (2018); Cho et al. (2018) Boehning et al. (2018); Strom

et al. (2017); Kato & McKnight (2018)), although the precise nature of this role remains unclear.

One hypothesis is that domains formed by homo- and heterotypic interactions between LCDs serve

to locally enrich transcription factors, potentially in the vicinity of their targets (Tsai et al. (2017)),

thereby altering their local concentration and modulating their binding dynamics. Such a role

has been proposed for Zelda (Dufourt et al. (2018), Yamada et al. (2019)). In the case of HP1,

HP1 mediated phase transition has been proposed to be necessary for the compaction of the HP1

regulated regions (Larson et al. (2017)). These interactions has also been proposed to modify the

nucleosome structure (Sanulli et al. (2019)). It is not known if there are LCD mediated interactions

between Lola-I proteins or if such interactions play a role in the pioneering function of Lola-I.

4.2 Role of different Lola isoforms

It is conceivable that the various isoforms of Lola are also involved in the establishment of paused

Pol II. The different isoforms of Lola have different sequence-specific DNA binding domains and

have diverse expression patterns during development (Goeke et al. (2003), Enuameh et al. (2013)).

While Lola-I establishes Pol II throughout the embryo, other isoforms of Lola might recruit Pol

II in a more restrictive way. There are cases of tissue-specific recruitment of paused Pol II in

Drosophila. For example, the sim gene which plays a significant role in the development of the

ventral midline, (Nambu et al. (1991) Wheeler et al. (2009)) contains paused Pol II in the ecto-

derm, but not in the mesoderm where the gene is never expressed (Levine (2011)). Also, there are

isoforms of Lola with the same binding domains/ exon as Lola-I but with different 5’ UTR. The

functions of these isoforms are also not known. Moreover, one of the isoforms of Lola, Lola-G,

has the same DNA binding motif as Lola-I, but the DNA binding domain is different than Lola-I

(Giniger et al. (1994), Goeke et al. (2003)).

Lola-I mediated opening of promoter and establishment of paused Pol II happens at a fraction

of late paused genes. It is still not clear how the paused Pol II is established at the remaining
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fraction of the late paused genes. Speculatively, the other Lola isoforms might be involved in the

opening of these promoters. Moreover, there could also be stage or tissue-specific establishment

of paused Pol II at many promoters in larval, pupal, or other stages.

Lola was first identified in Drosophila as a putative transcription factor required for axon guid-

ance in the nervous system. The name Longitudinals lackings come from the role of Lola in guid-

ing axons away from the embryonic midline (Seeger et al. (1993), Giniger et al. (1994)). Several

other functions of Lola were later identified, including its role in ISNb motorneuron innervation of

ventrolateral musculature (Madden et al. (1999), Goeke et al. (2003)), neuronal stem cell differen-

tiation (Southall et al. (2014)), programmed cell death in nurse cells during oogenesis (Bass et al.

(2007)), etc. Lola-I isoform specifically lacks a strong neuronal phenotype, with only minor de-

fects in motor neuron intervention (Goeke et al. (2003)). Interestingly, some of the studies suggest

that the some Lola isoforms could also mediate chromatin condensation (Zhang et al. (2003)).

4.3 Are there other promoter pioneers that establish paused Pol II?

GAGA factor is a well-known pioneer factor in Drosophila. It is necessary for the establishment of

open-chromatin both at the promoter and at distal regions (Fuda et al. (2015)). GAF has also shown

to be necessary for the paused Pol II occupancy (Fuda et al. (2015)). GAF can interact with NELF

and, therefore, can also affect the paused Pol II stability (Li & Gilmour (2013)). However, GAF

is expressed throughout embryogenesis. Therefore it is not clear if it plays a role in regulating

the timing of paused Pol II occupancy at certain regions. It is still possible that the changes in

concentration of GAF could regulate, to some extent, the binding of the GAF to particular targets.

GAF binding could also be regulated depending on the number of binding sites, the location of

binding sites within a nucleosome or interaction with certain other factors (Espinás et al. (1999),

Katsani et al. (1999)). Thereby, GAF could still regulate the timing of paused Pol II occupancy at

certain regions during development. Many of the Lola- I target promoters have GAF motif. Thus,

Lola-I can cooperatively interact with GAF to establish paused Pol II (Lomaev et al. (2017)). This

could be the reason why some promoters do not show any or little reduction in Pol II occupancy
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when Lola-I is mutated. The role of Lola-I at these sites might be redundant. Other compensatory

mechanisms, including that through GAF, might be involved in establishing paused Pol II at these

sites. This idea of cooperativity between different pioneer factors has been observed with other

pioneer factors (FoxA, GATA, GR, etc.,) (Jin et al. (2014), Cirillo et al. (2002), Hebbar & Archer

(2007)).

PHA-4 is another pioneer factor which has been shown to important for the recruitment of

Pol II at the foregut genes during C.elegens embryogenesis (Hsu et al. (2015)). However, it is

not clear whether the Pol II established by PHA-4 is the bonafide paused Pol II observed in other

metazoans. The Pol II observed at the PHA-4 sites is upstream of the TSS (Hsu et al. (2015),

Maxwell et al. (2014)), not the typical 30-50 bp downstream peak observed in other eukaryotes

(Core et al. (2008), Nechaev et al. (2010)). Additionally, NELF, which plays a significant role in

establishing paused Pol II, is not present in C.elegens (Narita et al. (2003)). It is still fascinating to

see other forms of Pol II loading at promoters, which might also prime genes for activation. It is

also interesting to note that PHA-4 binding has been proposed to first bring Pol II to its target sites

before the changes inaccessibility. This is unlike the case of Lola-I, where we have observed that

opening of promoters by Lola-I can occur independent of Pol II recruitment and, therefore, likely

precedes the Pol II recruitment at the Lola-I promoters.

4.4 Establishment of paused Pol II in mammals

The importance and prevalence of Pol II pausing in mammalian development is evident. However,

it is not clear whether promoter opening is used as a general regulatory mechanism of gene acti-

vation, given that the promoter is generally more accessible in mammals compared to Drosophila.

There are, however, quite a few examples of promoters being primed for activation at specific

stages of development (Lu et al. (2016)). While Lola itself is not present in mammals, there could

be other factors, including the many BTB-domain factors found in mammals, that are involved in

the regulation of paused Pol II recruitment in mammals.
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4.5 BTB domain factors

The BTB domain (Broad Complex, Tramtrack, and Bric-a-Brac) (Zollman et al. (1994)), also

known as the POZ domain (Poxvirus and Zinc finger) (Bardwell & Treisman (1994)), was initially

identified in Drosophila and poxvirus proteins. It is a highly conserved protein-protein interaction,

and multimerization domain (Stogios et al. (2005)). It is found across eukaryotes and is present

in more than 200 proteins in humans (Shiro & Natalie (2010)). Structurally, the core of the BTB

domain consists of five α-helices, and three β -strands (Ahmad et al., 1998). In addition to the

conserved core, protein-specific extensions lead to specific interactions (Ahmad et al. (1998)).

At many BTB domain-containing proteins, BTB mediated interactions are crucial for the function.

BTB domain is not only involved in the homo and hetero-dimer formation between the BTB family

proteins (Ahmad et al. (1998), Bonchuk et al. (2011)), but is also important for the formation of

large multimeric complexes (Bonchuk et al. (2011), Espinás et al. (1999)) and interactions with

non-BTB domain proteins (Huynh & Bardwell (1998), Furukawa et al. (2003), Xu et al. (2003),

Pintard et al. (2003), Geyer et al. (2003), Huynh & Bardwell (1998)). In the case of GAGA factor,

oligomerization has been shown to be essential for its cooperative binding (Espinás et al. (1999)).

It has been proposed that the binding of the oligomeric GAF complex to multiple motif sites binds

the DNA in a way that it keeps the GAF target sites in an open conformation. It remains to be

seen if Lola-I forms such complexes and the formation of large oligomers play a role in its pioneer

activity.

The BTB/POZ has been shown to involved in a broad range of processes during development in

numerous studies done in Drosophila and humans (Psq, Ttk, Broad, BCL-6, etc.) (Ferres-Marco

et al. (2006), Xiong & Montell (1993), Lai & Li (1999), Li et al. (1997), Karim et al. (1993),

Kojima et al. (2001)). The mutations in the BTB domain proteins often lead to cancers (Kelly

& Daniel (2006), van Roy & McCrea (2005)). PLZF and BCL-6 are some of the most studied

human BTB domain factors. Presence of BTB domain across proteins of vastly different functions

suggest that it might be only involved in protein-protein interactions. This suggests that while the

BTB domain might help Lola-I in bringing chromatin remodelers to the target site or keep it open
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by binding as an oligomer, it might not play a role in the initial binding of Lola-I to the nucleosome

bound target sites.

4.6 Enrichment of TATA genes at tissue-specific effector genes

TATA box-containing promoters are often associated with tissue-specific effector genes, genes that

are important for the structure and function of differentiated tissues. The underlying reason for this

promoter preference is unclear. Here we analyzed the relationship between promoter types and

gene expression across tissues, using single-cell RNA-seq performed on differentiated cells from

the late Drosophila embryo. Our analysis confirmed the usage of TATA-containing promoters by

the tissue-specific effector genes. In addition, they are also induced by the paused promoter type.

These TATA depleted paused promoters have high levels of paused Pol II throughout the embryo,

even in tissues where the genes are not expressed. The two promoter types show differences in

promoter accessibility, gene expression noise, and background expression. We propose that the

TATA-containing promoters have a higher activation barrier but preferentially evolve in tissue-

specific genes due to their strong activation potential and higher evolvability.

Tissue-specific genes can be roughly divided into those that regulate the tissue’s development

and those known as effector genes, which regulate the tissue’s form and function in its differen-

tiated state. Developmental genes are required from the earliest embryonic stages on to specify

the tissue’s location, pattern, and cell identities. While the effector genes are expressed later, once

the tissue is specified, to give the tissue its characteristic biological function (Barsi et al., 2015).

Although effector genes are critical for the fitness of an organism throughout its adult life, effector

genes are surprisingly poorly characterized Barsi et al. (2015). For example, TATA-box containing

promoters are preferentially found among the effector genes (Schug et al. (2005); Lenhard et al.

(2012); FitzGerald et al. (2006); Carninci et al. (2006); Engström et al. (2007)), yet the reason for

this has not been unclear. It was not known whether the TATA promoter is a typical characteristic

of effector genes, whether it confers particular expression properties, and whether other promoter

types may also be prevalent among effector genes. We found that while both the TATA and paused
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genes are prevalent among the effector genes, the most tissue-specific genes are regulated by TATA

promoters. We speculate that the presence of a labile nucleosome confer the TATA promoter more

tissue-restricted expression.

The gap in knowledge of effector genes was likely for historical reasons. The main tool for the

discovery of gene functions has been genetics. Unlike mutations in developmental genes, which

often produce clear patterning defects, mutations in effector genes may result in phenotypes that are

very subtle and harder to identify, let alone be classifiable into groups or pathways. With the advent

of genomics techniques such as RNA-seq and ChIP-seq, it is now possible to analyze the expression

of effector genes more systematically. Single-cell RNA-seq is an excellent way to more completely

capture the heterogeneity of differentiated tissues (Wagner et al. (2016); Tanay & Regev (2017);

Rosenberg et al. (2018); Klein et al. (2015); Satija et al. (2015); Macosko et al. (2015); Zheng

et al. (2017); Shekhar et al. (2016); Zeisel et al. (2015); Grün et al. (2015); Villani et al. (2017);

Marques et al. (2016); Halpern et al. (2017); La Manno et al. (2016)). This allows the identification

of tissues and their expression profiles in an unbiased manner. In addition to providing expression

differences between tissues for each gene, single-cell RNA-seq also allowed us to analyze the

cell-to-cell variation within a tissue. Our analysis revealed that the TATA promoters tended to be

expressed in a much more tissue-specific fashion with little background expression in other tissues,

but their expression tended to be more variable than that of paused genes. These results provide

the first insights into different groups of effector genes, which has implications for their function

and evolution in metazoans.

In the early embryo, developmental genes have highly paused promoters where Pol II fre-

quently pauses 30-50 bp downstream of the transcription start site (TSS) before being released into

productive elongation. The developmental genes also tend to be expressed highly synchronously

(Boettiger & Levine (2009)), and without the synchronous activation, coordinated cellular behav-

iors such as gastrulation may not proceed properly (Lagha et al. (2013)). Thus, having high levels

of paused Pol II appears to be a mechanism that prepares genes for fast and synchronous activation

during development. In contrast, genes with a TATA box tend to have transiently paused Pol II
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(Chen et al. (2013), Gaertner et al. (2012), Shao & Zeitlinger (2017)). For example, many of the

very first genes expressed in the zygotic genome have TATA elements, and Pol II ChIP-seq data

suggest that Pol II does not pause during their initial transcription (Chen et al., 2013). While the

benefits of a strongly paused promoter have been demonstrated, the benefits of a TATA promoter

that mediate the expression of the very first genes without Pol II pausing is not clear. Likewise,

it had not been clear unclear why tissue-specific effector genes often have TATA box-containing

promoters. Our results provide some insights into this process. TATA-containing promoters might

be utilized preferentially in very tissue-specific genes due to their less-leaky expression patterns.

The noise expression profiles from the TATA promoters might also be beneficial in some cases

such as in the immune system.

4.7 Why do some genes contain paused Pol II?

Classical studies of the heat shock genes and recent studies involving swapping of paused promot-

ers with non-paused promoters suggest that paused Pol II significantly accelerates the timing of

gene induction and synchronicity(Lagha et al. (2013), Wilkins & Lis (1997)). In the case of heat

shock genes and the developmental genes, the importance of rapid or synchronous expression is

evident. However, many of the targets of Lola-I are not the typical developmental genes. Our GO

term enrichment analysis suggests that many of them are metabolic genes and might be required

in all the cells to some extent. This goes well with the view that pausing allows fine-tuning of ex-

pression. The presence of paused Pol II could allow Lola-I targets to be expressed at a basal level

throughout the embryo, and in specific tissues, the expression could be boosted by further activa-

tion signals. However, we cannot rule out the importance of precise regulation of the expression

dynamics at these genes.
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4.8 Concluding remarks

Identification of the three eukaryotic RNA Polymerases, fifty years ago, and their biochemical

purification immediately afterward, marked a significant shift in the field of eukaryotic transcrip-

tion. The numerous biochemical experiments that followed have characterized the many aspects

of eukaryotic transcription in great detail. In addition to the biochemical experiments, the devel-

opments in molecular biology, genome-wide studies, and the recent advancements in the field of

live imaging and single-cell technologies have also contributed to our understanding of eukaryotic

transcription today. Similarly, our current understanding of paused Pol II is based on the insights

provided by the convergence of these and other technologies.

Paused Pol II was discovered about forty years ago. The biochemical studies on paused Pol

II helped to characterize the various aspects of Pol II pausing, including the factors involved in

pausing and their roles. However, only with the genome-wide studies later, which showed the

high prevalence of Pol II pausing across many genes in different organisms, the importance of

Pol II pausing as a general regulatory mechanism was appreciated. The recent single-molecule

and live imaging studies are not only helping us understand the importance of paused Pol II for

gene expression, but also understand the transcriptional process in never-before details. In this

study, we have combined the various genomics technologies to understand how Pol II recruitment

to the paused promoters might be regulated and how the paused Pol II affects the transcriptional

activation dynamics. In the future, the ability to image paused Pol II in live-cell, together with

various transcriptional factors, pause-inducing factors, etc., could provide significant insights into

the transcriptional process. Similarly, improvements in the single-molecule and single-cell studies

could allow us to better correlate the binding of various factors across the genome with different

transcriptional steps and infer about the transcriptional process. In addition, the vast amounts of

data brought by these technologies have to be handled by effective machine learning strategies.
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Figure A.1: Boxplot shows the differences in the normalized GAF and Pol II occupancy at the Lola-
I target promoters by the Lola-I Wt and the Lola-I over-expression embryos. There are no clear
changes in GAF and Pol II occupancy in the Lola-I over expression embryos. Over-expression
lines were created by inserting full-length Lola-I cDNA construct driven by the actin-promoter
into the attP40 locus.

Figure A.2: Role of GAF in Pol II recruitment at the Lola-I target promoters. A) Western blot
shows increase in the expression of GAF over Drsohphila embryonic development. While there is
considerable expression at the early stages, the GAF expression increases over time. B) Heatmap
shows the correlation between the recruitment of Pol II, the decrease in nucleosome occupancy,
and the recruitment of GAF at regions with or without the GAGAG motif. There is no considerable
amount of GAF binding at the regions without the GAGAG motif. C) Heatmap shows that both
the Pol II occupancy and the MNase signal are reduced in the lolaORC4 mutant embryos. D)
Heatmap shows that the GAF occupancy is decreased at the Lola-I target sites in the lolaORC4

mutant embryos.
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Figure A.3: A,B and C) Boxplot plot shows GAF and Lola-I signals at regions with different
number of GAGAG motifs and Lola-I motifs. Strong cooperative binding can be observed for
GAF especially at the 2-4 hrs. Binding of Lola-I is not super-additive with the increased number
of Lola-I binding sites, suggesting no cooperative interactions in Lola-I binding.

Figure A.4: Pull down experiments test interactions between Lola-I, GAF and RPB3. A) Western
blot shows interactions between Lola-I and GAF at both the low salt wash and high salt wash
conditions. B) Western blots show no interactions between Lola-I and RPB3 or GAF and RPB3.
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