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Abstract

The synthesis and decay of mRNA transcripts are key mechanisms for the regulation of gene
expression in all organisms, from yeast to fly to human. However, a quantitative and global
description of how transcriptional and post-transcriptional regulation is integrated to set and adjust
gene expression levels is still missing.

In this work I used the genomic response to the steroid hormone ecdysone in the Drosophila S2
cell line as an experimental model to study the transcriptional and post-transcriptional regulation
of gene expression dynamics. I combined highly quantitative time series data on mRNA expression
levels, synthesis and decay rates, obtained by metabolic RNA labeling (Dynamic Transcriptome
Analysis, DTA), with single-molecule microRNA expression profiling and phenotypic readouts of
cell proliferation, cell cycle and cell morphology.

DTA measures the genomic response to ecdysone with high sensitivity and improved temporal
resolution for early changes in gene expression and particularly for repressed genes. Overall, ecdysone
signaling differentially regulates the mRNA expression levels, synthesis or decay rates of 2141 genes
within the first 12 hours. The functional annotation of these genes correlates very well with the
ecdysone induced phenotypic changes, namely exit from cell proliferation to enter differentiation.
The first global assessment of decay regulation by ecdysone signaling shows that changes in decay
rates are characterized by a less sustained progression compared to changes in synthesis rates,
indicating that decay rates are controlled in a temporally more restricted (dynamic) fashion.

By complementing the DTA gathered gene expression data with k-means clustering of fold changes
and kinetics of nascent and total mRNA expression levels as well as decay and turnover rates, we
uncover that ecdysone signaling induces a rich and previously unknown diversity of gene expression
dynamics. Specifically, we identified twenty distinct groups of potentially co-regulated genes, which
exhibit unique combinations of effect type, strength and timing of changes in mRNA synthesis, decay
rates and total expression level. Moreover, we observe a widespread, but not general coupling of
mRNA synthesis and decay rates. Further investigation of these kinetically distinct gene clusters
shows specific and reliable functional annotation enrichments and reveals the temporal order in
which ecdysone signaling regulates the biological processes to direct the cell from its proliferating
state into the differentiated state.

To gain first insights into the regulatory principles that underlie these patterns of coordinated gene
activity we assessed the kinetics of transcription factors (TFs) and RNA-binding proteins (RBPs)
and provide evidence that, in addition to the canonical regulators of the ecdysone cascade, the TFs
foxo, Sox14 and schlank as well as the RBPs brat and lin-28 represent potential novel key regulators
of ecdysone induced genes expression kinetics.

Based on mRNA decay rates we developed a novel approach for miRNA-mRNA network analysis
that is superior to previous approaches and offers insights into the post-transcriptional regulation
of the ecdysone response by miRNAs. Upon ecdysone treatment, we observe a rapid repression of
miRNAs associated with the proliferative state and a progressive induction of miRNAs associated
with the differentiated state. Strikingly, the largest fraction of the differentially regulated miRNAs
and especially the early induced miRNAs (miR-282*, miR-276a*, miR-276a, miR-276b and miR-252)
have not been implicated in ecdysone signaling or in the biological processes regulated by ecdysone,
yet. Therefore, our dataset represents an excellent resource for studying the function of these
miRNAs in ecdysone signaling, cell cycle, metabolism or differentiation/morphogenesis.

This work comprises a detailed dissection of ecdysone induced gene expression dynamics, their
functional implications and underlying regulatory principles, and therefore, establishes ecdysone
stimulation in Drosophila S2 cells as an experimental paradigm for studying mechanistic details of
gene expression regulation.
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Part 1
Introduction

1 Mechanisms of gene regulation

Regulation of gene expression is the fundamental process governing both the development and adult
homeostasis of all organisms. The elaborate regulation of gene expression occurs at multiple steps
from DNA to RNA to protein (Figure , depends on spatial and temporal cues and is highly
responsive to environmental perturbations. The accessibility of regulatory DNA sequences, such
as promoters and enhancers, to trans-acting factors is jointly regulated by transcription factors
(TFs) and the chromatin structure [114]. Cellular mRNA levels are determined by the interplay
of tightly regulated processes for RNA production (transcription), processing (capping, splicing,
polyadenylation, transport, localization) and degradation [I60]. Translation of mRNA into protein
can be controlled on a global or individual scale at multiple steps, with translation initiation being
the most common [88]. Finally, the activity, location and degradation of proteins can be controlled by
post-translational modifications including phosphorylation, methylation, acetylation, glycosylation
or ubiquitination [I58].

inactive mRNA
NUCLEUS CYTOSOL MRNA
degradation 4
control
RNA
DNA transcript mMRNA mRNA \
1 2 M 3
transcriptional RNA RNA
control processing transport translation protein
control and control activity ..
localization control SRS
control 6 protein
protein—<
active <
protein =

Figure 1: Eukaryotic gene expression can be controlled at several steps. Examples of regulation at each
of the steps are known, although for most genes the main site of control is step 1: transcriptional control.
Taken from [30].

1.1 Transcriptional mechansims

Transcriptional control of gene expression is determined by cis-regulatory elements (CREs) that are
typically located in non-coding genomic regions. The accessibility of CREs is restricted by the local
structure of chromatin, which is determined by nucleosome occupancy, positioning and epigenetic
modifications such as post-translational modifications of histones [161, 203]. The accessibilty can be
dynamically regulated by TFs that recruit chromatin remodeling or modifying enzymes to enhance
the accessibility of CREs to TFs or the transcription machinery [126]. CREs can be subdivided into
distinct classes according to their genomic location, trans-acting binding factors and function.

Gene distal elements (enhancers) are recognized by specific TFs and mainly control the
spatio-temporal expression of genes. Enhancers can be located upstream, intronic, and downstream
of the transcription unit and the distance to its regulated gene can vary from <500 bp up to
100 kb. Typically, enhancers contain binding sites for TFs of different signaling pathways to integrate
multiple inputs of cellular signaling. Binding of specific TFs to enhancers can either activate or



repress the transcription of their target genes [114].

Gene proximal elements (core promoters) interact with the transcription machinery and control
expression strength [I0I]. The core promoter is generally defined as the DNA region that is
necessary for the initiation of transcription and is comprised of the transcription start site (TSS)
and flanking sequence [101]. At the core promoter, RNA Polymerase II (Pol II) assembles together
with general TFs (GTFs) into a pre-initiation complex (PIC). GTFs mediate promoter recognition,
recruitment of Pol II, connect gene-specific factors to the PIC, interact with histones and promote
DNA unwinding [I82]. The PIC is required for transcription bubble formation, TSS scanning, and
initial synthesis of the nascent transcript [116].

While the general composition and mechanism of the PIC is well studied, the gene class specific
composition and the core promoter elements it binds to are not well characterized. Moreover, how
the core promoter architecture and its surrounding features, such as nucleosomes, mechanistically
control the plasticity of gene expression is largely unknown. Therefore, one challenging goal in
the field of gene expression regulation is to understand how all regulatory input from trans-acting
factors that bind to distal or proximal CREs is integrated at the core promoter resulting in a unified
transcription rate.

1.2 Co-transcriptional and post-transcriptional mechanisms
1.2.1 mRNA life cycle

The mRNA life cycle consists of RNA production (transcription), processing (capping, splicing,
polyadenylation, transport, localization), translation and degradation. The global and specific
regulation of mRNA abundance is predominantly accomplished by alterations of synthesis and decay
rates.

Transcription can be regarded as the most important regulatory step in the mRNA life cycle. It is
not only catalyzing the synthesis of a transcript itself, but via co-transcriptional 5” capping, splicing
and 37 end formation it also converts a pre-mRNA into an export, translation and decay competent
mRNA. Pol II and associated TFs can also recruit various post-transcriptional regulators that are
co-transcriptionally deposited onto the nascent mRNA [80]. Moreover, transcription controls the
length of 5 and 3" untranslated regions (UTRs) through alternative T'SS choice and alternative
poly(A) site usage [168,[135]. The length of UTRs directly affects mRNA stability and /or translation
efficiency, since longer UTRs typically contain more cis-regulatory elements, which can be targeted
by RNA-binding proteins (RBPs) or microRNAs (miRNAs) [68], [64] 112, [188].

Eukaryotic mRNAs are equipped with two integral stability determinants — the 5~ 7-methylguanosine
cap and the 3 poly(A) tail. These two structures interact with the cytoplasmic proteins eIF4E and
the poly(A)-binding protein (PABP), respectively, to protect the transcript from exonucleases and
to enhance translation initiation [64]. Shortening (deadenylation) of the 3” poly(A) tail by the
Ccrd-Not complex is the first and often rate-limiting step in eukaryotic mRNA degradation [74].
Following deadenylation either the 5° cap is removed by a process known as decapping and the
uncapped mRNA subsequently degraded by the exonuclease Xrnl or the unprotected 3° end is
attacked by a large complex of exonucleases known as the exosome [46] 123, OT]. In many cases,
mRNA stability regulation is linked to changes in the poly(A) tail: activators protect or lengthen
the tail, repressors shorten it. The latter is achieved by RBP or miRNA mediated recruitment of
the Ccrd-Not complex and is a key mechanism to regulate the steady-state levels of mRNAs and, as
a consequence, protein output [28].

1.2.2 miRNAs as post-transcriptional regulators

In 1993 the world of miRNAs was discovered by Ambros, Ruvkun and colleagues [125], who reported
that the miRNAs lin-4 and let-7 control developmental timing in nematodes by modulating the

10



expression of other genes at the post-transcriptional level. Since then the miRNA field has grown
tremendously becoming an integral component of gene expression regulation [96].

1.2.2.1 miRNA biogenesis miRNAs are small non-coding RNAs ~20-24 nucleotides (nt) long,
which post-transcriptionally repress the expression of target genes usually by binding to the 3~ UTR
of mRNA. As a class, miRNAs constitute about 1%—-2% of genes in worms, flies, and mammals [16].
Most miRNA genes are located as genomic clusters in intergenic regions and are transcribed
as independent transcriptional units by Pol II. Other miRNAs (about 25-30%) are embedded
within introns of coding genes and might be regulated by the promoter of their host gene [96].
miRNAs are transcribed as part of longer precursors (primary transcript; pri-miRNA) that fold on
themselves to form hairpin structures (Figure . The hairpin structure is cleaved by the RNase 111
endonuclease Drosha and its double-stranded RNA-binding domain partner Pasha [127, 48] to yield
the ~60-70 nucleotide long pre-miRNA hairpin. The pre-miRNA is exported to the cytoplasm
by Exportin 5 [I08], where it is cleaved by a second RNase III endonuclease, Dicer (Dcr-1 in
Drosophila) and its dsRBD partner Loquacious (Logs) into a double-stranded miRNA-miRNA*
duplex [134]. The mature miRNA strand is subsequently incorporated into the miRNA-induced
silencing complex (miRISC), where it is bound to a member of the Ago protein family (Agol in
Drosophila). The unincorporated strand (miRNA*) is degraded. However, in some cases miRNAs*
can also be functional [140].

1.2.2.2 miRNA induced silencing of mRNA targets At the core of the miRISC lies the
miRNA-loaded Ago protein and the scaffold protein GW182, which recruits additional silencing
factors [59]. The miRNA guides target selection through canonical base pairing between the seed
sequence of the miRNA (nucleotides 2-8 at its 5 end) and its complementary seed match sequence
in the target mRNA. The seed sequence contributes the majority of the binding energy and is
typically located in the 3° UTR of the mRNA [4] [77, 137]. However, it can also be located in the
5” UTR or coding region of the mRNA [I36] 60, 171, 85]. Upon binding miRISC represses the
targets translation and/or stimulates its degradation. Translational repression can be modulated by
interfering with elF4E-cap recognition, 40S ribosomal subunit recruitment or by displacing PABP
and inhibiting the circularization of the closed-loop structure necessary for translation [IT11 [59]
[147]. The degradation of targets depends on the extent of sequence complementarity. Complete
sequence complementarity leads to site-specific endonucleolytic cleavage by Ago (Ago2 in Drosophila)
and subsequent degradation of the 5” and 3" ends by Xrnl and the exosome [I41]. However,
most miRNAs bind with partial complementarity. In this case, miRISC interacts with the Ccr4-
Not deadenylase complex and the Dcpl-Dcp2 decapping complex, to facilitate deadenylation and
decapping, respectively [28, 50], 59, 152]. The remaining mRNA is subsequently degraded by Xrnl
and the exosome [94].

The relative importance and timing of translational inhibition versus mRNA degradation is a
matter of current discussion. However, recent studies have shown that miRNA mediated transcript
degradation explains ~70-80% of the effect on protein levels [86].

1.2.2.3 miRNA function and their role in signaling pathways miRNAs are specific
and essential post-transcriptional regulators in a wide range of biological processes. During both
development and adulthood, miRNA function to coordinate cell growth, metabolism, fate, and
morphology within changing environmental conditions [122] 97, 117, 183 134]. In doing so, miRNAs
ensure that the organism undergoes appropriate developmental and post-developmental transitions
and confer biological robustness. The mechanistic concepts of miRNA functions depend on the
specific biological context and include reinforcing transcriptional programs to sharpen transitions,
entrench cellular identities, buffer fluctuations in gene expression or determine signal outcomes in
the context of gene regulatory networks [54]. Within gene regulatory networks miRNAs can have
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Figure 2: microRNA biogenesis and mode of action. The miRNA gene is transcribed by Pol II to generate
a pri-miRNA. The pri-miRNA folds into a hair-pin structure, which is processed by the Drosha-Pasha
microprocessor complex, and results in a pre-miRNA of around 60-70 nt. The pre-miRNA is exported to
the cytoplasm by Exportin 5 and further processed by Dicer-1 and Loquacious to form the miRNA-miRNA
duplex. The duplex is separated and one strand is selected as the mature miRNA, while the other strand is
degraded. The mature miRNA strand is loaded into the miRISC complex and binds with its “seed sequence”
to the complementary seed match sites within the 3° UTR of mRNAs, resulting in translational inhibition
and/or mRNA degradation. Adapted from [I17].
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quite different roles, from using to throw a developmental switch to buffering the consequences of
noise in order to confer robustness [87].

Signaling pathways are ideal candidates for miRNA-mediated regulation owing to the sharp
dose-sensitive activity of signaling pathways. Within these pathways miRNAs are crucial for
tresholding against noise, default repression, context-dependent signaling, signal amplification or
signaling pathway crosstalk [96] [54].

However, uncovering the specific function of individual miRNAs is challenging. miRNAs are
frequently present as families of redundant genes and the degree of miRNA-mediated target
down-regulation often tends to be quantitatively modest [96]. Therefore, a future challenge in
the specific context of signaling pathways is to systematically identify miRNAs that affect and/or
are regulated by cell signaling to unravel this gentle but essential layer of gene expression control.

1.2.2.4 Computational target prediction A crucial step in understanding miRNA function
is to determine authentic miRNA targets. Computational biologists developed numerous prediction
algorithms to capture the sequence and location characteristics of miRNA binding sites [2, [190].
Some of these characteristics are: (i) complementarity to the miRNA seed region, (ii) evolutionary
conservation of the binding site, (iii) free energy of the miRNA-mRNA hetero-duplex, and (iv) mRNA
sequence features outside the target site [106], 190]. However, neither individual nor combinations of
these criteria are sufficient to predict all authentic targets without a serious number of false positives
or false negatives. Since the development of the early algorithms, the importance of tolerating
imperfect seed matches as well as extending the prediction to CDS became even more evident [79]
190].

The miRanda algorithm [22], used in this thesis, aligns a miRNA to the target 3" UTR to identify
highly complementary sequences. Seed pairing is weighed more strongly than pairing elsewhere, but
seed GeU wobbles and mismatches are allowed. High-scoring targets are then filtered on a secondary
criterion of heteroduplex free energy (AG).

Complementing computational predictions with expression profiles of miRNAs and mRNA targets
along with experimental target identification is a fundamental approach to identify biological relevant
miRNA targets.

2 The steroid hormone ecdysone

Steroid hormones regulate the development, maturation, reproduction, and metabolism of higher
eukaryotes [I12]. In vertebrates the process of maturation is primarily controlled by thyroid hormone
and sex steroids, while in insects it is regulated by the steroid hormone 20-hydroxyecdysone
(ecdysone). Although relatively little is known about how vertebrate hormones control maturation,
molecular and genetic studies from the early 1950‘s onwards have provided a detailed understanding
of the mechanisms by which ecdysone exerts its effects on insect development [31], 110].

2.1 Biological function of ecdysone

In Drosophila, the post-embryonic development progresses through three larval stages before the
larva enters metamorphosis and finally emerges as an adult fly. The transitions between these stages
are triggered by pulses of ecdysone (Figure ) Periodic pulses of a-ecdysone are released from
the prothoracic glands and rapidly converted in peripheral tissues to its biologically active form,
20-hydroxyecdysone [165, [155]. There are two major pulses of ecdysone during metamorphosis. The
first pulse occurs in the third instar larva triggering the initiation of (prepupal) morphogenesis. The
second pulse is released 10-12 hours later triggering radical reorganization in body form: (i) histolysis
of larval cells and tissues and (ii) differentiation and morphogenesis of adult cells and tissues.
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Figure 3: Ecdysone concentration and gene cascade during development. (a) Schematic representation
of whole-body ecdysone concentrations during Drosophila development. Arrows indicate physiological and
behavioral changes that are triggered by the respective ecdysone pulse. (b) Ecdysone induced gene cascade at
the onset of metamorphosis. The expression of genes is shown in bars with different shades of gray representing
different gene categories (see inset), and the length of the bars indicate the approximate duration of their
expression. Positive and inhibitory interactions are shown. Ecdysone peaks are shown in dotted boxes at the
top. L1/L2/L3, first/second/ third instar; PP, prepupa; E74A, Eip74EF; E75B, Eip75B; DHR4, Hr4; DHR3,
Hr46. Adapted from [I55].
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The cellular processes controlled by ecdysone include cell death, cell proliferation, cell differentiation,
tissue morphogenesis, metabolic and growth control, as well as changes in behavior and reproductive
status [12], [155]. All these processes need to be adjusted in a cell and tissue specific manner multiple
times during metamorphosis, implicating different levels of regulation. Consequently, a key question
in the field is how a single hormone can have such a broad range of effects and how this diversity
is regulated. The answer to these questions lies in the specific spatial (cell type) and temporal
(developmental stage) regulation of ecdysone signaling.

2.2 Pathway components and its spatio-temporal regulation

Initial evidence for the ecdysone pathway was elucidated from an ez vivo culture system that used
ecdysone regulated puffing patterns in salivary gland polytene chromosomes to reveal the underling
gene expression hierarchy [§]. Chromosome puffs are DNA regions of active transcription, at which
ecdysone signaling leads to recruitment of histone methyltransferases that methylate lysine 4 of
histone 3, thereby loosening the nucleosomes in that area [I75]. Four classes of puffs have been
described: (i) intermolt puffs, which are active at the beginning of the response and thereafter
regress, (ii) early puffs, which are induced within minutes, (iii) early-late puffs, appearing with a
delay of two hours, and (iv) late puffs, which appear from three hours onwards [8]. This early
conceptual framework is referred to as the Ashburner model. Ashburner postulated that the early
puffs are direct targets of the ecdysone-bound receptor and that the corresponding early genes encode
regulatory proteins that induce the late puffs. Ever since, decades of research have elucidated the
molecular and regulatory mechanisms how these early (or primary) regulatory proteins coordinate
the expression of late (or secondary) response genes, which ultimately direct the developmental
changes.

Ecdysone receptor and DNA binding Ecdysone binds to a heterodimer of two nuclear
receptors, the ecdysone receptor (EcR) and ultraspiracle (USP), which are orthologous of
the vertebrate farnesoid X receptor (FXR) or liver X receptor (LXR), and RXR receptors,
respectively [I13 I10]. EcR comprises the ecdysone binding domain but is dependent on USP
to facilitate its DNA- and ligand-binding activities [92]. EcR exists in three protein isoforms (A,
B1 and B2), which arise through alternative promoter usage and differential splicing resulting in
different amino-terminal domains but common DNA- and ligand-binding domains [113, 189]. EcR
isoforms are expressed in a tissue- and stage-specific manner [I10]. At the onset of metamorphosis
isoform B1 dominates in larval tissues that will die during metamorphosis, while A dominates in the
imaginal discs that undergo differentiation [189]. Isoform B2 might play a major role in the larval
fat body and epidermis [3§].

The EcR/USP heterodimer binds to specific promoter sequences called ecdysone response elements
(EcREs) and interacts with transcriptional cofactors to regulate expression of ecdysone responsive
genes. Recent research has elucidated the identity and mechanisms of several cofactors, such as
chromatin remodelers, histone modifiers, histone chaperones and insulator-binding factors [13] [65]
11 207, 109, 62, 169]. The selection of specific cofactors depends on DNA sequence or cellular
context. Importantly, ECR/USP can function as repressors in the absence of ecdysone by recruiting
co-repressor complexes. Upon ecdysone binding these repressors are displaced by recruited co-
activators, resulting in the activation of a characteristic set of early target genes [66].

Ecdysone target genes At the larval-to-prepupal transition, the first pulse of ecdysone induces
a small group of “early genes’ including its own receptor (EcR) and the transcription factors
Broad-Complex (Br), Eip74 and Eip75 (Figure ) The genomic loci encoding the “early
genes” are extraordinary large (>60kb) and complex, with multiple overlapping transcription
units driven by multiple nested ecdysone-inducible promoters, which respond to distinct ecdysone

15



concentrations [104) [93]. Br plays a pivotal role in the initiation and progression through
metamorphosis and represents the most complex locus, which through differential initiation and
splicing gives rise to 14 transcript isoforms. These isoforms are expressed in tissue and stage specific
manner during metamorphosis and can be classified into four protein isoforms, distinguished by their
zinc finger module (Z1 to Z4) [148].

All “early genes” are key regulators of the ecdysone cascade and induce the expression of a second
series of genes such as Hr4 and Hr46, which shut off some “early genes” and activate “late genes”. The
latter are “effector genes”, since they directly execute the developmental changes during larval-to-
prepupal and prepupal-to-pupal transition. The second pulse of ecdysone during pupal development
uses the same hierarchy of regulatory early genes but triggers a distinct set of late “effector genes”
in order to remodel the body plan by regulating processes including cell death, cell proliferation, cell
differentiation, energy metabolism and tissue morphogenesis [104] 93] [155].

In summary, at the core of ecdysone signaling lies the interaction of the ecdysone hormone with a
heterodimer of EcR/USP to induce a cascade of primary (regulatory) and secondary (effector) genes.
The final biological outcome depends on the specific spatio-temporal expression of ecdysone signaling
components (Figure. The elaborate regulation of this spatio-temporal patterning involves multiple
mechanisms including ecdysone concentration, the combination of specific protein isoforms and
cofactors as well as other signaling pathways [104] [189] 155]. Signaling pathways such as insulin,
TGFB, or JAK/STAT interact with the ecdysone pathway components to further fine-tune the
cell-type specific outcome [118].

Although multiple critical components of the tissue and stage specific regulation are identified, a
global and detailed kinetic description of the underling regulatory network and its network motifs is
missing. In regard to general mechanism of gene regulation, the control of transcription might not
be sufficient to dynamically fine-tune ecdysone signaling and it is therefore likely complemented by
post-transcriptional mechanisms, such as specific expression of miRNAs or RBPs (Figure 4)).

2.3 Ecdysone regulated miRNAs

Multiple studies suggest a crucial role for miRNAs in the coordination of developmental transitions
in insects [17, (177, [35]. Although changes in miRNA expression patterns coincide with the pulses
of ecdysone, the direct relationship between ecdysone signaling as key trigger of all developmental
transitions and miRNAs is largely unknown.

To date only a few miRNAs have an established role in ecdysone signaling or have even been
identified as direct targets of EcR and Br (miRNAs of the let-7 locus, miR-14, and miR-8) [I77,
193, [37, 100]. The miRNAs of the let-7 locus (let-7, miR-100 and miR-125) are thought to control
developmental transitions [176] 177, B7]. miR-14 and its validated target EcR compose an auto-
regulatory negative feedback loop [193]. miR-8 promotes insulin signaling and body growth and was
shown to be transcriptionally repressed by ecdysone’s early response genes, providing a link between
the antagonistic signaling of insulin and ecdysone [95] [100].

Comprehensive insights into how ecdysone signaling is affected by and/or implements miRNAs as
primary or secondary response genes are still missing. However, such knowledge would complement
the transcriptional regulation of ecdysone signaling with one mechanism of post-transcriptional
regulation.
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Figure 4: Spatio-temporal patterning of ecdysone signaling. Schematic representation of the ecdysone
signaling cascade and affected cellular processes. Components within the boxed area (green) underlie tissue
and time specific expression, including EcR isoforms, cofactors, target genes, miRNAs and RBPs. Structure
of the EcR/USP heterodimer ligand-binding domain (Heliothis virescens) is taken from [89]. Ecdysone is
shown in black within the ligand-binding pocket of the EcR.

3 Dynamic Transcriptome Analysis (DTA)

The cellular RNA abundance level is the consequence of two opposing mechanisms, namely nuclear
synthesis and cytoplasmic decay. These individual contributions keep mRNA levels in a dynamic
equilibrium and are highly responsive to environmental perturbations.

Until recently, RNA synthesis was measured by genomic run-on (GRO) [63], which required sarkosyl
treatment, and decay was analyzed upon chemical blocking of transcription, e.g. by actinomycin-D
treatment [I70]. However, these methods are rather cell invasive and induce a cellular stress response,
which on its own affects RNA stability [I81]. Therefore, most gene expression studies are carried out
using total cellular abundance RNA, accepting serious limitations: (i) the RNA abundance level has
to be used as an approximation for changes in synthesis and (ii) the contribution of RNA degradation
has to be neglected.

Metabolic RNA 4-thiouridine (4sU) labeling overcomes these limitations and determines changes
in RNA synthesis and decay, as well as their impact on total cellular abundance level in a non-
invasive manner within a single experiment. It has been known for several decades that exogenous
thiol-containing nucleosides, such as 4sU, can be introduced into the eukaryotic nucleoside salvage
pathway [142]. By introducing 4sU into this pathway, it is possible to label and selectively isolate
newly synthesized (nascent) RNA since eukaryotic RNAs normally do not contain thiol-groups.
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Figure 5: Schematic representation of metabolic 4sU RNA labeling. Eukaryotic cells take up 4sU from the
culture medium in a concentration dependent manner and incorporate 4sU into nascent RNA, generating a
pool of labeled RNA and pre-existing, unlabeled RNA. After cell lysis thiol-labeled nascent RNA is tagged
with biotin and isolated by purification with streptavidin-coated magnetic beads. Adapted from [144].

4sU labeling is applicable to a large variety of cell types (in vitro) and organisms (in vivo) [105] [145]
1 196 138 186l 67]. The experimental in vitro setup simply requires culturing cells in the presence
of 4sU, which is taken up by eukaryotic cells in a concentration dependent manner, generating a
pool of labeled RNA (Figure [5)). After cell lysis, the thiol-labeled nascent RNA can be isolated by
thiol-specific biotinylation and streptavidin purification [43]. If needed, the pre-existing (present
prior to 4sU labeling) RNA can be recovered from the sample. Therefore, metabolic RNA labeling
yields three types of RNA fractions: total cellular RNA, pre-existing unlabeled RNA and nascent
labeled RNA. The quantification of these fractions can be accomplished by any gene expression
profiling method.

4sU labeling has been shown to monitor gene expression dynamics with higher sensitivity and greater
temporal resolution compared to conventional transcriptomics [51], 196, 144), 160, 186]. Moreover,
labeling has minimal adverse side effects on gene expression, RNA decay, mRNA translation, protein
stability, and cell viability [44], 105, 51} [144]. 4sU labeling was complemented with a customized
novel statistical approach to estimate mRNA synthesis and decay rates on a genome-wide scale,
assuming exponential decay (Dynamic Transcriptome Analysis, DTA) [172].

45U labeling/DTA measures transcription with unprecedented sensitivity and temporal resolution
and permits to dissect the contributions of RNA synthesis and decay to gene expression level.
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4 Aims and scope of this thesis

The elaborate regulation of gene expression occurs at multiple steps from DNA to RNA to protein
and is highly responsive to environmental perturbations. Although, regulation of transcription is the
dominant step, rates of mRNA degradation and translation are regulated between genes as well [200]
1601, 174, 128]. A quantitative and global description of how transcriptional and post-transcriptional
regulation is integrated to set and adjust gene expression levels is still missing.

Microarray and next-generation sequencing techniques have revolutionized the way we can address
this fundamental question of gene expression regulation. All aspects contributing to this
regulation can be measured in a genome-wide and highly quantitative fashion, including discovery
of accessible cis-regulatory elements by DNasel Hypersensitivity Site-Sequencing (DHS-Seq),
nucleosome positioning and occupancy profiling by MNase-Seq, identification of histone modification
or protein binding profiles by ChIP-Chip/Seq as well as measurement of nascent and total abundance
mRNA expression by DTA-RNA-Chip/Seq. The combination of all these experimental techniques
with computational modeling enables investigating gene expression regulation at an unprecedented
mechanistic level.

In this regard, the aims of my PhD thesis were:

1. Establishing ecdysone treatment of S2 cells as experimental paradigm for studying gene
expression regulation

2. Using DTA and microRNA profiling to dissect the regulation of gene expression during
ecdysone signaling

3. Establishing an improved DTA-RNA-Sequencing protocol for dissecting the Drosophila core
promoter

Establishing ecdysone treatment of S2 cells as experimental paradigm for
studying gene expression regulation

To correlate diverse genome-wide data sets, it is crucial to work within a consistent and reproducible
experimental paradigm. Ideally, the paradigm should be easily perturbed to investigate the dynamics
and plasticity of gene expression regulation.

Therefore, the first aim of my thesis was to establish and characterize such an experimental
paradigm. Time series treatment of Drosophila Schneider 2 (S2) cells with the steroid hormone
ecdysone represents a highly suitable and interesting paradigm: (i) Our S2 cell line represents a
homogenous cell population, as it is derived from a single clone (K. Forstemann). We cultivate the
cells under standardized condition in synthetic cell culture medium without serum. (ii) Binding
of ecdysone to its nuclear receptor triggers a complex gene expression cascade that induces both
transient and long-term expression changes in a wide range of functionally diverse genes, including
TFs [155]. (iii) Despite much knowledge about the transcriptional players in ecdysone signaling, a
comprehensive description of the regulatory mechanism involving TF activity, chromatin dynamics
and post-transcriptional contributions has not been carried out.

In my thesis, I established the time series treatment of S2 cells comprising of a frequently sampled
early interval (1-12 hours) and an extended interval up to 72 hours (Figure [6). I characterized
the ecdysone induced phenotype using a cell analyzer, light microscopy and flow cytometry. I
could reproducibly show that upon ecdysone treatment S2 cells cease proliferation and acquired a
differentiated morphology, characterized by increase in cell size and granularity along with outgrowth

of filopodia (Section Figure [6]).
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Using DTA and microRNA profiling to dissect the regulation of gene expression
during ecdysone signaling

The genomic response to ecdysone is one of the best studied transcriptional cascades in
Drosophila [129, [18, [66, [75]. However, one common drawback of all studies is that they examined
only RNA abundance levels. Therefore these studies suffered from imprecise measurements of
transcription rate and were unable to discriminate whether changes in RNA abundance are due
to alterations in RNA synthesis or decay. Metabolic RNA 4sU labeling, also known as Dynamic
Transcriptome Analysis (DTA), was shown to be a direct readout of transcription, which allows
genes expression profiling with superior sensitivity and improved temporal resolution compared to
conventional transcriptomics [51), [I44]. Moreover, it allows attributing changes in gene expression
to alterations in synthesis or decay rates [160, 186 [58].

Therefore, the second aim of my thesis was the application of DTA to investigate the transcriptional
and post-transcriptional regulation of gene expression dynamics during the ecdysone response. To
this end, I established 4sU labeling coupled to microarrays for S2 cells and measured nascent
and total mRNA levels during the early time interval (1-12 hours) of the ecdysone response
(Section Figure @ We demonstrate that DTA monitors the genomic response to ecdysone
with high sensitivity and great temporal resolution (Section , as well as that ecdysone induces
major, progressively increasing and continuous changes in gene expression (Section . Functional
annotation of ecdysone regulated genes explains the observed phenotypes very well and demonstrates
how rapid the ecdysone cascade regulates a wide range of functionally diverse genes (Section .
Furthermore, we estimated relative mRNA synthesis and decay rates and present the first global
assessment of decay regulation by ecdysone signaling (Section . Overall, ecdysone signaling
differentially regulates the mRNA expression level, synthesis or decay rate of 2141 genes (Figure @
By complementing the DTA gathered gene expression data with k-means clustering of fold changes
and kinetics in nascent and total mRNA expression levels as well as decay and turnover rates, we
reveal that ecdysone induces a rich and previously unknown diversity of gene expression dynamics.
Specifically, we identified twenty kinetically distinct groups of co-regulated genes, which exhibit
unique combinations of effect type, strength and timing of changes in mRNA synthesis, decay rates
and total expression level (Section . Notably, we observed a strong coupling of mRNA synthesis
and decay rates. The functional annotation of these kinetic groups shows specific enrichments and
indicates the temporal order in which ecdysone regulates biological processes to direct the cell from
its proliferating state into the differentiated state (Section [7.9] Figure [6).

Moreover, to investigate the role of microRNAs in the ecdysone response, I quantified the expression
of 184 microRNAs (miRNAs) in ecdysone stimulated S2 cells using a single-molecule counting
technique (Section. Upon ecdysone treatment, we observed a rapid repression of some miRNAs
and a progressive induction of other miRNAs (Figure @ In addition to the known ecdysone
responsive miRNAs, we identified 26 miRNAs that have no established function in ecdysone signaling
or in the biological processes regulated by ecdysone in S2 cells. Therefore, our dataset represents
an excellent resource for studying the function of these miRNAs in ecdysone signaling, cell cycle,
metabolism or differentiation/morphogenesis. Finally, based on mRNA decay rates we established
a novel approach for miRNA-mRNA network analysis to facilitate miRNA target identification
(Sections and gain first insights into the miRNA-mRNA network during the ecdysone response
(Section Figure [6).

Overall, our time series DTA analysis captures the complex gene expression dynamics of the ecdysone
response and presents valuable insights into its elaborate transcriptional and post-transcriptional
regulation.
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Experimental set up and methods
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Figure 6: Overview on PhD thesis Aim 1 and 2. Experimental set up and methods panel (top) outlines
the ecdysone time series treatment, 4sU labeling periods and methods used for phenotypic (blue) and
transcriptome (pink) analyses. Data and results panel (bottom) illustrates the timing of identified phenotypic
(blue) and genomic (pink) changes. For the phenotypic changes, bars correspond to fold changes compared
to the beginning of the experiment. For differential genes, bars correlate to the number of significantly
differentially regulated genes at each time point. GO term progression illustrates the temporal timing based
on the comparison of GO term categories with cluster kinetics. For miRNAs the individual pink lines represent

differential miRNAs according to the time point of >1.2-fold induction or repression.
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Establishing an improved DTA-RNA-Sequencing protocol for dissecting the
Drosophila core promoter

In an independent, collaborative project we used DTA to achieve a better quantitative understanding
of gene expression as it is regulated by the core promoter, namely its sequence features and structural
properties (Section . Since some of the features might operate in an activity dependent manner,
we trigged different transcriptional programs, using ecdysone as developmental stimulus, insulin
as metabolic stimulus and heat shock to induce a stress response. My main contribution to the
project was the measurement of transcript steady state and nascent transcription rates using DTA-
RNA-Sequencing (Section [10.3)). To this end, I first adapted the DTA microarray protocol to next-
generation sequencing and established a novel procedure for data normalization using artificial Spike-
In transcripts (Section, as well as a novel strategy for rRNA depletion during sequencing library
preparation employing rRNA specific oligos (Section .

In summary, my thesis made an important contribution to the laboratory’s research interest in gene
regulation. The established and characterized ecdysone paradigm will serve as a working model
for diverse gene regulatory questions including the dynamic regulation of cis-regulatory elements
and their TFs, as well as chromatin dynamics involving nucleosome positioning and chromatin
modifications. Moreover, using this paradigm I generated highly quantitative genome-wide data
sets on mRNA and miRNA expression dynamics during the ecdysone response. Our analysis
provides novel insights into how cells coordinate distinct patterns of gene expression in order to
adjust the transcriptome to environmental perturbations. These data furnish the laboratory with a
comprehensive resource for further experimental and computational projects.
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Part 11
Material and Methods

5 Material

5.1 Cell line and culture

Name Specification Source (Catalog #)
Drosophila Schneider 2 (S2) cells single clone derived from late K. Forstemann
D. melanogaster embryos
Express Five®) SFM protein-free, serum-free Gibco (10486-025)
L-Glutamine 200 mM, add 90 ml per 1000 ml Gibco (25030-081)
medium
20-Hydroxyecdysone 10 mM stock in ethanol, store -20°C ~ Sigma-Aldrich (H5142)
Insulin 2 mM stock in water, store -20°C Roche (11376497001)

Table 1: Cell culture, medium, supplements and treatments.

Name Fill volume Source (Catalog #)
75 cm? flasks 12 ml Corning (430 641)
225 cmn? flasks 25 ml Corning (3001)

150 mm dish 20 ml BD Falcon (353025)

Table 2: Cell culture consumables.

5.2 List of primers

All DNA primers were synthesized by Eurofins MWG Operon GmbH, Ebersberg, Germany.

ID Name Sequence (5° > 37)

kf43 RT br fw#2 AGGATGTCAACTTCATGGACC
kf44 RT br_rev#2 GTGTGTGTCCTCTGCCTGCT
kf47 RT EcR_fw CAAAATGGCCGGAATGGCTGAT
k{48 RT EcR_rev AGCGCGTATTCGACGTTGTCCA
kf143 RT CG30159 fw#1 CCACCGCAAAATCCTTGG

kf144 RT CG30159 rev#1 AGCCTAACCAGCGACCAC

k{126 pri-miR-8  fw#2 GCGCCCCGGTTCAAAGTTA
kf127 pri-miR-8 rev#2 GCTGTGTGCTCAAGTGGGTT
kf117* Rp49 fw ATCGGTTACGGATCGAACA
kf121%* miR-8 fw TAATACTGTCAGGTAAAGATGTC

Table 3: Primers used for RT-PCR. Primers were either designed with Primer 3 [11I5] or Primer-Blast [201].
(*) used with reverse primer miScript Universal Primer. br, broad; EcR, ecdysone receptor; rp49, Ribosomal
protein L32.
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ID Name Sequence (5” > 37) Annealing

261 spike#2 fw3 TAATACGACTCACTATAGGGTGCTTTAACAAGAG 53°C
GAAATTGTGT

262 spike#2 revd CCATCTTGTTTATAAAATCCTAATTACTC 53°C

278 spike#12 fw2 TAATACGACTCACTATAGGGGGCACAAGTTGCTG 58°C
AAGTTGC

979 spike#12 rev2 TCTGCTGTAATCTCAGCTCC 58°C

263 spike#4 fw3 TAATACGACTCACTATAGGGTTTCGACGTTTTGA 53°C
AGGAGGG

264 spike#4 revd GTACCCGGGAAAATCCTAGTTC 53°C

265 spike#5 fw3 TAATACGACTCACTATAGGGACTGTCCTTTCATC 55°C
CATAAGCGG

266 spike#5 revd CGCACGCCGAATGATGAAACG 55°C

267 spike#8 fw3 TAATACGACTCACTATAGGGGATGTCCTTGGACG 55°C
GGGT

268 spike#8 rev3d GCTTTCGGAGCAAATCGCG 55°C

269 spike#9 fw3 TAATACGACTCACTATAGGGCCAGATTACTTCCA 55°C
TTTCCGCC

270 spike#9 revd GGGTAAAACGCAAGCACCG 55°C

Table 4: PCR primers used for Spike-In amplification and in vitro transcription. Sequence in bold represents

the T7 promoter.

5.3 Spike-In transcripts

Name GC content Length [nt| Labeled
spike 2 0.33 983 4sU
spike 12 0.35 947 no 4sU
spike 4 0.42 1011 4sU
spike 5 0.44 1012 no 4sU
spike 8 0.50 1076 4sU
spike 9 0.51 1034 no 4sU

Table 5: Spike-In transcripts. Sequences can be found in Supplementary Table 6.

5.4 Antibodies and probes

Target Host/Sequence (5 > 37) Usage Source (Catalog #)  Application
Actin mouse 1:5000 Abcam Western blotting
EcR mouse 1:100 DSHB (Agl0.2) Western blotting
Br-C mouse 1:50 DSHB (25E9.D7) Western blotting
a-Mouse-HRP  goat 1:2500 Abcam Western blotting
let-7 CTACTATACAACCTA 10 pmol K. Forstemann Northern blotting
CTACCTCA
2S5 rRNA TACAACCCTCAACCA 10 pmol K. Forstemann Northern blotting
TATGTAGTCCAAGCA

Table 6: Antibodies and probes.

24



5.5 Buffers and solutions

Name Composition Application
cOmplete Lysis-M Commercial buffer, Roche (4719964001) Cell lysis
EDTA-free

Roti-Load 1 Commercial buffer, Roth (K929.1) SDS-PAGE
Running buffer 30.3 g Tris, 144.1 g glycine, 10 g SDS in SDS-PAGE

10x WB transfer buffer
1x WB transfer buffer

WB blocking buffer
1x PBS

1x PBS-T (0.1%)
Biotinylation buffer
Wash buffer

1000 ml ddH,0

14.5 g Tris, 72 g glycine in 1000 ml ddH20

100 ml 10x WB transfer buffer, 200 ml
methanol, 3 ml SDS 10%, 700 ml ddH,O

5% (w/v) milk powder in 1x PBS-T

2 mM KH,POy, 4 mM NagHPO,, 140 mM
NaCl, 3 mM KCI, pH 7.4 (25°C)

100 ml PBS 10x, 1 ml Tween 20, 900 ml ddH5O
100 mM Tris pH 7.4, 10 mM EDTA

100 mM Tris pH 7.5, 10 mM EDTA, 1 M NaCl,
0.1% Tween 20

Western blotting
Western blotting

Western blotting
Western blotting

Western blotting
DTA-protocol
DTA-protocol

Table 7: Buffers and solutions.

5.6 Metabolic RNA labeling and RNA isolation

Name

Description

Source (Catalog #)

4-thiouridine

peqGOLD TriFast

15 ml PP-Tubes
EZ-Link HPDP-Biotin
Screw cap micro tubes

Phase Lock Gel Heavy Tubes
Magnetic Stand

1Macs Streptavidin Kit
1,4-Dithio-DL-threitol (DTT)

TURBO DNA-free Kit

RNeasy MinElute

Agencourt RNAClean XP Beads
Round bottom 96 well plate

96 well magnetic stand

50 mM stock in PBS, store -20°C,
thaw only once

store at 4°C

tolerate up to 15000 g

1 mg/ml stock in DMF

1.5 and 2.0 ml

2 ml

1 M stock in RNase-free water,
store -20°C

Sigma-Aldrich (T4509)

Peqlab (30-2030)

Greiner Bio-One (188261)
Pierce (21341)

Sarstedt (72.692.005,
72.694.005)

5 Prime (2900309)
Miltenyi (130-042-303)
Miltenyi (130-074-101)
Sigma-Aldrich (43815-1G)

Ambion (1907)

Qiagen (74204)

Beckman Coulter (A63987)
Greiner Bio-One (651161)
Ambion (AM10027)

Table 8:

Consumables for metabolic RNA labeling.
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5.7 mRNA and microRNA expression profiling

Name Source (Catalog #) Application
RQ1 RNase-Free DNase Promega (M6101) RT-PCR
Transcriptor First Strand cDNA Synthesis Kit Roche (04897030001) RT-PCR
SsoFast EvaGreen Supermix Bio-Rad (172-5201) RT-PCR
Bio-Rad CFX96 Real-Time System Bio-Rad (185-5096) RT-PCR
miRNeasy Mini Kit Qiagen (217004) microRNAs
miScript IT RT Kit Qiagen (218161) RT-PCR
miScript SYBR Green PCR Kit Qiagen (218073) RT-PCR
nCounter Fly miRNA Expression Assay Kits nanoString (GXA-FMIR-48)  microRNAs
GeneChip 3° IVT Express Kit Assay Affymetrix (901229) Microarray
GeneChip Drosophila Genome 2.0 Affymetrix (900533) Microarray
KOD Hot Start DNA Polymerase Novagen (71086-3) Spike-Ins
MEGAscript T7 Kit Ambion (AM1334) Spike-Ins
4-Thio-UTP Jena-Bioscience (NU-1156S)  Spike-Ins
Ovation Human Blood RNA-Seq Multiplex System NuGEN (0337, 0338) Sequencing
BioruptorPlus Diagenode (B01020001) Sequencing
HiSeq 2500 Mlumina Sequencing

Table 9: Consumables and platforms for expression profiling.
5.8 Nucleic acid quantification
Name Source (Catalog #)
Agilent RNA 6000 Nano Kit Agilent (5067-1511)
Agilent DNA 7500 Kit Agilent (5067-1506)
Qubit@®) dsDNA HS Assay Kit Life technologies (Q32851)

Table 10: Consumables for nucleic acid quantification.

5.9 Staining for flow cytometry
Target Source (Catalog #) Usage
Vybrant DyeCycle Green Stain Molecular Probes (V35004) 10 uM
SYTOX Red Dead Cell Stain Molecular Probes (S34859) 5 nM

Table 11: Staining for flow cytometry.



6 Experimental methods

6.1 Cell based methods
6.1.1 Cell culture conditions

Drosophila Schneider 2 (S2) cells were cultured in synthetic, serum-free Express Five medium (Gibco)
supplemented with 90 ml of 200 mM L-Glutamine (Gibco). Cells were thawed at passage 12 or
13 and cultivated until passage 18. During cultivation cells were grown at 25°C without COq as
semi-adherent monolayer in tissue culture flasks (Corning). Twice a week cells were split into fresh
flasks by means of seeding 0.6 - 0.8 x 10° cells/ml.

6.1.2 Cell counting and phenotypic assessment

Cell counting was performed in duplicates using the Cell Counter and Analyzer System (CASY;
Roche). Using CASY, cell viability and diameter were assessed to judge cellular health and monitor
cellular phenotype upon experimental treatment. Cell morphology was monitored using a white field
microscope.

6.1.3 Cell treatments

Cells were seeded 24 hours prior to cell treatment. On the next day, cell viability and monolayer
confluence was assessed and if confluence was 80% cell treatment was started. For the ecdysone
signaling project, cells were continuously treated with 10 pM ecdysone (Sigma-Aldrich) for 1-72 hours
and samples were extracted after 1, 2, 4, 6, 12, 24, 48 and 72 hours (Figure @ Untreated control
cells were prepared for each time point, except for the DTA experiment, in which controls were
prepared only for 1 hour and 12 hours. Stimulation time courses were carried out in two biological
replicates. For the core promoter project cells were treated with 10 pM ecdysone (1, 1.5, 2, 4, 8 and
12 hours), 4 pM insulin (Roche; 1, 1.5, 2, 4 and 8 hours) or 37°C (0.5, 1, 1.5 and 2 hours). Untreated
control cells were prepared at 1 and 1.5 hours.

6.1.4 Flow cytometry

For flow cytometry 1 x 108 cells were incubated with Vybrant DyeCycle Green Stain (Invitrogen) and
SYTOX Red Dead Cell Stain (Invitrogen) according to manufacturer’s protocol. For each sample
data from 20000 cells was analyzed using a Becton Dickinson FACS Calibur. Cell cycle phases
of living cells (negative cell death staining) were assigned by comparison to published S2 cell flow
cytometry studies [23], 25] and quantitative results were extracted using FCS Express Version 3
software (De Novo Software).

6.2 Protein methods
6.2.1 Preparation of whole cell extracts for Western blot analysis

For preparation of whole cell extracts, 1.8 x 10° cells were seeded 24 hours before ecdysone treatment.
After treatment 3 x 10° cells were harvested on cooled metal plates and collected by centrifugation
(4°C, 1500 rpm, 5 min). Subsequent steps were performed at 4°C. Pellet was resuspended in 150 pl
cell lysis buffer (cOmplete Lysis-M EDTA-free; Roche), incubated on ice for 10 min and centrifuged
(4°C, 14000 rpm, 10 min). Next, protein concentration was determined using the Nanodrop@®)
ND-1000 Spectrophotometer (Peqlab) and protein extracts were stored at -80°C.
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6.2.2 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

Protein extracts were thawed on ice. Then, 100 pg protein extract was mixed with modified
Laemmli buffer (Roti-Load, Roth) along with 100 mM DTT and boiled at 95°C for 5 min.
Electrophoretic separation of proteins was performed by SDS-PAGE using 10% acrylamide gels
(acrylamide:bisacrylamide ratio = 37.5:1) in Bio-Rad gel systems filled with Running buffer (Table[7))
for 20 min at 25 mA, then 90 min at 50 mA.

6.2.3 Western blotting

Separated proteins were transferred to a nitrocellulose membrane (Macherey-Nagel) using a semidry
blotter (Bio-Rad) in the presence of WB transfer buffer (Table [7), (300 mA, 1 hour). Next, the
membrane was blocked for 40 min with PBS-T + 5% milk powder and subsequently incubated with
primary antibody at 4°C for 2 hours (Table@. The membrane was washed three times with 1xPBS-T
for 10 min and then incubated with secondary antibody, coupled to horseradish peroxidase (room
temperature, 40 min). Washing steps were performed as before, except for the last wash, which
was performed with PBS. Signals were detected using the Amersham ECL Prime Western Blotting
Detection Reagent (GE Health Care) and imaged using ChemiDoc XRS+ system (Bio-Rad).

6.3 Methods for expression analysis of mRNAs

The recently reported approach for metabolic 4-thiouridine (4sU) RNA labeling [51], also known
as Dynamic Transcriptome Analysis (DTA) [144], was applied to simultaneously analyze changes in
RNA synthesis and decay rate, along with their impact on total cellular transcript levels.

6.3.1 Metabolic labeling of nascent RNA (DTA-protocol)

For all DTA experiments, 25 x 10% cells were seeded in 150 mm dishes and grown for 24 hours.
On the next day, time course experiments comprising various cell treatments were carried out as
described in Section For metabolic RNA labeling 4-thiouridine (4sU; Sigma-Aldrich) was
dissolved in sterile PBS at a stock concentration of 50 mM, stored in small aliquots at -20°C and
thawed on ice before labeling. Nascent RNA was labeled using 200 pM 4sU, which was added to the
cell culture medium for the last 60 min of each treatment time point. For the core promoter project
labeling time was decreased to 30 min. To stop stimulation and RNA labeling cells were collected on
cooled metal plates and 40 x 10° cells were pelleted by centrifugation (4°C, 1500 rpm, 5 min). Cell
pellets were resuspended in 7 ml TriFast (Peqlab), incubated at room temperature for 5 min and
transferred into 15 ml polypropylene tubes (VWR International). Cell lysates were stored at -80°C
for further use.

6.3.2 Extraction of total cellular RNA (DTA-protocol)

Total cellular RNA was prepared by Phenol/Chloroform extraction following a modified protocol
by Chomczynski et al. [41]. In brief, 0.2 ml chloroform per milliliter TriFast was added to the
cell lysates, tubes were shaken vigorously for 15 sec and incubated at room temperature for
5 min. After centrifugation (4°C, 12000 g, 10 min), the upper (aqueous) phase was transferred
into new polypropylene tubes. Equal volume of isopropanol was added; tubes inverted and RNA
was precipitated at room temperature for 10 min followed by centrifugation (4°C, 12000 g, 10 min).
Isopropanol was removed and pellet was washed in an equal volume of 75% ethanol and centrifuged
as before. Ethanol was removed and the remaining ethanol was spun down twice and removed by
firstly using a 200 pl pipette and then a 20 pl pipette. Next, 100 pl per 100 pg expected RNA yield
RNase-free water was added and the pellet was carefully resuspended by pipetting. RNA quality
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was assessed on a RNA 6000 Nano Chip (Agilent). The extracted total RNA was stored at -80°C
for further use.

6.3.3 Biotinylation of 4sU labeled, nascent RNA (DTA-protocol)

To separate total RNA (T) into 4sU labeled (nascent) RNA (L) and unlabeled (pre-existing)
RNA (U), 80 ng total RNA were incubated with EZ-Link Biotin-HPDP (Pierce). Biotin was
dissolved in dimethylformamide (DMF) at a concentration of 1 mg/ml and stored in small aliquots
at 4°C. 2 pl of biotin solution were used per 1 pg total RNA, together with Biotinylation buffer
(1 pl / 1 pg RNA, Table[7)) and RNase-free water (7 pl / 1 pg RNA). Biotinylation was carried out
at room temperature on a rotating wheel for 2 hours, protected from light. Subsequently, unbound
biotin and DMF were removed by chloroform extraction. First, an equal volume of chloroform was
added and samples were shaken vigorously for 15 sec, incubated for 3 min at room temperature and
centrifuged (room temperature, full speed, 5 min). Next, upper phase was transferred to 2 ml Phase
Lock Gel Heavy Tubes (5 Prime) and a second extraction with 500 ul chloroform was performed.
The upper phase was transferred into 1.5 ml tubes and total RNA was precipitated by addition of an
equal volume of isopropanol and 1/10 volume of 5 M NaCl. RNA was pelleted by centrifugation (4°C,
20000 g, 20 min). RNA pellet was washed using an equal volume of 75% ethanol and pelleted by
centrifugation (4°C, 20000 g, 10 min). Ethanol was removed immediately as described in Sectionm
and the pellet was resuspended in 100 pul of RNase-free water by careful pipetting. The biotin labeled
RNA was stored at -80°C or immediately used for isolation of labeled (nascent) RNA.

6.3.4 Isolation of labeled (nascent) RNA (DTA-protocol)

Biotinylated, 4sU labled RNA was heated to 65°C for 10 min to minimize secondary structures,
immediately placed on ice for 5 min, and then captured by incubation with 100 nl streptavidin-coated
magnetic beads (Miltenyi Biotec) on a rotating wheel for 15 min (4°C). Meanwhile, ptMAC columns
(Miltenyi Biotec) were equilibrated with 900 pl room temperature Wash buffer (Table . After
15 min, samples were applied twice to the same pMAC column. Next, columns were first washed
3x with 900 pl of 65°C Wash buffer, then 3x with room temperature Wash buffer. If the unlabeled
(pre-existing) RNA had to be recovered, the flow-through of the sample together with the first wash
was collected and RNA was precipitated with isopropanol as described in Section [6.3.3] Finally,
labeled RNA was eluted into 700 ul RLT buffer (Qiagen) with 100 ul of 100 mM freshly prepared
DTT (Table . A second elution step was performed 5 min later and RNA was recovered using
the RNeasy MinElute Kit (Qiagen) according to manufacturer’s cleanup protocol. RNA was eluted
with 20 pl of RNase-free water, applied twice.

For the core promoter project the protocol was further optimized by substituting the MinElute Kit
by Agencourt RNAClean XP Beads (Beckman Coulter). The RNA was recovered from the DTT
eluate according to manufacturer’s protocol for Large Volume Reactions. 15 pl of RNase-free water
were used for elution.

6.3.5 RNA quantification and quality control

RNA concentration was measured using the Nanodrop® ND-1000 Spectrophotometer (Peqlab).
Further, 1 pl of the eluted RNA was loaded on a RNA 6000 Nano Chip of the Agilent automated
electrophoresis system to control RNA integrity and the characteristic molecular weight distribution
of smallRNAs, 18S and 28S rRNA.
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6.3.6 DNase treatment

Prior to preparing microarray or sequencing samples, DNase treatment was performed to exclude
any DNA contamination in extracted total RNA. 10 pg of total RNA were subjected to TURBO
DNase according to the manufacturer’s protocol (Ambion). Nascent RNA, which is purified by its
4sU label, does not contain any significant DNA contamination, and therefore, no DNase treatment
is needed.

6.3.7 Dot blot

In order to establish the 4sU labeling concentration and time for S2 cells, Dot blot analysis, which
specifically detects 4sU labeled, biotinylated RNA, was performed as described previously [51].
Analysis was carried out in 10-fold dilutions (1 pg down to 1 ng) using a biotinylated control
oligonucleotide of 81 nt length to quantify 4sU-incorporation (100 ng down to 0.1 ng).

6.3.8 Reverse transcription and real-time PCR

Real-time PCR (RT-PCR) was performed to prove the expression of a given gene in S2 cells or to
monitor the activation of genes upon cell stimulation.

Gene specific 22-27 nt long primers were designed using the software Primer 3 (v. 0.4.0) [1I5]
or Primer-Blast [20I]. The specificity of the corresponding primer pairs was determined using a
standard curve, and only primer pairs with a specific melting curve were used. A list of all RT-PCR
primers used in this thesis is given in Table Prior to reverse transcription, 400 ng total RNA
or 100 ng nascent RNA were treated with DNase (Promega) at 37°C for 30 minutes. Reverse
transcription into cDNA was carried using the First Strand ¢cDNA Synthesis Kit (Roche) in the
presence of a 2:1 ratio of random hexamer and oligo-dT primers, respectively. Approximately 60 ng
of cDNA was used to set up 10 ul PCR reactions containing 5 pl 2x SSO-fast Evagreen Supermix
(Bio-Rad) and 0.3 pl of both forward and reverse primer, 20 pM each. RT-PCR was performed on
a Bio-Rad CFX96 Real-Time System (Bio-Rad) using a 30 sec denaturation step at 95°C, followed
by 40 cycles of 5 sec at 95°C and 5 sec at 58°C. Finally, a melting curve was generated in 0.5°C
increments for 5 sec from 65-95°C. To exclude any genomic DNA or general contaminations a -RT
control (no reverse transcriptase during cDNA synthesis) and a water control (no cDNA template)
were included in all RT-PCR runs. Threshold cycle (Ct) values were determined by application of
the corresponding Bio-Rad CFX Manager software version 3.1 using the Ct determination mode
“Single Threshold”. Relative expression levels were calculated applying the 2= 22¢T method [131]
with normalization of target gene expression levels to CG30159.

6.3.9 Microarray hybridization for DTA

Gene expression analysis by microarrays was carried out with 300 ng of total or nascent RNA
using the GeneChip 3" IVT labeling assay (Affymetrix). Samples were hybridized to the GeneChip
Drosophila Genome 2.0 Array containing 18880 probe sets following the manufacturer’s instructions
(Affymetrix). All GeneChips were processed in the Affymetrix facility at the Gene Center LMU
Munich, Grofthadern.

6.3.10 Data processing, quality control, normalization and filtering

Data were analyzed by B. Schwalb (Max Planck Institute for Biophysical Chemistry, Gottingen)
using the open source R/Bioconductor software [70, 49]. Microarray processing, quality control,
baseline normalization across microarrays as well as probe intensity calculation were performed
using GeneChip Robust Multiarray Averaging (GC-RMA) [198]. Probe sets were annotated based
on the Affymetrix annotation file Drosophila 2.na32.annot (June 10, 2011), along with manual
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re-annotation or exclusion of probe sets, which were observed to be wrongly annotated or hit
multiple genes. The detection limit for expressed probe sets was defined as: probe set intensity
value greater than logs(3) in any of the measured microarrays. After quantile normalization of the
biological replicates, all probe set values were further normalized by median centering on 506 stable
genes. The list of stable genes was compiled by intersecting two datasets: (i) genes constantly
expressed throughout D. melanogaster development [39] [76] compiled by U. Unnerstall (AG Gaul,
Gene Center), and (ii) most stable genes throughout the performed ecdysone stimulation. The
latter selection was based upon ranks, since they are more stable than fold changes. Expression
values of the total and labeled RNA data were ranked for each time point and rank gains were
calculated relative to the ranks in the untreated sample. Genes exhibiting a rank gain below 500
during ecdysone treatment were considered as stable. The median centering on stable genes was
done separately for total and labeled RNA.

We decided not to average intensity values of probe sets targeting the same gene, considering that
in some cases different transcript isoforms might be targeted. As 95.5% of the regulated probe sets
targeted unique transcripts, I will, in this thesis, equivalently use the word “gene” when I refer to
“probe set”.

6.3.11 Estimation of relative mRNA synthesis and decay rates

The R/Bioconductor package Dynamic Transcriptome Analysis (DTA) [I73] was used to estimate
relative mRNA synthesis and decay rates. For detailed description of the model and parameter
estimation refer to [144]. In brief, during a 4-thiouridine (4sU) labeling period ¢, 4sU is integrated
into the nascent RNA, generating a pool of labeled RNA. Therefore, the total mRNA level (C) of a
given gene g in a sample r consists of the pre-existing, unlabeled RNA fraction (B) and the nascent,
labeled RNA fraction (A).

Cor(t) = Agr(t) + B (t) (1)

The DTA model assumes an unperturbed steady-state, where RNA synthesis and decay determine
the equilibrium mRNA level. To that end the synthesis rate p, and decay rate Ay of a gene g
are assumed to be constant during the 4sU labeling time, if averaged over a cell cycle period. This
steady-state assumption is valid because we measure a large, unsynchronized population of cells. The
same argument holds true for temporal fluctuations in transcription. Consequently, DTA estimates
the cell cycle and population average of mRNA synthesis and decay rates during the 4sU labeling
period t. The assumption of constant rates during labeling allows for changes in synthesis and decay
rates between distinct time points in a time series experiment. In order to calculate decay rates the
model assumes that the pre-existing, unlabeled RNA fraction (B) follows an exponential decay law
given by

By = Cgp x e~ Hat2) (2)
or equivalently with (1),
Ay —t
T — 1 — e tatAg) 3
Cyr ¢ 3)

The parameter o is known as the dilution rate and considers that the increase in total mRNA amount
of all cells is proportional to the increase in cell number during the labeling time. The increase in cell
number depends on the cell cycle length, which is the time in which the cell number doubles. This
time was measured to be 24 hours. The unknown decay rate can be inferred by solving equation (3)
for \y. However, the described assumptions and equations reflect an idealized situation, that does
not account for experimental bias such as 4sU labelling efficiency (labeling bias), RNA extraction
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efficiencies, amplification steps and scanner calibrations. Consequently, a set of parameters is defined
to relate the mRNA fractions A4(t) and Cy(t) to the measured levels of total RNA T,(t) and labeled
RNA L,(t). The parameter estimation was done as described in [144]. The final equation for
calculation of decay and synthesis rates is given by

Lor — ar —t(a+Agr)
T —lgr;[l—e )] (4)

and considers the estimated labeling bias I, as well as the ratio of ag. and ¢4, which account
for multiple experimental bias introduced during sample and microarray preparation. ‘Z—: has been
determined in previous experiments to be 0.08.

Using equation (4) the decay rate can be deduced from

1 T Lgr (tr)
Agr = —x — —log |1 — T————
or 67 [ Tor(tr)

The synthesis rate can be calculated from

Ly (t) (@ Agr)
Mgr - [eO(tT _ €_>\g7‘t7‘:| (6)

Note: Using our experimental setup DTA cannot estimate absolute rates, but reliably reports relative
rates as shown in [144]. Furthermore, the synthesis rate is not given in mRNA molecules produced
per cell cycle period, as we did not have an estimate of how many copies of a transcript exist in
Drosophila S2 cells. Since our data did not suffer from any labeling bias (data not shown) rates
could be calculated without bias correction.

6.3.12 Differential expression analysis

6.3.12.1 Single time point analysis Significantly differentially expressed probe sets were
identified using the R/Bioconductor package LIMMA [184]. LIMMA was applied to all measured
and calculated values: (i) total RNA expression, (ii) labeled RNA expression, (iii) synthesis rate and
(iv) decay rate. We considered a probe set “significantly differentially expressed”, if the calculated
expression value fold or rate fold of the treated versus the untreated group differed by a factor of at
least loga(1.5) along with a p-value smaller than 1% in the respective two-group comparison.

6.3.12.2 Time series analysis Differential expression analysis across the treatment time series
was carried out by B. Knapp, ICB Helmholtz Zentrum, Miinchen.

For the time series analysis total RNA and labeled RNA expression values of untreated (mock)
and ecdysone treatment at the individual time points 1, 2, 4, 6, and 12 hours were extracted
from the DTA text file output (total expression_ table; labeled expression_table). Next, the fold
change loga(sample/mock) was calculated, where sample corresponds to the data given for each
replicate at each time point. For mock, the median of the 1hour and 12hours time points and their
respective replicates was used. To identify probe sets differentially regulated over the time series,
the R/Bioconductor package Bayesian Estimation of Temporal Regulation (betr) [7] was applied.
In short, in betr a probability is computed for each probe set denoting whether it is differentially
expressed or not. The algorithm fits two models to the data, one assuming that the probe set
is differentially expressed across time points, and one assuming no differential expression. The
latter model is a random effects model that takes correlations between time points into account and
thus, allows an increased sensitivity in comparison to an analysis based on individual time points.
Probe sets were considered as being differentially expressed, if they exhibited a replicate’s averaged
probability equal to 1.
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6.3.13 Gene Ontology (GO) analysis

6.3.13.1 topGO Gene Ontology (GO) enrichment analysis in the categories Biological Pro-
cess (BP), Molecular Function (MF) and Cellular Component (CC) were performed using the
R/Bioconductor package topGO [1]. Annotation terms were derived from the R/Bioconductor
package drosophila2.db [33]. Enrichment was tested for the union of all differentially regulated
probe sets (single time point and time series), but also separately for up- and down-regulated probe
sets. topGO was applied in three different modes: (i) classical mode using a Fisher test in which
each GO category was tested independently, (ii) elim algorithm which scores parent nodes according
to the significance of their children, and (iii) weight01 algorithm which uses elim and additionally a
weighting scheme for the nodes. The latter algorithm was used to sort the enriched GO categories
according to their p-value.

6.3.13.2 Cytoscape plugin ClueGO The ClueGO v2.1.1 plugin [24] for the open source
software Cytoscape V3 [45] was used to analyze and visualize the GO network. Functional
annotations were retrieved through Cytoscape from Gene Ontology “Biological Process” and KEGG
database [I03]. Gene lists submitted to ClueGO: (i) genes with induced/repressed expression
in total or labeled RNA, (ii) genes with induced/repressed synthesis rate and (iii) genes with
induced /repressed decay rate. Enrichment was tested using a two-sided hypergeometric test and
Bonferroni correction. Enriched GO terms (hierarchy level 3-8, without IEA) had to contain at least
six genes and the associated genes needed to represent at least 8% of all genes of that term. GO terms
were grouped when they overlapped in at least 50% of their genes using Kappa Score 0.5 and initial
Group Size 4. After a gene list was tested for overrepresented terms, all genes associated with terms
unrelated to either cell cycle (Figure 5), metabolism (Figure 6) or differentiation/morphogenesis
(Figure 7) were excluded and enrichment analysis was repeated. For visualization only the most
representative terms and genes were chosen.

6.3.14 k-means clustering

In order to group probe sets according to similar expression or rate kinetics across the time series
k-means clustering was applied.

6.3.14.1 Individual k-means clustering Data sets of total and labeled RNA, as well as
synthesis and decay rate were separately clustered considering all probe sets, which were defined
as significantly differentially regulated at any time point in all data sets (Section . All logs
expression values or rates of a gene at a given time point were converted to z-scores and subjected
to k-means clustering. Clustering was initiated on stable cluster centers for the optimal number
of clusters. Both parameters were determined by hundred fold iteration, until stable centers were
found and optimal separation of the clusters achieved.

6.3.14.2 Combined k-means clustering All significantly differentially regulated genes
(Section were subjected to k-means clustering using all data sets to group genes according
to their similarity in all evaluated parameters: (i) z-score kinetics in total RNA, labeled RNA and
decay rate and (ii) loge fold change at a given time point in total RNA, labeled RNA or decay rate.
Further, the turnover of a gene, being defined as “synthesis rate x decay rate”, was included instead
of the synthesis rate. Final clustering was initiated on the stable cluster centers for the optimal
cluster numbers, as described above.

33



6.3.15 Cluster characterization

6.3.15.1 Description of cluster timing, strength, effect type and coupling of synthesis
and decay rates The characterization of timing was based upon mean fold change progression
of total RNA or labeled RNA, and described in five time windows: early (1, 2 hours), early until
late (1-12 hours), middle (4, 6 hours), middle until late (4-12 hours) and late (12 hours). The
effect strength was defined as the maximum mean fold change in total RNA expression: <1.5-fold,
>1.5-fold, >2-fold or >4-fold. Effect type, i.e. increase or decrease of gene expression or rate was
discretized based on mean fold changes >1.5-fold by color coding in red and blue, respectively.
Coupling of synthesis and decay rates was assessed by Pearson correlation of mean fold changes:
strong (r>0.75), moderate (r>0.50), poor (r>0.25) and no coupling (r<0.25).

6.3.15.2 UTR sequence analysis For all clusters genomic 5° UTR and 3° UTR coordinates
were obtained from flybase-r5.22. Average UTR length of each cluster was compared to average
UTR length of all clusters. Difference was called significant, if the cluster average differed by at
least 25% with a p-value smaller than 1% in the respective two-group comparison (Wilcoxon Rank
Sum test).

6.3.15.3 Enrichment analyses The functional annotation enrichment of each cluster was cal-
culated using a Fisher’s exact test against all genes present on the Affymetrix Drosophila Genome 2.0
array. Annotation terms were derived from the R/Bioconductor package drosophila2.db [33] and an
optimized functional prediction resource [199]. Enrichment was called significant, if it achieved a
p-value smaller than 1%. The degree of over-representation defined as the number of expected
genes versus the number of observed genes was calculated for significantly enriched terms. RNA
binding protein (RBP) enrichment of each cluster was calculated using a Fisher‘s exact test using a
published data set of Pumilio targets (embryo) [71] and unpublished data from G. Meister for Brat
targets (embryo). Enrichment was called significant, if it achieved a p-value smaller than 1%. Degree
of over-representation was calculated for significantly enriched terms. For the random enrichment
analysis, all significantly differentially regulated genes were randomly assigned to 20 clusters of the
size equal to the original 20 clusters (Section and enrichment analyses were performed as
described above. The random assignment and analysis was repeated 50 times and the occurrence of
each enriched GO term or RBP target was documented. Occurrence of <5 was called reliable.

6.4 Methods for expression analysis of microRNAs

6.4.1 microRNA purification

For all microRNA (miRNA) experiments 1.8 x 10% cells were seeded 24 hours before ecdysone
treatment. After treatment 2.5 x 10° cells were harvested and total RNA containing the small RNA
fraction was extracted using the miRNeasy Mini Kit (Qiagen) according to manufacturer’s protocol.

6.4.2 Northern blotting

Northern blotting using 15 ng RNA was carried out by R. Bottcher (AG Forstemann, Gene Center)
and was performed as described in [61]. 2S rRNA was used as positive control. All probes are listed
in Table [6l

6.4.3 RT-PCR

The relative quantification of mature microRNAs was carried out using primers designed by K.
Forstemann (Table . miRNA tailing and reverse transcription of 200 ng RNA was performed using
miScript II reverse transcription kit (Qiagen) according to the manufacturer’s instruction. PCR
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amplification was executed on a Bio-Rad CFX96 Real-Time System (Bio-Rad) using Qiagen miScript
RT-PCR kit according to the manufacturer’s instruction. The 15 sec denaturation step at 95°C was
followed by 40 cycles of 15 sec at 95°C, 30 sec at 55°C and 30 sec at 72°C. Finally, a melting
curve was generated in 0.5°C increments for 5 sec from 65-95°C. Threshold cycle (Ct) values were
determined by application of the corresponding Bio-Rad CFX Manager software version 3.1 using
the Ct determination mode Single Threshold. Relative expression levels were calculated applying
the 2722CT method [I31] with normalization of target miRNA expression levels to rp49. Relative
quantification of pri-miRNAs was performed as for mRNAs (Section . Primers were designed
to target a preferably unstructured region next to the mature miRNA stem loop.

6.4.4 nCounter

In order to simultaneously measure the differential expression of 184 microRNAs, the digital
multiplexed nanoString nCounter Fly miRNA expression assay (nanoString Technologies) was
performed with 100 ng total RNA extracted from two biological replicates. Sample hybridization
and nCounter analysis was conducted by the nCounter Core Facility, Heidelberg.

6.4.5 nCounter data analysis

Raw data were transformed to log scale and normalized based on the average counts of the internal
positive spike controls to account for platform associated sources of variation. The detection limit
was set to two standard deviations above the average count of the lower 33% of the data. Next, a
global normalization between the biological replicates was applied calculating a scaling factor based
on the top 40 expressed miRNAs. Data were further normalized by a scaling factor calculated from
the average of six invariant miRNAs. The invariant miRNAs were selected using the R/Bioconductor
package NanoStringNorm [195]. Differentially expressed candidate miRNAs were identified applying
the betr package (Section with minor modifications. First, two time intervals were used for
the time series analysis (i) 2-12 hours and (ii) 2-72 hours. For mock the mean of the 2-24 hours
time points was used. Second, the significance level o was set to 0.1. miRNAs were considered to be
significantly differentially expressed, if they exhibited a replicate’s averaged score of at least 0.99.
The lists of differentially expressed candidate miRNAs were manually refined to exclude putative
false positives or include obvious false-negatives. miRNAs with inconsistent and minor fold changes
(< 1.2-fold) were excluded, whereas miRNAs with strong (>1.5-fold), but not monotonic fold changes
were included.

Note: An improved normalization strategy would be to use Spike-In RNA oligos of the negative
controls C, D and E, which then control for RNA extraction efficiency and sample input [98].

6.4.6 miRNA target predictions

The target predictions from microRNA.org are based on the miRanda algorithm [56] and are further
scored for likelihood of mRNA down regulation using mirSVR [22]. All fruit fly pre-computed
target site predictions were downloaded from microRNA.org (August 2010 release) and combined
to one target graph (good and non-good mirSVR score, conserved and non-conserved miRNAs). In
addition, miRanda was run in its default setting to predict targets for dme-mir-282-3p. All predicted
miRNA-mRNA target pairs containing differentially regulated miRNAs and mRNAs were extracted
for further use.

6.4.7 miRNA-mRNA network analysis

miRNA-mRNA network analysis was carried out by B. Knapp and S. Sass, ICB Helmholtz Zentrum,
Miinchen.
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To identify potential miRNA mediated down-regulation of mRNA expression a simple matching
criterion, based on discrete expression and decay rate fold change patterns, was applied. First, for
significantly regulated genes a discrete decay rate pattern was generated at the time points 2, 4,
6 and 12 hours. The fold change (FC) in decay rate after treatment was discretized to +1 and
—1 for FC>0 or <0, respectively. Furthermore, the expression pattern of differentially regulated
miRNAs was discretized just as well. Next, discrete expression and decay rate patterns of miRNAs
and mRNAs were correlated for all predicted microRNA-mRNA target pairs (Section over
the entire time series or using one time shift: miRNA pattern at 2-4-6 hours was allowed to match
an mRNA decay rate pattern at 4-6-12 hours. A miRNA-mRNA pair was called “valid”, if the
expression pattern of an induced or repressed miRNA matched to the increased or decreased decay
rate pattern of its target, respectively. Finally, we used the total mRNA expression data to filter for
miRNA-mRNA interactions, in which mRNA expression levels are significantly changed (>1.5-fold,
p-value<0.01). We classified these interactions as “reliable”.

In addition, miRNA-mRNA pairs were correlated by the miRNA expression pattern and discrete
mRNA total RNA expression pattern. In this case “valid” pairs had to be positively correlated and
for “reliable” pairs the mRNA decay rate had to be significantly regulated (>1.5-fold, p-value<0.01).
Networks of miRNAs and their targets were visualized using Cytoscape V3 [45].

6.5 Methods for optimizing the D. melanogaster DTA-RNA-Seq protocol
6.5.1 Spike-In controls

Artificial RNA spike-in controls were established as a novel method for normalization against
various experimental biases including variations in RNA input amount, purification efficiency or
PCR amplification biases due to variable GC-content. 1 pl of the ERCC RNA Spike-In Mix
(Ambion) was reverse transcribed using the First Strand cDNA Synthesis Kit (Roche) with oligo-dT
primers. Specific PCR primers were designed to amplify six Spike-In sequences characterized by:
(i) approximate length of 1000 nt, (ii) almost equal number of thymine/uridines and (iii) either 30%,
40% or 50% GC content (Table [5)). GC contents were represented by two sequences. The 5 end of
the forward primer included the T7 promoter sequence to facilitate in vitro transcription (IVT) from
the PCR product. All experimental procedures were conducted under RNase-free conditions. PCR
amplification was performed using the KOD Hot Start DNA Polymerase (Novagen) on a Bio-Rad
DNAEngine Thermo Cycler (Bio-Rad). After an initial denaturation step at 95°C for 2 min ,
30 cycles of 95°C for 20 sec, primer annealing step for 3 sec and 72°C for 70 sec were performed.
Annealing temperature was adjusted for each Spike-In sequence (Table . After the final extension
step at 72°C for 10 sec, PCR products were purified using the QIAquick PCR Purification Kit
(Qiagen). Size and purity of PCR products was assessed by gel electrophoresis. If PCR products
showed contaminations with smaller fragments, the desired PCR fragment was isolated by gel
extraction using the QIAquick Gel Extraction Kit (Qiagen). Final fragments were sent for sequence
verification to Eurofins MWG Operon. Finally, n vitro transcription of 500 ng PCR product was
performed for 4 hours using the MEGAscript T7 Kit (Ambion) according to manufacturer’s protocol.
For each GC content one Spike-In was transcribed in the presence of 1:1 ratio UTP to 4-Thio-UTP
(Jena Bioscience). Final products were purified using the Agencourt RNAClean XP Beads (Beckman
Coulter) following the manufacturer’s protocol and eluted in 100 pl RNase-free water. Transcript
integrity and size was assessed on a RNA 6000 Nano Chip (Agilent). All six Spike-Ins were pooled
in equal numbers (1.44 x 10° molecules) to generate a stock mix and 8 1l of this mix was spiked in
the cell lysate prior to total RNA isolation (Section .
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6.5.2 Depletion of ribosomal RNA (primer design)

Depletion of ribosomal RNA (rRNA) was achieved by D. melanogaster rRNA specific primers
coupled to the Insert Dependent Adaptor Cleavage (InDA-C) method (NuGEN).

The rRNA specific primers were designed by NuGEN based on two resources: Firstly, we
extracted all rRNA sequences from the Flybase genome release dmel 15.53 FB2013 05, resulting
in 160 transcripts. Secondly, we provided sequencing results from our own previous experiments, in
which 70% of all reads mapped to rRNA. 17-25 nt long primers were placed approximately every
70-300 nt along the transcript with emphasis on the most prominently expressed rRNAs. After
the design, primers were aligned to the genome (NCBI Blast) to identify possible off target effects.
Finally, a total of 124 primers were synthesized by Metabion. Before use, all primers were pooled
and the concentration adjusted to 125 nM each.

After this work was completed NuGEN released a commercial library preparation kit containing
D. melanogaster rRNA specific InNDA-C primers (Ovation Drosophila RNA-Seq System 1-16).

6.5.3 Next-generation sequencing

The Ovation Human Blood RNA-Seq Library Systems 1-8 and 9-16 (NuGEN) was used for strand
specific RNA-Sequencing library generation. 250 ng total or labeled RNA were first converted
into double stranded ¢cDNA according to manufacturer’s protocol (NuGEN) and fragmented by
sonification using the BiorupterPlus (Diagenode). 15 cycles time on 30 sec, time off 30 sec, “low”
setting, followed by 10 cycles using the same settings after 10 min cool down. Next, library
preparation was continued as described by the manufacturer, except that component SS5 was
replaced by the D. melanogaster specific InNDA-C primer mix (Section . Libraries were
amplified using 15 PCR cycles. Final libraries were quantified using the Qubit dsDNA HS Assay Kit
(Invitrogen). In addition, molarity and fragment distribution was analyzed on a Bioanalyzer DNA
7500 Chip (Agilent). Libraries were pooled and 50 bp paired-end sequencing was performed on an
Ilumina HiSeq 2500 sequencer. Sequencing was continued until 40 x 10° fragment reads could be
mapped to the genome (without rRNA reads). Next-generation sequencing was performed by the
LAFUGA sequencing facility at the Gene Center LMU Munich, Grofhadern.

6.5.4 Processing of sequencing data

Sequencing raw data were processed using Galaxy [72] 26 [73]. First, FASTQ files were demultiplexed
to obtain reverse and forward reads for each sample. Then reads were trimmed from the 3" end using
a Phred score cutoff of <30 and read pairs shorter than 30 bp were discarded. Furthermore, the first
5 bases from the 5” end were removed. Reads were then mapped to all rRNA sequences (extracted
from the D. melanogaster genome build 5.53, September 2013) using Bowtie version 1.0 [120] using
its default parameter settings except allowing for ambiguous mapping of reads (parameter m =
—1). Next, read pairs that did not map to rRNA sequences were extracted and mapped to the
D. melanogaster genome (build 5.53) using Tophat version 2.0 [I07] using the following parameter
settings: Anchor length 5, minimum intron length 40, maximum number of alignments allowed 1,
minimum length of read segment 15 and gene annotation model file of build 5.53. Mapped reads
were counted using the tool HTseq-count version 1.0 [5] in its setting “intersection nonempty”.
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Part III

Dissecting the regulation of gene expression
during steroid hormone signaling in Drosophila

7 Results

7.1 Ecdysone induced cell cycle exit and differentiation in S2 cells

Time series treatment of Drosophila Schneider 2 (S2) cells with the steroid hormone ecdysone
represents a highly suitable and interesting paradigm to study gene expression regulation. Ecdysone
induces major changes in cell physiology, the cells cease proliferation and subsequently differentiate.
In order to characterize the ecdysone induced phenotype in a quantitative manner, I measured four
phenotypic features (i) cell proliferation, (ii) cell cycle phase, (iii) cell death and viability, along with
(iv) cell size and granularity. Additionally, I monitored the cell morphology. S2 cells were treated
with 10 pM ecdysone [32] 40] for 1-72 hours and each feature was evaluated in biological replicates
(Methods Section [6.1], Figure [6]).

Cell proliferation was determined by the increase in total cell count for untreated and ecdysone
treated cells. Using our standard cultivation conditions (Methods Section , untreated S2 cells
undergo cell division every 24 hours. Upon ecdysone treatment the proliferation rate of S2 cells
slightly decreases after 12 hours and ceases from 24 hours onwards (Figure ) To examine
this phenotype in greater detail, I fluorescently labeled cellular DNA content and determined the
fraction of cells in different cell cycle phases using flow cytometry. I assigned the cell cycle phases
by comparing the obtained DNA content histograms to published cell cycle analyses of S2 cells
[82) 23, 25]. As one follows the progression of cell cycle phases during ecdysone treatment the
proportion of cells in the G1 phase decreases from 12 hours onwards down to 4% after 48 and
72 hours (Figure ) Hence, the cells are unable to complete mitosis by cell division and exit cell
cycle in the G2/M phase. This result explains the observed decrease in cell proliferation.

Since exit from cell cycle can either be explained by cell death or differentiation, I quantified the
occurrence of cell death in the population using flow cytometry. During ecdysone treatment the
percentage of cells with positive cell death staining does not substantially increase (Figure [7k).
Moreover, throughout the treatment the cells are characterized by high viability (Figure )
Furthermore, the microscopic inspection of the cell population does not display extensive cell death,
which would become visible by the accumulation of cell debris in the culture medium.
Interestingly, the visual inspection of cells revealed a pronounced change in morphology. Untreated
S2 cells are round and mostly uniform in size (diameter 11.50 um), while ecdysone treated cells
change in shape and size: from round to spindle forms with long thin filopodia-like processes along
with increased cell diameter and large intracellular vesicles (Figure(7e). The increase in cell diameter
can be measured at an early stage of ecdysone treatment (12 hours) and results in a significant 25%
increase by the end of the experiment (Student’s t-test, p-value <0.001; Figure [7f). The emergence
of intracellular vesicles can be monitored by the side-scattered light (SSC), which is emitted during
flow cytometry and is proportional to cell granularity. After ecdysone treatment the cell granularity
continuously increases from 12 hours onwards and is significantly different from untreated cells after
48 hours (Student’s t-test, p-value <0.01; not shown) and 72 hours (p-value <0.001; Figure )
Taken together, ecdysone abrogates S2 cell proliferation by arresting the cell cycle in the G2/M
phase. Furthermore, it induces pronounced changes in S2 cell morphology, including increase in size
and granularity as well as outgrowth of filopodia-like processes. The first phenotypic changes can
be observed from 12 hours onwards and become pronounced effects after 48 hours (Figure @
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Figure 7: Ecdysone treated S2 cells exit the cell cycle and differentiate. S2 cells were treated with 10 pM
ecdysone or left untreated for 72 hours and phenotypic features were characterized at eight time points
(Methods Section[6.1). (a) Ecdysone abrogates S2 cell proliferation. Shown is the fold increase in cell number
of untreated (black) and treated (green) cells compared to the seeded cell number (-24 hours; mean+SEM; four
biological replicates). Y-axis is in logarithmic scale. (b) S2 cells do not undergo cell division and accumulate
in the G2/M phase. Cell cycle progression was monitored by flow cytometry using a cell membrane permeable
DNA dye. Each panel depicts a representative flow cytometry histogram of untreated (black) and treated
(green) cells at the indicated time points. S2 cells have 4N DNA content ([82]; personal communication
P. Becker). (c) Ecdysone treatment does not induce cell death. Cell death was quantified using a DNA
stain that only permeates compromised cell membranes. Each panel depicts a representative flow cytometry
histogram of untreated (black) and treated (green) cells at the indicated time points. Numbers represent
percentage of cells with positive cell death stain (mean+SEM, two biological replicates). (d) S2 cells show
high viability throughout the ecdysone treatment. Cell viability was assessed using CASY Cell Counter and
Analyzer System. Panel illustrates percent viable cells (mean+SEM, two biological replicates). (e) S2 cells
acquire a differentiated morphology, characterized by increased size and outgrowth of filopodia (white arrows).
Micrographs were taken using a 40x objective. Depicted are S2 cells at the beginning of the experiment (left)
and after 72 hours of ecdysone treatment (right). (f) S2 cell size increases. Cell diameter was assessed using
CASY Cell Counter and Analyzer System. Panel depicts population mean diameter [pm] (mean+SEM, four
biological replicates). (g) S2 cell granularity increases. Shown is a representative flow cytometry histogram
of the side-scattered light (SSC), which is proportional to internal complexity (cell granularity). Student’s
t-test (*) p-value <0.05, (**) <0.01 and (***) <0.001.

39



7.2 Establishing 4sU labeling and the transcriptional time scale of ecdysone
signaling in S2 cells

Having characterized the ecdysone induced phenotype, I next established non-invasive 4sU labeling
conditions for Drosophila S2 cells and determined the transcriptional time scale downstream of the
ecdysone signaling cascade. To this end, I adapted the 4sU labeling protocol [51] for S2 cells (Methods
Sections|6.3.1 6.3.4: . I quantified the incorporation of 4sU into nascent RNA using Dot blot analysis
(Methods Section @, which specifically detects 4sU labeled, biotinylated RNA. 4sU is efficiently
incorporated into nascent RNA in a concentration and time dependent manner (Figure ) Since
200 uM 4sU for 1 hour yields sufficient nascent RNA in a relatively short labeling time (compared
to the cell cycle length of 24 hours), we decided to use this as our labeling condition. Next, we asked
whether 4sU labeling perturbs gene expression and hybridized expression microarrays (Affymetrix)
with total RNA of wild-type S2 cells and 4sU exposed cells (Methods Section [6.3.9). Our labeling
condition does not induce any significant changes in gene expression (Figure )

To investigate the temporal scale of ecdysone signaling, I measured nascent mRNA and protein
levels of ecdysone receptor (EcR) and the transcription factor broad (br), as representatives for
early (primary) ecdysone target genes (Methods Sections . Nascent mRNA expression
revealed that transcription of EcR and br are rapidly and strongly induced and peak at 2 and
4 hours, respectively (Figure ) At 12 hours, transcription has almost returned to initial levels.
The respective protein levels were analyzed by Western blot for an extended time period (1-72 hours),
to account for the time lag between transcription and translation. As EcR and Br are both expressed
in multiple isoforms, I used antibodies targeting common protein domains [189, 55]. EcR and Br
levels are strongly induced from 2-24 hours and regress thereafter (Figure ) Furthermore, we
observed two interesting phenomena. First, protein levels of EcR are lower at 48 hours compared to
72 hours. Second, Br is expressed in different isoforms upon ecdysone stimulation. This has been
observed in in vivo studies as well [53].

These results demonstrate that the early transcriptional cascade of ecdysone signaling is induced
within the first twelve hours. Moreover, the protein kinetics of EcR and Br indicate that transcription
of their target genes, the early-late and late genes, might already be affected during this interval, as
well.

7.3 DTA monitors the transcriptional response to ecdysone with high sensitivity
and improved temporal resolution

To dissect ecdysone induced gene expression kinetics with high temporal resolution in a genome-wide
fashion, I applied Dynamic Transcriptome Analysis (DTA) [144]. Specifically, I performed a time
series of ecdysone treatment and 4sU nascent RNA labeling in S2 cells, comprising frequently
sampled early time points (1, 2, 4, 6 and 12 hours), (Figure [f} Methods Sections [6.1.3] [6.3.1}[6.3.6)).
Expression profiling of nascent and total mRNA was carried out using microarrays (Affymetrix;
Methods Section . We identified 1788 genes as being significantly differentially expressed upon
ecdysone treatment in the nascent or total mRNA fractions at any time point (fold change >1.5,
p-value <0.01; Methods Sections , Supplementary Table 1). Considering the entire
time series, the number of genes identified in nascent or total mRNA was rather similar, 1437 and
1153, respectively. However, we find differences in the temporal resolution of nascent and total RNA
expression profiling.

When comparing the number of significantly differentially expressed genes after 1 hour, expression
profiling in nascent RNA identifies four times more genes compared to total RNA (Figure |§|a) This
effect is particularly pronounced for repressed genes. To assess this effect more globally, I quantified
induced and repressed genes at each time point and classified them according to the mRNA fraction
they were identified in. Especially at early time points most genes are identified in the “only nascent
mRNA” fraction. Again, this is particularly pronounced for repressed genes (>80%); Figure |§|b) The
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Figure 8: Establishing 4sU labeling and the transcriptional time scale of ecdysone signaling in S2 cells.
(a) Concentration and time dependent incorporation of 4-thiouridine (4sU) into nascent RNA. S2 cells were
cultured in the presence of 0, 100, 200 and 500 pM 4sU for 1 and 2 hours. Following isolation of total RNA and
thiol-specific biotinylation, Dot blot analysis was carried out in 10-fold dilutions (1 pg down to 1 ng) (Methods
Section[6.3.7). A biotinylated oligonucleotide (control) was used to quantify 4sU-incorporation (100 ng down
to 0.1 ng). (b) Gene expression is unaffected by 4sU labeling (200 pM, 1 hour). Volcano plot shows the
mean fold change (x-axis) in gene expression of 4sU exposed cells compared to unexposed cells. Each dot
corresponds to one gene. Y-axis represents the multiple testing adjusted p-value (Benjamini—Hochberg). The
inner vertical and horizontal lines represent the defined cutoff for fold change and p-value (>logs(1.5); adjusted
p-value <0.05). (c) Transcriptional kinetics of early ecdysone target genes. Nascent mRNA expression was
analyzed by RT-PCR, (Methods Section . Histograms represent normalized fold change of EcR and br
expression relative to untreated cells (mean+SEM, two biological replicates). EcR and br expression was
normalized against housekeeping gene CG30159. (d) EcR and Br protein levels show characteristic induction
patterns. Monoclonal antibodies directed against the common EcR and Br-core (a-Br core) domains were
used to probe equivalent Western blots. Br isoforms are shown on the right [55]. Actin was used as protein
loading control. 4sU, 4-thiouridine; EcR, ecdysone receptor gene and protein; br/Br, broad gene/protein.
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Figure 9: DTA monitors the transcriptional response to ecdysone with high sensitivity and improved
temporal resolution. (a) Expression profiling using nascent RNA exhibits higher sensitivity compared to
total RNA. Volcano plot shows the mean fold change (x-axis) in gene expression after 1 hour of ecdysone
treatment compared to untreated cells for total (top) and nascent (bottom) mRNA. Each dot corresponds to
one gene. Significantly differentially expressed genes are colored in green (fold change >logs(1.5); Student’s
t-test p-value <0.01; two biological replicates). (b) Distribution of differentially expressed genes between
mRNA fractions. Numbers on top denote the total number of genes induced (left) or repressed (right) at
each time point. Histograms illustrate the percentage of genes identified as regulated in the corresponding
mRNA fraction: only nascent mRNA (light grey), only total mRNA (black) or both fractions (dark grey).

overlap, genes identified in both fractions, increases with time. Nevertheless, the exclusive fractions,
“only nascent mRNA” and “only total mRNA”, persist throughout the time course.

Genes in the “only nascent mRNA” fraction can be explained by higher sensitivity of nascent RNA
profiling. Genes in the “only total mRNA” fraction can be explained by two considerations: Firstly,
the distance between 4sU labeling intervals at later time points was rather long and the nascent
mRNA fraction cannot identify changes in transcription, which occur between these intervals.
Secondly, while nascent RNA is dependent on RNA synthesis, total RNA levels are influenced by
both RNA synthesis and decay. Therefore, changes in gene expression as a result of altered RNA
decay can be identified only in the total RNA fraction.

In conclusion, gene expression profiling of the ecdysone response using nascent RNA shows a higher
sensitivity and therefore improved temporal resolution compared to total RNA profiling.

7.4 Ecdysone induces major, progressively increasing and mostly sustained
changes in gene expression

Binding of ecdysone to its nuclear receptor triggers a complex gene expression cascade. First, a
small set of early regulators is induced or repressed, which in turn affects other regulatory genes to
finally induce or repress late effector genes. This particular signaling pathway architecture amplifies
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Figure 10: Ecdysone induces major, progressively increasing and mostly sustained changes in gene
expression. The heat map is based on t-values, which are calculated with t-statistics and denote if the mean
total (left) or nascent (right) mRNA expression value of a gene is significantly induced (red) or repressed
(blue) by ecdysone treatment. Each row and column corresponds to one time point. All rectangles in one
row represent mean t-values of the same group of genes, which were significantly differentially expressed at
the indicated time point (number in bold), (fold change >loga(1.5); Student’s t-test p-value < 0.01; two
biological replicates). As one horizontally follows the progression of a gene group over time, darker color
indicates that these genes become more significantly induced or repressed. Less significant induction or
repression is indicated by lighter color. Color scale denotes the range of t-values. 95% of the data is shown.

the signal to induce both rapid and long-term expression changes in a wide array of functionally
diverse genes [89]. Our time series DTA data reflects this architecture. The number of induced
and repressed genes progressively increases from early to late time points (Figure numbers in
bold) and represent a major proportion of the expressed genes (28%, data not shown). Moreover,
changes in gene expression observed at one time point are mostly sustained over the entire time
series (Figure [10]).

One drawback of our analysis is that we applied a stringent cutoff to define differential fold changes.
Thereby, we neglect all genes that show only minor but consistent changes. To identify these genes
we additionally used the Bayesian algorithm for Estimation of Temporal Regulation (betr) [7]. betr
identified 110 and 147 additional genes in nascent and total mRNA, respectively (Supplementary
Table 1). These genes are included in the subsequent data analysis.

7.5 Functional annotation of ecdysone regulated genes explains observed
phenotypic changes

From our phenotypic analysis we know that after one day of ecdysone treatment S2 cells start to
cease proliferation and subsequently undergo major morphological changes (Figure @ Section .
Given that ecdysone induces major changes in the transcriptome within the first 12 hours
(Section , we wondered if these early changes already comprise genes that might affect the
later phenotype. Therefore, we tested induced and repressed genes for enrichment in functional
annotation terms of “Biological Process”, “Cellular Component” and “Molecular Function” based on
Gene Ontology [9] using topGO [I] (Methods Section and the Cytoscape plugin ClueGO
(Methods Section [6.3.13.2)). The latter allows for both GO and KEGG [I03] term enrichment
analysis and visualization [24]. Functional annotation of the differentially regulated genes explains
the ecdysonse induced progression of S2 cells from the proliferative to the differentiated state very
well (Supplementary Tables 2 and 3).

As expected, induced genes are enriched for terms related to ecdysone signaling, e.g. “steroid hormone
receptor activity” or “steroid hormone mediated signaling pathway”. The genes in these categories
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include key regulators of the early ecdysone cascade (EcR, br, Hr39, Eip74EF and Eip75B). Notably,
many enriched terms are related to cell death, e.g. “ecdysone-mediated induction of salivary gland
cell autophagic cell death”. However, our phenotypic analysis demonstrates that ecdysone does not
induce cell death in S2 cells (Section . Furthermore, the key cell death regulators, reaper, grim
and hid are not induced or even expressed. Hence, the GO term enrichment of cell death terms
is mainly due to the well-established general function of ecdysone regulated genes in cell death
pathways during Drosophila development [99, [32] 124] 40] and therefore, equivalent to activation of
ecdysone signaling.

The decline in proliferation rate is the first phenotypic change we observe upon ecdysone treatment
and due to a cell cycle arrest in the G2/M phase (Figure @ Section . This cell cycle arrest
is reflected by repressed genes, which are enriched for multiple GO annotation terms related to
DNA replication, cell cycle and proliferation (Figure , e.g “DNA replication initiation”, “mitotic
spindle organization” and “centrosome separation”. Strikingly, the GO analysis of repressed genes
also reveals a strong enrichment for multiple terms related to energy and biomolecule production,
suggesting a metabolic rearrangement as the cell leaves the proliferating state to enter a resting,
differentiated state, e.g. “Glycolysis”, “Citrate cycle” or “Cellular amino acid metabolic process”
(Figure . The late observed extensive remodeling of cell size and shape (Figure |§|; Section
is reflected by induced genes, which are enriched for multiple terms related to morphogenesis and
differentiation terms (Figure . Furthermore, most significantly enriched “Cellular Component”
terms are “Plasma membrane” and “Cytoskeleton”.

The great variety of enriched functional annotation terms demonstrates how rapid the ecdysone
cascade regulates a wide range of functionally diverse genes. Moreover, within this early time
interval (1-12 hours) ecdysone regulates not only the regulatory key players of the ecdysone cascade,
but also genes that presage phenotypic changes observed much later.
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Figure 11: Ecdysone represses genes involved in cell cycle, mitosis and DNA replication. Network
of GO terms “Biological Process” and their corresponding genes was created using the ClueGO plugin
for Cytoscape [24]. All repressed genes were tested for functional enrichment as described in Methods
Section Significantly enriched GO terms had to contain >6 genes and associated genes had to
represent >8% of all genes of that term. Terms were combined to a GO group, if they overlapped in >50%
of their genes. For visualization the most representative cell cycle related terms were chosen. GO terms
are shown as circles and genes as squares. Circle color indicates GO terms that compose a GO group, for
which the most significant term is printed in color. Grey color represents ungrouped GO terms. Square color
denotes the GO group a gene belongs to. Circle size corresponds to significance (Two-sided Hypergeometric
test; Bonferroni correction, p-value <0.05). Larger diameter indicates smaller p-value. All terms are listed
in Supplementary Table 3.
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Figure 12: Ecdysone affects energy and biomolecule production.

All repressed genes were tested for

functional enrichment as described in Methods Section [6.3.13.2] Legend as in Figure but KEGG terms
(octagons) were included and the most representative terms related to metabolism are visualized. All terms

are listed in Supplementary Table 3.
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Figure 13: Ecdysone induces genes involved in morphogenesis and differentiation. All induced genes were
tested for functional enrichment as described in Methods Section [6.3.13.2] Legend as in Figure[I1] except the
most representative terms related to morphogenesis and differentiation are visualized. All terms are listed in

Supplementary Table 3.
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7.6 First global assessment of ecdysone regulated synthesis and decay rates
suggests different regulatory principles

Next, we used the measured nascent and total mRNA expression level to estimate relative mRNA
synthesis and decay rates (Methods Section . Our study represents the first global assessment
of synthesis and decay regulation by ecdysone signaling. Ecdysone regulates synthesis and decay
rates of a large fraction of genes, 1322 and 1033, respectively (fold change >1.5, p-value <0.01).
Although the number of genes with regulated synthesis and decay rates is similar, we find distinct
characteristics in their regulation. For the synthesis rates the number of genes with increased and
decreased rates progressively increases over time (Figure [L4a). Moreover, the genes exhibit a mostly
sustained change over multiple time points, similar to nascent mRNA (compare Figure and
Figure . In contrast, as suggested by the less sustained progression of mean t-values, decay rates
are controlled in a temporally more restricted fashion (Figure [L4h).

Besides these kinetic differences, genes with altered synthesis and decay rates differ in their
biological annotation. Although for both rates the total number of differential genes is similar,
genes with regulated synthesis rates show more enriched functional annotation terms compared to
genes with regulated decay rates (66% more; Methods Section ; Supplemental Table 4).
Similar to the differential genes of nascent mRNA | genes with increased synthesis rates are enriched
in terms related to development and morphogenesis, while genes with decreased synthesis rates
reflect metabolic or cell cycle related processes (Figure ) The few terms that are enriched in
genes with increased and decreased decay rates are in either case involved in regulation of metabolic
processes (Figure ) Generally, these analyses suggest that synthesis and decay rate regulation
by ecdysone is governed by different principles.

Figure 14 (facing page): First global assessment of ecdysone regulated synthesis and decay rates suggests
different regulatory principles. (a) Changes in synthesis and decay rates differ in their continuity. Heat
map is based on t-values, which are calculated in the t-statistics and denote if the mean synthesis (left) or
decay (right) rate of a gene is significantly increased (red) or decreased (blue) by ecdysone treatment. Each
row and column corresponds to one time point. All rectangles in one row represent mean t-values of the
same group of genes, which exhibited significantly differential rates at the indicated time point (number in
bold),(fold change log2(1.5); Student’s t-test p-value < 0.01; two biological replicates). As one horizontally
follows the progression of a gene group over time, darker color indicates that these rates become more
significantly increased or decreased. Less significant increase or decrease is indicated by lighter color. 95%
of the data is shown. Color scale denotes the range of t-values. (b) Genes with altered synthesis rate are
enriched in the same categories as differential genes in nascent mRNA. Pie diagrams represent all GO groups
and terms enriched in genes with increased (left) and decreased (right) synthesis rates (Methods Section
6.3.13.2). Colored pie sections represent GO groups, which are named by the most significantly enriched
term. Pie section size correlates with the number of terms included in the GO group. Grey sections represent
ungrouped terms or KEGG terms. (¢) Genes with altered decay rate are enriched in few GO term groups.
Histogram presents the enriched terms, the number of associated genes and the percentage that these genes
represent compared to all genes associated with the term. Enriched terms that did not group are not shown.
Complete lists of enriched terms in Supplemental Table 4. (*) p-value <0.05, (**) p-value <0.01 (Two-sided
Hypergeometric test; Bonferroni correction).
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7.7 FEcdysone induces multiple distinct temporal patterns of transcription,
decay rates and total expression level

The organization of the ecdysone cascade — early, early-late and late genes — suggests that some
genes exhibit similar kinetics over time. Using a clustering approach on z-score normalized
expression or rate values, we indeed identified groups of genes exhibiting such time-dependent
patterns in nascent mRNA expression, total mRNA expression, synthesis rates and decay rates

(Methods Section 6.3.14.1)).
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Figure 15: Ecdysone induces multiple distinct temporal patterns of transcription, decay rates and total
expression level. Each panel presents a group of genes exhibiting a similar time-dependent pattern in (a) total
mRNA; (b) nascent mRNA, (c) synthesis rate and (d) decay rate. Total and nascent mRNA expression values
as well as estimated synthesis and decay rates of all differentially regulated genes were transformed to z-scores.
Next, k-means clustering on z-scores was initiated on stable cluster centers using an optimized number of
clusters (Methods Section [6.3.14.1). Number of genes in each cluster is indicated in the respective panel
(bottom right). Individual cluster descriptions (top) are based on the kinetic pattern of the median z-score
(black curve). Y-axis shows z-scores indicating the relative expression or rate. Colored shading represents
the central 95% region; red denotes 50% of the data. Grey curves correspond to individual gene profiles.

The seven kinetics in the data sets of nascent and total mRNA expression as well as synthesis rates
could be described by three induced, three repressed patterns and one showing a mixed progression
over time (Figure —c). Two of the induced kinetics are characterized by early induction, while
one is transient and the other constant. The third pattern describes genes with later induction
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(6-12 hours). The kinetics of repressed genes follow similar patterns: early but transient repression,
early and constantly increasing repression and late repression. Notably, the kinetics of genes in
nascent mRNA precede the kinetics of total mRNA (e.g. compare “transient down” clusters). The
eight kinetics of genes with differential decay rates reflect the early transiently induced /repressed as
well as the late induced /repressed patterns (Figure ) However, the middle time points are best
described by four kinetics. This agrees well with the observed more dynamic regulation of decay
rates (Section [7.6).

The functional GO/KEGG annotation enrichment analysis of each cluster does not assign specific
annotations to individual clusters. Generally, clusters with induced patterns show enrichment of
terms related to development and morphogenesis, while clusters with repressed patterns are involved
in cell cycle and metabolism (data not shown). As the individual clusters are not enriched for specic
biological processes, we wondered if we could further subdivide these cluster kinetics using a more
complex clustering approach that reveals the kinetics of individual biological processes.

7.8 DTA reveals a rich and previously unknown diversity of gene expression
dynamics downstream of ecdysone signaling and uncovers principles of
transcriptional and post-transcriptional regulation

Upon ecdysone stimulation the gene expression dynamic of an ecdysone responsive gene is determined
by the time dependent changes in mRNA synthesis and/or decay rate that lead to changes in the
total expression level. Therefore, the most comprehensive approach to describe genome-wide gene
expression dynamics is to simultaneously consider a gene’s synthesis rate, decay rate and total
expression level, and then identify all genes with similar gene expression dynamic.

To this end, we applied a more complex clustering approach that is able to find groups of genes based
on similar time-dependent changes in all of those parameters (Methods Section. Specifically,
we used k-means clustering to segregate differentially regulated genes in groups based on similar fold
changes in (i) nascent mRNA expression (synthesis rate), (ii) total mRNA expression, (iii) decay rate
and (iv) turnover. To include the time-dependency we used the z-score kinetics of genes in nascent
mRNA expression, total mRNA expression and decay rates (Section [7.7) as additional parameters
for the clustering. Since nascent mRNA expression and synthesis rate are rather equal in their
information content (Pearson correlation of 1; data not shown), we used the measured nascent
mRNA and not the estimated synthesis rate for the clustering. The parameter “turnover”, defined
as “synthesis rate x decay rate”, was included, since it contains additional information content and
is expected to be different for genes with similar synthesis or decay rates.

Combined clustering on these parameters separated all differentially regulated genes into twenty
kinetically distinct groups. To visualize the kinetics of these gene groups, we plotted the fold change
of individual genes in a cluster at each time point in a two dimensional space comparing nascent
mRNA against total mRNA (Figure [16a) and decay rates against synthesis rates (Figure [16b).
This visualization demonstrates a rich and previously unknown diversity of ecdysone induced gene
expression dynamics. The temporal progression of changes in nascent and total mRNA expression
demonstrates that immediately after ecdysone treatment the first genes start to exhibit differential
expression, primarily in nascent mRNA (Figure ; Clusters 2, 3,12 ,13). Over time and particularly
after 12 hours, all clusters show changes in nascent and total mRNA emphasizing ecdysone’s impact
on the total transcriptome. When we compared decay and synthesis rates, we observed that more
clusters start to diverge within the first two hours and that this divergence increased even more over
time (Figure [L6p).

To better understand the distinctiveness of the cluster kinetics, we calculated the mean expression
or rate fold change at individual time points for each cluster. These mean fold changes then defined
coordinates for a trajectory of each cluster (trajectory start: 1 hour; end: 12 hours; Figure 7d).
Strikingly, each cluster is characterized by a unique combination of effect strength (fold change) and
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type, i.e. increase or decrease in expression or rate. Furthermore, even if clusters exhibit similar
increase or decrease in expression or rate, the timing for these changes is different (e.g. Figure
Clusters 3 and 9). Those unique combinations explain the distinctiveness in expression dynamics.
For instance, the early and persistently strong expression fold changes in Cluster 12, in contrast to
the strong, but late fold changes in Cluster 9, or the more transient increase in nascent mRNA in
Cluster 2 (Figure [L6f), (individual cluster trajectories in Supplementary Figure 1).

Importantly, our clustering approach uncovers principles of transcriptional and post-transcriptional
regulation that govern these expression dynamics. First, we are able to discriminate, if a change in
total expression level is due to changes in synthesis or decay rates. For instance, Clusters 17 and 20
exhibit both an increased total mRNA expression at 12 hours (Figure , Figure ) However,
the increased total mRNA expression in Cluster 17 is the result of combined effects of increased
synthesis and decreased decay rates, while in Cluster 20 it is only due to increased synthesis rates
(Figure , Figure ) Similarly, the decreased total expression level of Cluster 7 is a result of
increased decay rates only (Figure ,d).

Second, most clusters are characterized by a correlated (coupled) change in synthesis and decay rates,
i.e. transcriptionally induced genes show increased decay rates and transcriptionally repressed genes
show decreased decay rates. Ten of the twenty clusters exhibit a strong coupling of synthesis and
decay rate (896 genes; e.g. Figure[L6{ Clusters 5 and 9), and six clusters show moderate coupling (642
genes, e.g. Figure Clusters 3 and 11). In contrast, four clusters exhibit pronounced uncoupled
progression (497 genes; e.g. Figure Clusters 7 and 17). This result demonstrates that coupling of
transcript synthesis and decay is a predominant regulatory principle of ecdysone induced expression
kinetics. However, since we find uncoupled kinetics as well, the underlying coupling mechanisms
seem to be complex and not of general nature.

Overall, our combined clustering approach of nascent transcription, total mRNA expression, decay
rates and turnover reveals a rich and previously unknown diversity of ecdysone induced gene
expression dynamics. All clusters are characterized by a unique combination of effect strength,
type and timing, as well as extent of coupling between synthesis and decay rates (Figure ;
Methods Section . Therefore, these kinetic clusters represent potentially co-regulated genes
and describe how gene expression dynamics of subsets of genes are coordinated upon ecdysone
stimulation.

Figure 16 (facing page): DTA reveals a rich diversity of gene expression dynamics downstream of ecdysone
signaling and uncovers principles of transcriptional and post-transcriptional regulation. All differentially
regulated genes (2141) were assigned by k-means clustering into twenty distinct groups (Methods Section
6.3.14.2). (a) Temporal progression of changes in nascent and total mRNA expression. Each diagram
corresponds to one time point and compares the ecdysone induced log2 fold change for nascent (x-axis) and
total (y-axis) mRNA expression. Each dot represents one gene, which is colored according to its affiliation with
one of the twenty clusters. Ellipses show the 75% regions of highest density within each cluster, assuming
Gaussian distribution. The inner horizontal and vertical gridlines indicate a linear two-fold, four-fold or
eight-fold induction (red) or repression (blue). Cluster legend is given in the lower right. Number in brackets
denotes the number of genes. (b)Temporal progression of changes in decay and synthesis rate. Diagrams
as in (a), but log2 fold changes for decay (x-axis) and synthesis (y-axis)rate are shown. For (c) and (d)
fold changes of genes in a cluster were averaged (mean) at each time point to delineate a trajectory for each
cluster. Each dot along the trajectory represents the mean fold change at one time point (1 hour to trajectory
end at 12 hours). Color code as above. (c¢) Cluster kinetics for nascent and total mRNA. (d) Cluster kinetics
for decay and synthesis rate. Individual cluster trajectories are given in Supplementary Figure 1.
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7.9 Ecdysone regulates genes with specific biological functions in a defined
temporal order

We have shown that the functional GO/KEGG annotation of genes with induced and repressed
expression levels explains the ecdysone induced phenotypic changes very well (Section . Having
dissected the ecdysone induced gene expression dynamics into multiple distinct kinetics of potentially
co-regulated genes, we asked now whether we could assign specific biological annotations to the
individual gene clusters (Methods Section . While we could not find cluster specific
functional enrichment upon separate k-means clustering of nascent mRNA expression/synthesis
rate, total mRNA expression or decay rate (Section , the clusters of the combined clustering
are characterized by specific functional enrichment patterns. Eighteen out of twenty clusters show
significantly enriched terms (Figure , Supplementary Table 5). These enriched terms can be
classified into six generic categories: response to ecdysone, gene expression, signaling, metabolism,
cell cycle and differentiation/morphogenesis (Table 1).

The comparison of a cluster’s functional enrichment terms with its timing of gene expression changes
reveals insights into the temporal order, in which the biological processes are regulated (Figure )
Strikingly, this temporal order reflects the timing of the observed phenotypic changes (Figure @
Clusters characterized by early, strong and sustained induction of gene expression are enriched for the
category “response to ecdysone”. Clusters with middle and late timing of gene expression induction
or repression are enriched for the category “signaling” and “gene expression”. The category “signaling”
comprises multiple signaling pathways, which are important for regulation of metabolism, cell cycle
and development (Table . The category “gene expression” comprises rather heterogeneous terms
from early to late steps of gene expression. Clusters with mostly middle to late timing of repressed
gene expression are involved in diverse metabolic and cell cycle related processes. Interestingly,
metabolic changes slightly precede cell cycle related changes. Finally, genes involved in differentiation
and morphogenesis are predominantly found in clusters showing late changes in gene expression.
Despite some overlap in timing, the temporal order of the functional annotation terms, which are
related to the observed phenotype (exit from the cell cycle to enter differentiation), is: “ecdysone
signaling” - “metabolism” - “cell cycle” - “differentiation /morphogenesis”.

To validate our functional enrichment analysis we used random sampling (Methods Section.
Except for “ubiquitin mediated proteolysis” and “mitotic cell cycle”, which occurred six out of fifty
times, none of the other terms was enriched more than five times. The low reoccurrence of specific
terms emphasizes the reliability of the functional annotation. Moreover, we repeated the functional
annotation using a different enrichment algorithm (topGO [1]) and obtained identical results (data
not shown).

Taken together, the functional annotation of the clusters of co-regulated genes is unique, reliable
and in agreement with the ecdysone induced phenotypic changes. Our analysis reveals the timing
and strength at which ecdysone signaling regulates these cellular processes. Therefore, the distinct
gene expression kinetics describe how ecdysone signaling directs the cell from a proliferating state
into a differentiated state. The question arising from these results is: What are the transcriptional
and post-transcriptional regulatory mechanisms that underlie these gene expression kinetics?
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Figure 17: Groups of potentially co-regulated genes are characterized by individual kinetic features and
functional annotation. (a) Time course progression of logs fold change (y-axis) in total mRNA (grey), nascent
mRNA (yellow), synthesis rate (red), decay rate (blue) and turnover (green). Solid line represents mean fold
change and shading between error bars the standard deviation. Cluster 17 (left panels) and Cluster 20 (right
panels) are representatively shown. All clusters in Supplementary Figure 2. (b) Each cluster is characterized
by a specific combination of kinetic features and functional annotation. Catalogue of features was compiled
based on mean fold change progression of measured and estimated values (Methods Section. Timing
was classified as being early (E), middle (M), middle to late (M-L), late (L) and early to late (E-L), based on
nascent or total mRNA expression. Effect strength was defined as the maximum mean fold change on total
mRNA level: <1.5-fold (0), >1.5-fold (+), >2-fold (++) or >4-fold (+++). Increase (red) or decrease (blue)
of gene expression or rate was discretized based on mean fold changes. White denotes mean fold change
<1.5-fold. Coupling of synthesis and decay rates was assessed by Pearson correlation of mean fold changes:
strong +++ (r >0.75), moderate ++ (r >0.50), poor + (r >0.25) and no coupling o (r <0.25). Functional
enrichment for GO “Biological Process” and KEGG terms was calculated using Fisher’s exact test (p-value
<0.01; Methods Section [6.3.15.3). Enriched terms were manually classified in six generic categories and
represented by the summarized degree of over-representation (number of expected genes in a term compared
to number of observed genes). Individual terms are listed in Table [12| and Supplementary Figure 3.
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Ecdysone response

Gene expression

Signaling

response to ecdysone
ecdysone-mediated induction of salivary
gland autophagic cell death

salivary gland histolysis

salivary gland cell autophagic cell death
autophagic cell death

autophagy

activation of caspase activity

larval central nervous system remodeling

molting cycle, chitin-based cuticle

ecdysis, chitin-based cuticle

Basal transcription factors*
regulation of transcription, DNA
dependent

chromatin remodeling

regulation of chromatin silencing
mRNA processing

rRNA processing

ribosome biogenesis

Ribosome*

Ubiquitin mediated proteolysis*

protein ubiquitination

signal transduction

protein dephosphorylation

protein phosphorylation

mTOR signaling pathway™*

insulin receptor signaling pathway
Jak-STAT signaling pathway*
p53 signaling pathway*

JNK signaling pathway*

ErbB signaling pathway*

MAPK signaling pathway*

Wnt signaling pathway*

Metabolism

Cell cycle

Differentiation/Morphogenesis

response to starvation

Glycolysis / Gluconeogenesis*
glycolysis

Citrate cycle (TCA cycle)*
Glycerolipid metabolism*
glycerol-3-phosphate metabolic process
lipid storage

mitochondrion organization

Oxidative phosphorylation*

Cell cycle*

cell cycle phase

chromosome condensation

M phase

mitotic spindle organization
mitotic cell cycle

Purine metabolism*

Base excision repair*®

Nucleotide excision repair*

DNA replication

DNA-dependent DNA replication
DNA-dependent DNA replication
initiation

Nicotinate and nicotinamide

metabolism*

regulation of developmental process
metamorphosis

central nervous system development
multicellular organismal development
tissue development

tissue morphogenesis

regulation of cell shape

cell adhesion

establishment or maintenance of cell polarity
actin filament organization

actin cable formation

regulation of tube size/length,

open tracheal system

synaptic vesicle docking involved in exo-
cytosis

axon guidance

neurotransmitter secretion

cell projection organization
vesicle-mediated transport

septate junction assembly

Tight junction*®

Table 12: Individual functional enrichment terms of the twenty kinetically distinct gene groups. Functional
enrichment for GO “Biological Process” and KEGG terms (*) was calculated using Fisher’s exact test (p-
value <0.01; Methods Section [6.3.15.3). Table lists the individually significantly enriched terms, which were
manually classified into six generic categories (bold).

7.10 Establishing miRNA profiling in ecdysone treated S2 cells

To date, the role of post-transcriptional regulation in ecdysone signaling has not been examined.
Since we generated, for the first time, genome-wide estimations of ecdysone regulated decay rates
(Section , we now can ask questions about the underlying regulatory mechanisms. We decided to
quantify the most accessible mechanistic regulator of mRNA decay, namely miRNAs. Specifically,
we sought to identify ecdysone regulated miRNAs and investigate their role in the ecdysone response
as a whole and in particular in the early time interval of the ecdysone response.

Before we addressed these questions genome-wide, we determined the time scale on which ecdysone
regulates miRNAs in S2 cells, using two known ecdysone responsive miRNAs let-7 [176, 37] and miR-
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8 [95, [T00]. We treated S2 cells with 10 pM ecdysone for 1-72 hours, quantified let-7 using Northern
blotting and pri-mir-8, as well as miR-8 expression using RT-PCT (Methods Sections — .
For both miRNAs we can reproduce the published regulation and timing of regulation. let-7 is
induced after 24 hours (Figure ) and pri-mir-8, as well as miR-8 are progressively repressed from
4 hours onwards (Figure [18p).

These results show that S2 cells are a good in vitro model for studying ecdysone regulated miRNAs.
Given the rather late regulation of let-7 and miR-8, we decided to profile the first 12 hours to
complement our DTA analysis, but to extend the time series up to 72 hours to identify ecdysone
regulated miRNAs in general.

N b 5.

1.0 4
0.8 4
0.6 4
0.4 4
0.2 4
0.0

e PFi-MiF-8
miR-8

expression fold change

Abbsbbsasa

+ 0 1 2 4 6 12 24 48 72  hours 4 6 12 24 48 72hours
Ecdysone treatment Ecdysone treatment

Figure 18: Establishing miRNA profiling in ecdysone treated S2 cells. (a) let-7 expression is induced by
ecdysone treatment. S2 cells were treated with 10 nM ecdysone for 1-72 hours or left untreated. Cells were
harvested at indicated time points and total RNA was used for Northern blotting (Methods Section [6.4.2)).
A let-7 DNA oligo was used as positive control (+) and 30 nt long 2S rRNA served as loading control. (b)
pri-mir-8 and mature miR-8 expression are progressively repressed by ecdysone treatment. Depicted is the
normalized fold change in miRNA expression as analyzed by RT-PCR (Methods Section . pri-mir-8
and miR-8 levels were normalized against housekeeping genes CG30159 and rp49, respectively.

7.11 nCounter expression profiling identifies known and novel ecdysone
regulated miRNAs

Recently, a new analysis platform for medium-throughput mRNA and miRNA expression profiling
has been introduced, the nanoString nCounter Expression System [69]. The system uses molecular
"barcodes" and single molecule imaging. It provides a large dynamic range and offers significantly
higher levels of precision and sensitivity compared to microarray gene expression profiling [119].
Using a candidate mRNA pilot screen, we confirmed the reproducibility and sensitivity of the system
(data not shown) and then applied it to profile the expression of 184 miRNAs during ecdysone
treatment (Methods Section [6.4.4]).

Two biological replicates of S2 cells were treated with 10 pM ecdysone for 2-72 hours (Figure @ and
purified total RNA was sent to nCounter expression analysis (Methods Section . A total of 82
miRNAs are expressed in our S2 cells before or after ecdysone treatment (Methods Section .
Of these, ecdysone differentially regulates 17 and 38 miRNAs in the time intervals 2-12 hours and
2-72 hours, respectively (Figure . Notably, within the early time course miRNAs are mostly
repressed, while the late time course is dominated by progressive and pronounced induction of
miRNAs. We evaluated the reliability of our data set by two approaches: (i) comparison to published
miRNA expression S2 cell data and (ii) evaluation of known ecdysone regulated miRNAs.

First, we compared the 15 highest expressed miRNAs in resting S2 cells with smallRNA-Sequencing
data generated in the modENCODE project [20]. Although we used our own S2 cell clone, which is
different from the one used by modENCODE, the two data sets agree in more than 70% (considering
only miRNAs queried by the nCounter assay; Supplementary Figure 4).
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Figure 19: nCounter expression profiling identifies known and novel ecdysone regulated miRNAs.
Expression of 184 miRNA was quantified using the nCounter@®) nanoString system (Methods Section [6.4.4)).
Significantly regulated miRNAs were identified using Bayesian Estimation of Temporal Regulation (betr)
(Score >0.99), combined with >1.2-fold change in expression compared to untreated control cells (Methods
Section . (a) Ecdysone leads to rapid repression and progressive induction of miRNAs. Probability
of differential expression was calculated for 2-72 hours. Diagram depicts the logs expression fold change
progression of significantly regulated miRNAs over time. Black horizontal lines illustrate logs(1.2)-fold
difference. Order of miRNAs in the legend corresponds to their magnitude in fold change after 72 hours.
miRNAs colored from red to blue were regulated in the first 12 hours (see Figure 19b). “®” miRNA has
established or “¥” potential relationship to ecdysone signaling. “©” miRNA is implicated in the observed
phenotypes, namely cell cycle, metabolism or differentiation/morphogenesis. (b) Candidate miRNAs for
regulation of differentially expressed mRNAs during the early ecdysone response. Probability of differential
miRNA expression was calculated for 2-12 hours. Induced miRNAs colored in red to violet, repressed in

green to blue. References for “®%” [177, 193, [35] 05, 971 102} 108, 194 37, 42, (100} (130} 27, 58, [146], [159].
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Next, we searched for known ecdysone regulated miRNAs in our data set (2-72 hours). As expected,
let-7 is not expressed in untreated cells or within the first 12 hours of ecdysone treatment, but is
strongly induced later on (Figure ) miR-100 and miR-125, which are processed from the same
precursor as let-7 (Let-7-C) and are also known to be induced by ecdysone [177], accompany the let-7
induction in timing and strength. miR-14 and its validated target EcR compose a auto-regulatory
feedback loop, in which miR-14 modulates EcR expression and EcR limits miR-14 expression [193].
Not surprisingly, miR-14’s repression fluctuates around two-fold and recoveres to basal levels at
72 hours, which coincides with decreased EcR protein levels (Figures , ) Finally, we also find
miR-8 to be down-regulated (Figure [19p).

Thus, by treating S2 cells with ecdysone, we recovered all known ecdysone regulated miRNAs
(Figure [19p “%”). In addition, we identified six miRNAs, which have a potential relation to
ecdysone signaling (Figure “b") or one of the phenotypic processes regulated by ecdysone,
namely cell cycle, metabolism or differentiation/morphogenesis (Figure “e”) All other ecdysone
regulated miRNAs (26) have no established function in these processes or are even missing any
functional characterization in Drosophila. Therefore, our dataset represents an excellent resource to
reveal the function of these miRNAs in ecdysone signaling, proliferation, cell cycle, metabolism or
differentiation /morphogenesis.

7.12 Potential roles of miRNAs in the ecdysone response of S2 cells

Our data set on miRNA expression demonstrates a great difference in the miRNA transcriptome
of proliferating compared to differentiated cells. To evaluate potential roles of ecdysone regulated
miRNAs in the ecdysone response we compared the miRNA expression dynamics (Figure ) with
the temporal order of both the phenotypic changes (Figure |§[) and functional annotations of the
kinetic clusters (Figure )

The earliest and strongest repressed miRNAs are miR-34, miR-277 and miR-317 (Figure ),
which are encoded by the same genomic locus [I02]. Given that the earliest functional annotation
categories are “ecdysone signaling” and “metabolism” (Figure @ and the earliest observed phenotype
is the decline in proliferation rate (Figure ), these miRNAs might be important for these processes.
This assumption finds support in the literature. miR-34 is known to regulate Eip74EF [130], one of
the key regulators of the ecdysone cascade, miR-277 has a well-established role in metabolism [58]
and miR-317 targets CycB [I59], a crucial regulator of mitosis. The early and strong induction
of the so far uncharacterized miR-282* and miR-276a* (Figure [L9b) suggests a potential role of
these miRNAs in the early biological processes as well. While the rather late kinetics of the induced
miRNAs of the let-7 locus (Figure|19p) indicates a role in the later phenotypic changes related to cell
cycle exit or differentiation. These miRNAs have been reported to be important for the appropriate
stage specific morphologies during the larval-to-pupal transition and genetic elimination of let-7 and
miR-125 leads to a delay in cell-cycle exit [35]. Based on the coinciding kinetics of miRNAs and
ecdysone phenotypic changes as well as the known functions of some miRNAs, the differentially
regulated miRNAs may be important for different aspects of the ecdysone response.

These correlations are corroborated by a preliminary validation experiment using RNAi mediated
expression knockdown of Agol. During the knockdown S2 cells cease proliferation, but recover
after a few days and resume proliferation when RNAi knockdown efficiency has declined (data not
shown). In contrast, ecdysone treated Agol knockdown cells do not resume proliferation, but exhibit
decreased viability and undergo cell death. This result demonstrates the crucial role of miRNAs in
the ecdysone response. The severe decrease in proliferation of untreated cells in Agol knockdown
condition mimics the ecdysone induced stop in proliferation. Hence, the miRNAs that are repressed
by ecdysone may indeed be essential for proliferation, and their repression crucial for the ecdysone
induced stop in proliferation. Moreover, as S2 cells undergo cell death in Agol knockdown conditions,
miRNAs might be crucial for the specification of the ecdysone response, namely differentiation or
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cell death.

7.13 Novel decay rate-based approach for miRNA-mRNA network analysis

To investigate the role of miRNAs in the ecdysone response, we used computational network analysis
to identify target genes of those miRNAs. Specifically, we sought to identify the role of miRNAs as
regulators of the mRNA kinetics within the first 12 hours of the ecdysone response (Figure @ To
this end, we took advantage of the estimated mRNA decay rates and developed a novel approach
for network analysis based on correlation of miRNA expression and mRNA decay rates.
miRNA-mRNA interaction networks are typically based on candidate lists of computationally
predicted miRNA targets, which can be reduced to the most promising candidates by correlating
miRNA and mRNA expression [I50]. Most studies assume that changes in miRNA expression
cause inverse changes in mRNA expression, i.e. increased miRNA expression leads to decreased
mRNA expression due to miRNA mediated mRNA degradation (or decreased miRNA expression
leads to increased mRNA expression). However, this “expression-based” approach evaluates the
activity of miRNAs based on a composite effect, since changes of mRNA expression levels underlie
the contribution of both mRNA synthesis and decay. Although miRNAs can directly impact the
decay rate of their targets, it is unknown to which extent this particular increase or decrease in
decay rate affects mRNA expression levels. Furthermore, we and others [144] found that differential
mRNA expression levels strongly correlate with mRNA synthesis (Pearson correlation 0.9, data not
shown) and not with mRNA decay rates (Pearson correlation —0.13, data not shown). Since most
expression-based approaches demand the inverse correlation of miRNA and mRNA expression levels
based on miRNA-mediated decay, they ignore the impact of mRNA synthesis on mRNA expression.
Consequently, expression-based miRNA-mRNA networks may suffer from a high false-positive rate.
To overcome this limitation, we established a novel approach to infer miRNA-mRNA networks using
three sources of information, namely miRNA expression, mRNA decay rates and mRNA expression
levels (Figure 20p). We first retrieved mRNA target predictions for the significantly regulated
miRNAs of the early time course using the miRanda algorithm [22](Methods Section [6.4.6). The
miRanda algorithm is a widely used and comprehensive target prediction algorithm. Importantly, it
tolerates mismatches in the seed sequence and takes the binding energy of the miRNA-target duplex
into account. Of the miRanda predicted targets we considered only targets which show significantly
regulated decay rates at any time point within 2-12 hours (fold change >1.5, p-value <0.01; Methods
Section .

To correlate miRNA expression kinetics to the mRNA decay rates, we used a simple, but strict
matching criterion based on discrete time series patterns of miRNA expression and mRNA decay
rate fold changes. Since we investigated a narrow time interval, we reasoned, if a miRNA regulates
an mRNA the miRNA expression pattern correlates with the mRNA decay pattern over time,
i.e. increased miRNA expression leads to increased mRNA decay rates (or decreased miRNA
expression leads to decreased mRNA decay rates). In other words, we took advantage of information
that was “encoded” in the expression/decay pattern over time. In addition, we allowed one
time shift to account for both a probable time lag between miRNA expression and its effect on
decay rates, as well as for lower sensitivity of microarray measurements compared to nCounter
measurements [119]. Target interactions with correlated miRNA expression and mRNA decay were
called “valid” interactions. Finally, we used mRNA expression data to filter for miRNA-mRNA
interactions in which mRNA expression levels were significantly changed, i.e. “reliable” interactions
(mRNA expression change >1.5-fold, p-value <0.01; Methods Section |6.3.12)).

We called this approach “decay rate-based” network analysis (Figure , Methods Section .
The advantage of our novel decay rate-based approach as opposed to expression-based approaches
is that mRNA decay rates represent a more direct readout of miRNA activity compared to mRNA
expression levels which are a composite readout.
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Figure 20: Novel decay rate-based approach for miRNA-mRNA network analysis. (a) Work flow for decay
rate-based miRNA-mRNA network analysis. Figure illustrates analysis steps (left) and data (right) which
was used or created within individual steps (Methods Section [6.4.7). In brief, significantly differentially
regulated miRNAs and mRNAs within 2-12 hours are identified (fold change >1.5, p-value <0.01; Methods
Section [6.4.5). miRNA and mRNA interaction pairs were assigned using computational target
predictions taken from miRanda [22]. Next, fold changes in expression or decay rate were discretized to
1 and -1 for positive and negative fold changes, respectively. Discrete fold change patterns of predicted
miRNA-mRNA pairs are then match over the entire time course or shifted by one time point (“valid”
interaction). “Valid” interactions are filtered for miRNA-mRNAs pairs, in which mRNAs show a significant
change in total mRNA expression (“reliable” interaction, fold change >1.5, p-value <0.01). Network of “valid”
and “reliable” interactions is shown in Supplementary Figure 5 and Figure 21] respectively. Exemplarily,
target interaction of miR-277 and Dronc (Nc) is shown. (b) Number of target interactions in miRNA-mRNA
networks. Networks were constructed by matching fold change patterns of miRNA expression to fold change
patterns of mRNA decay rates (left) or expression (right). Sections colored in dark green illustrate interactions
in which both the mRNA decay rate and the total expression level were significantly regulated. Light green
illustrates interactions with only significant differential decay rates.
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7.14 The miRNA-mRNA networks during the ecdysone response

The network analysis using our decay rate-based miRNA-mRNA matching approach identified 135
“reliable” interactions (Figure ; for the 407 “valid” interactions see Supplementary Figure 5).

To compare our novel approach to the conventional expression-based approach, we constructed a
miRNA-mRNA network based on matching discrete miRNA and mRNA expression fold change
patterns (Methods Section . This expression-based network is 40% larger compared to
our decay rate-based network (data not shown). However, in only 12% of all expression-based
interactions mRNAs show significantly altered decay rates (fold change >1.5, p-value <0.01; Methods
Section . Thus, 88% of differential mRNA expression could not be associated with mRNA
decay, and is due to transcriptional regulation. Consequently, the overlap between these networks
is rather poor (Figure , Figure . These results show the advantage of our decay rate-based
network as direct readout of miRNA activity compared to the expression-based network, which
represents a composite readout.

The network of repressed miRNAs (Figure 21p) comprises more target interactions compared to
the network of induced miRNAs (Figure ) This is reasonable, since the number of repressed
miRNAs showing an early and pronounced fold change in expression is larger compared to induced
miRNAs (Figure ) The largest fraction of genes within the network of repressed miRNAs is
regulated by miR-8, miR-277, miR-317 and miR-34 (Figure , Table . Importantly, multiple
genes are co-regulated by these miRNAs. This result is supported by the known cell growth
promoting functions of miR-8 and miR-277. miR-8 promotes insulin signaling, which antagonizes
ecdysone signaling [I00] and miR-277 has been reported to control branched-chain amino acid
(BCAA) catabolism and consequently can modulate the activity of the TOR kinase, a central growth
regulator [58].

Interestingly, the target genes of repressed miRNAs fall into two classes. While all of their target
genes have decreased decay rates, 36% show an induced and 64% a repressed expression level
during ecdysone treatment (Table . Many genes with induced expression levels are important for
processes related to differentiation (e.g. pck, lama and bif [I57, 167, [19]), while genes with repressed
expression levels are for instance implicated in metabolism (e.g. Got2, Zw and Adk2 [34] [153] 143]).
Obviously, target genes with induced expression are implicated in processes that are up-regulated
by ecdysone, e.g. differentiation. The same holds true for repressed gene expression levels and
down-regulated processes, e.g. metabolism.

Within the network of induced miRNAs the largest fraction of genes was regulated by miR-276a*,
miR-276a, miR-282* and miR-252 (Figure , Table . Except for mir-252, which is the most
highly expressed miRNA in the adult fly and required for proper muscle development [139], none
of these miRNAs has an established function. Furthermore, none has been shown to be regulated
by ecdysone. Interestingly, miR-282* targets tai, which is a known co-factor for EcR [I3]. For
target genes of induced miRNAs we observed the same subdivision as for target genes of repressed
miRNAs (Table . 44% of genes with increased decay rates show increased expression levels,
while 56% have repressed expression levels. In the cases of increased expression levels many of these
genes regulate processes important for differentiation (e.g. NijA, mbc, Ama and tai [I3] 205, 202]
83]), while repressed genes mainly regulate metabolism or cell cycle (e.g. Alr, mei-38, Nmnat, r-1,
Cdk7 [121) 133, 204, 197, [78]).

These results emphasize a second advantage of our decay rate-based network approach as it can
recover two classes of miRNA-mRNA target interactions. In one class, miRNA-mediated decay
has a determining impact on the mRNA expression level. In the other, miRNAs modulate
the mRNA expression level that is determined by mRNA synthesis. The specific outcome
depends on the biological context of the mRNA target. The function of miRNAs in these
interactions is a combination of several accepted mechanistic principles (Section , including
reinforcing the ecdysone induced transcriptional program, attenuating transcripts that were specific

61



CG13893 7,
€G7841 CGase0

miR-184
A CG5726
]
Hs2st
[ ]
miR-1012 CG1890
A
RhoGAP16F CG15611
kgn miR-33 091
* A"
: CG5254
:‘ miR-980 ’ ¢
—
Dphs A €G31689 .
a2 CG14997
glgpt €G2004CG3271° Lsm?
(3 L lama
L]
@ increased decay rate
@ de-/increased decay rate
@ decreased decay rate
@ in-/decreased decay rate
b Induced expression level
Repressed expression level
NijAC(zlﬂ
€G18659 CG6967 Phgs
tai lectin-24D
CG31274 Alr ¢ R ! €G6904 CGaasa
4 .
CG14216 " miR-276a2* CG?743m 1 (- Aj m:RA-zsz CG4662
} et A Marf
/ €G1764' mbc
€G33116 RhoGAP71E ¢ ) ca370®
‘ CG42271 o CoRest
ipLa2-V1A o
CG13189Ama®
L]
Tollo Ic
o CG1434 GstS1 €G2846 Rph
& [ ] L]
Nmnat
L]
mei-38
H5P26 miR-276a miR-276b
= A A
CG14971
. CG8841
Nhe™

bwa e
AlhcGeaage’
L]

Figure 21: The miRNA-mRNA networks during the ecdysone response. Network was generated as described
in Figure , Methods Sectionand visualized using Cytoscape v3.1.1 [45]. Network illustrates “reliable”
target interactions between repressed (a) or induced (b) miRNAs (triangle) and their predicted targets
(circles). Diamonds represent TFs. Circle color denotes significant increased (red) or decreased (blue) decay
rates at any time point in the 2-12 hours interval. Lighter-colored circles indicate that decay rate was either
first decreased and then increased (light red) or first increased then decreased (light blue). Label color denotes
significant total mRNA expression change during ecdysone treatment: red (induction) and blue (repression).
Edges are colored according to the respective miRNAs (Figure ) Edges with contiguous arrows represent
target interactions, which were identified in both the decay rate- and expression-based network.
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Repressed Number of Induced Repressed Induced Number of Induced Repressed

miRNAs target genes expression  expression miRNAs target genes expression  expression
miR-277 21 8 13 miR-276a* 12 5 7
miR-8 19 5 14 miR-276a 11 5 6
miR-317 13 5 8 miR-282%* 9 2 7
miR-34 11 4 7 miR-252 8 5 3
miR-980 7 1 6 miR-276b 4 2 2
miR-1012 6 3 3 miR-986 4 2 2
miR-33 5 - 5 miR-100 - - -
miR-14 3 3 -

miR-184 2 2 -

miR-306 - - -

Sum 87 31 56 Sum 48 21 27
[%] 100 36 64 [%] 100 44 56

Table 13: Summary of miRNA-mRNA networks during the ecdysone response. Listed are repressed (left)
and induced (right) miRNAs and number of their targets based on matching miRNA expression and mRNA
decay rates (Methods Section . Total number of targets includes only targets, whose expression level
was either significantly induced or repressed at any time point in the 2-12 hours interval (“reliable” network).

to the proliferative cell state, stabilizing the new/differentiated cell state or having stabilized the
old /proliferative state.

Overall, the obtained miRNA-mRNA network comprises known ecdysone regulated miRNAs and
the functions of a large fraction of target genes agree with the ecdysone induced phenotypic changes.
Thus, our network presents a promising candidate list for both the validation of our decay rate-based
network approach and for unraveling the role of these miRNA-mRNA interactions in ecdysone
signaling and its regulated biological processes.

7.15 TFs, miRNA-mRNA interactions and RBPs indicate underlying regulatory
mechanisms of ecdysone induced gene expression kinetics

We have shown that ecdysone and its early signaling cascade induce distinct gene expression kinetics
in a wide range of functionally diverse genes (Figure [L17b). We sought to identify the transcriptional
and post-transcriptional regulatory mechanisms that govern these distinct kinetics. To gain first
insights we used network analysis to investigate the impact of miRNAs. To associate the obtained
miRNA-mRNA interactions with the specific cluster kinetics, we quantified the number of miRNA-
mRNA interactions that occurred in each cluster. Although miRNAs target only a minor fraction of
genes in the clusters, we identified specific clusters that are targeted by multiple miRNAs (Figure.
Clusters 4, 13 and 17 are targeted by repressed miRNAs (Figure ), while Clusters 7, 9 and 19 are
targeted by induced miRNAs (Figure ) This result indicates that during the ecdysone response
gene expression regulation by miRNA mediated decay seems to be a rather gene specific than a global
regulatory mechanism. However, the specific regulation of key regulatory gene might be crucial as
for instance miR-282* targets the EcR cofactor tai [13].

To further investigate the post-transcriptional regulation of these kinetics we evaluated the 5°
and 3~ UTR of the cluster genes. Longer UTR have a higher probability to contain structural
or sequence motifs that are recognized by miRNAs or RBPs. Several clusters have significantly
different UTR lengths compared to the average of all clusters (Figure , Supplementary Figure 3,
Methods Section . In this fairly unspecific analysis the length distribution is not associated
with the number of miRNA-mRNA target interactions.

Given the poor availability of experimentally identified RBP targets in Drosophila, we were unable to
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investigate the regulatory impact of RBPs on a global scale. Nevertheless, we used available data on
two ecdysone induced RBPs. Pumilio shows an increased expression level at 12 hours and is known
for its role in translational repression and mRNA degradation [71]. Pumilio regulates a significantly
enriched number of targets in the Cluster 7 (Methods Section , which is characterized by
late increase of decay rates and down-regulated expression levels (Figure . The second RBP is
the translational repressor brat [I132], which is strongly induced throughout the entire time course
and targets genes with similar induction kinetic in Cluster 3 (Figure . Encouraged from these
results we used the RBP Database (v3.1 Sep 2012, [47]) to identify further ecdysone regulated RBPs
and found 23 induced and 16 repressed RBPs. According to their expression kinetics most RBPs
affiliate with late clusters (Figure indicating that during the ecdysone response gene expression
regulation by RBPs is a mechanism to regulate the late response genes of the ecdysone cascade.
To gain first insights into the transcriptional regulation, we evaluated the distribution of the 39
ecdysone regulated TFs, for which experimentally determined PWMs were available [206]. We found
a specific distribution in early and late clusters, which agrees with the well-established function of
these TFs either in ecdysone signaling or the biological processes of the observed phenotype. For
instance, the key TFs of the early ecdysone cascade (EcR, br, Eip74EF, Eip75B, Hr39) belong to
early and strongly induced clusters such as Clusters 2, 3 or 12 (Figure . TFs that are involved in
metabolism or differentiation/morphogenesis are found in “late” clusters.

These results have significant impact. It is expected from developmental studies that the early key
TFs of the ecdysone cascade have early and similar kinetics |8 [93]. Since in our clustering these
TFs accumulate in clusters that are characterized by early, strong and sustained gene expression
induction, this result validates the reliability of our clustering approach. Thus, DTA reliably dissects
genes expression dynamics during ecdysone signaling. Second, the early, strong and sustained
induction strongly suggests that these TFs are the key regulators of the gene expression kinetics
in later cluster. Importantly, as other TFs and also RBPs exhibit the same kinetics as those key
regulators, the clustering provides evidence that the TFs foxo, Sox14 and schlank as well as the RBPs
lin-28 and brat are novel key regulators of ecdysone induced genes expression kinetics. Finally, since
the translational repressor Brat targets the TFEs Eip74EF and Eip75B our results indicate how
translational regulation is generally integrated into the ecdysone response and in particular during
this early stage.

In summary, the analysis of ecdysone regulated TFs, RBPs and miRNAs provides first insights into
the transcriptional and post-transcriptional regulation of ecdysone induced gene expression kinetics.
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Figure 22: Transcriptional and post-transcriptional regulators of ecdysone induced gene expression kinetics.
Catalogue of kinetic features and functional annotation was compiled as in Figure [[7p. TFs and RBPs are
shown in the cluster they were assigned to by k-means clustering (Section . Individual microarray probe
sets are shown. Average 5° or 3° UTR length of each cluster was compared to average 5° and 3° UTR length
of all clusters (Methods Section [6.3.15.2). Red and blue denote significant 25% longer or shorter UTR,
respectively (Wilcoxon Rank Sum test; p-value <0.01). Degree of significant over-presentation for RBP
targets was calculated: number of expected genes compared to number of observed genes (Fisher’s exact test;
p-value <0.01), (Methods Section [6.3.15.3). miRNA-mRNA target interactions are taken from Section
Data sources: Pumilio [71] and Brat (G. Meister unpublished data).
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8 Summary and Discussion

Regulation of gene expression is the fundamental process governing both the development and adult
homeostasis of all organisms. In this thesis, I applied Dynamic Transcriptome Analysis (DTA) to
dissect the regulation of gene expression during ecdysone signaling at the level of mRNA synthesis
and decay. By combining the improved temporal resolution of DTA and its simultaneous assessment
of mRNA synthesis rates, mRNA decay rates and mRNA expression levels with kinetic clustering
analysis, we provide compelling evidence that ecdysone signaling induces a rich and previously
unknown diversity of gene expression dynamics. Furthermore, our kinetic analysis leads to a reliable
functional description of ecdysone regulated genes and reveals how ecdysone coordinates a wide array
of functionally diverse genes to direct the cell from its proliferating state into the differentiated state.
In addition, based on mRNA decay rates we developed a novel approach for miRNA-mRNA network
analysis and offer insights into the post-transcriptional regulation of these gene expression dynamics
by miRNAs. Importantly, our comprehensive description of the ecdysone induced gene expression
dynamics and phenotype establishes ecdysone stimulation in Drosophila S2 cells as an experimental
paradigm for studying mechanistic details of gene expression regulation.

Improvement over existing studies on the genomic and phenotypic response to ecdysone.
Although several studies have examined the genomic response to ecdysone [129] [I8], [66] [75] as well as
the phenotypic behavior of ecdysone stimulated cells |21} [185] 164, [32], [40], our study represents the
most comprehensive and detailed description of the ecdysone induced gene expression dynamics and
phenotypic changes. By using DTA we present the first genome-wide and simultaneous assessment
of mRNA synthesis rates, mRNA decay rates and total mRNA expression levels throughout an early
time interval of ecdysone stimulation in Drosophila S2 cells. We show that using nascent mRNA for
expression profiling improves the sensitivity of time series gene expression measurements for early
changes in gene expression and in particular for repressed genes. Compared to a similar time course
study of ecdysone treated Kc167 cells [66], which found that within the first 12 hours most genes are
induced, we identified four times more differentially regulated genes in general and a predominantly
large fraction of repressed genes. Thus, our study measured the genomic response to ecdysone with
higher sensitivity and improved temporal resolution compared to existing studies. Furthermore,
using DTA we were not limited to study changes of the total expression level of ecdysone regulated
genes, but were able to additionally assess ecdysone induced changes of mRNA synthesis rates and
decay rates. Therefore, we present the first genome-wide assessment of decay regulation during the
ecdysone response.

Using a cell analyzer system, flow cytometry and light microscopy we provide the first systematic
and accurate characterization of the ecdysone induced phenotypic changes in S2 cells as well as
their timing. We show that upon ecdysone treatment, S2 cells cease proliferation due to cell cycle
arrest in the G2 phase. Subsequently the cells acquire a differentiated morphology, characterized
by increase in cell size and granularity along with outgrowth of filopodia. The comprehensive and
detailed phenotypic characterization was crucial since it enabled us to validate our genomic results
and to link the ecdysone induced changes in gene expression to specific biological processes.

Ecdysone induces major changes in the transcriptome that presage the final biological
outcome. By taking advantage of the higher sensitivity of DTA, we demonstrate that ecdysone
immediately regulates the synthesis rate (nascent mRNA expression) of an initial set of genes and
then progressively regulates hundreds of genes, most of them in a sustained fashion. Importantly,
the regulated synthesis rates translate into a progressively increasing number of genes that
exhibit mostly sustained changes of their total expression level. These progressive changes reflect
the architecture of the ecdysone signaling cascade: a small set of early regulators controls the
expression of a larger set of regulators, to ultimately control gene expression of a wide array of
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functionally diverse genes. We confirmed the functional diversity of ecdysone regulated genes by
Gene Ontology [9] and KEGG Pathway [103] enrichment analysis. Importantly, the functional
annotation of these genes correlates very well with the ecdysone induced phenotypic changes. The
cell cycle arrest is reflected by repressed genes, which are enriched for multiple processes related
to DNA replication, cell cycle and proliferation. The extensive remodeling of cell size and shape
is reflected by induced genes, which are enriched for morphogenesis and differentiation terms.
Furthermore, we found repressed genes to be enriched in multiple terms related to energy and
biomolecule production, suggesting a metabolic rearrangement as the cell leaves the proliferating
state to enter a resting, differentiated state. Thus, our DTA analysis reveals that the early time
interval of ecdysone treatment comprises not only the regulatory key players of the ecdysone
cascade, but also the genes presaging the final biological outcome.

First genome-wide assessment of ecdysone regulated decay rates. Owing to the customized
statistical approach [I73] for the estimation of mRNA decay rates, we were for the first time able to
show that ecdysone differentially regulates the decay rates of a large fraction of genes. Strikingly,
changes in decay rates are characterized by a less sustained progression compared to changes in
synthesis rates, indicating that decay rates are controlled in a temporally more restricted (dynamic)
fashion. Although we currently do not fully understand the functional or mechanistic principle of
this observation, it suggests that the dynamic regulation of decay rates may facilitate the progression
from the proliferating cell state to the differentiated state, while the decay rates in the respective
cell states are again similar. Differential regulation of decay rates upon cellular stimulation has
been observed by others [166], 163, 162, 149 160]. It is thought that the dynamic regulation of
decay rates is an efficient mechanism for the cell to rapidly respond to environmental challenges
and is particularly important for shaping sharp ‘peaked’ gene expression responses [162] [160].

Ecdysone induces a rich and previously unknown diversity of gene expression dynamics.
By complementing the DTA gathered gene expression data with kinetic analysis we arrive at a
detailed dissection of ecdysone induced gene expression dynamics, their functional implications and
underlying regulatory principles. Specifically, we identified twenty kinetically distinct groups of
ecdysone regulated genes. Each group is characterized by a unique combination of effect type,
strength and timing of changes in mRNA synthesis and decay rates as well as total expression level.
Furthermore, the functional annotation of these groups is specific, reliable and agrees well with the
ecdysone induced phenotype. Importantly, only by simultaneously considering the changes in nascent
transcription, total mRNA expression, decay and turnover rates as well as their time-dependency,
we were able to encompass the entire complexity of ecdysone induced gene expression dynamics.
The twenty distinct gene expression dynamics immediately reveal several significant and novel
insights into the genomic response to ecdysone. First, we can both link the distinct gene expression
dynamics to specific biological processes and assign a temporal order in which ecdysone regulates
these biological processes to direct the cell from its proliferating state into the differentiated state.
We show that the earliest regulated gene groups are enriched for functional annotations related
to ecdysone signaling. Among the later kinetics we observe that regulation of genes implicated in
several aspects of metabolism slightly precede genes important for cell cycle and proliferation. Genes
involved in morphology and differentiation show a predominantly late gene expression response.
Since the timing of the late processes, namely metabolism, cell cycle and differentiation, overlap,
our data demonstrate that the ecdysone cascade regulates a wide variety of functionally diverse
genes at the same time.

Many of our observations are consistent with current knowledge of the ecdysone response. For
instance the earliest regulated gene groups comprise the early and early-late regulators of the
ecdysone response as defined in the Ashburner model [8]. The early and sustained differential
expression of these TFs indicates their importance as regulators of the ecdysone induced gene
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expression dynamics. Further data analysis will be able to explicitly address this question
by modeling the underlying TFs network and its motifs using the nascent transcription data.
Importantly, as other TFs and also RBPs exhibit the same kinetics as those key regulators, we
provide evidence to extend the set of early regulators. Within this extended set, we find both general
regulators of gene expression, such as the translation repressor brat, and regulators of specific cellular
processes such as the growth regulator foxo. Since Brat targets the key TFs Eip74EF and Eip75B our
results are the first indication how translational regulation is integrated into the ecdysone response.
Another intriguing finding of our study is that we can discriminate the contribution of transcript
synthesis and decay to the observed gene expression patterns. We identified several genes, whose
changes in total expression level are dependent on either altered synthesis or decay rates. However,
the largest fraction of genes is characterized by a correlated (coupled) change in synthesis and
decay rates, i.e. simultaneous increase or decrease in synthesis and decay rates. There are several
lines of evidence in the current literature that despite the spatial separation of mRNA synthesis
and decay, these processes can be coordinated in general and in particular upon environmental
perturbation [57, 179} 84, [144] 53|, 180} 192] 52, [156] 186] 187]. Coupling is thought to enable an
organism to quickly react to a signal and to quickly attain new mRNA steady state levels [80)].
One important coupling mechanism involves imprinting of the mRNA with general and/or class
specific coordinators, yet, not much is known about how imprinting specifically occurs. Our data
suggest that the underlying functional and mechanistic principles of combined or opposing action
of synthesis and decay rates seems to be complex and not of global nature. The molecular details
and regulation underlying the observed coupling remains to be explored.

The role of miRNAs in the ecdysone response. Our results suggest that miRNAs constitute
a crucial additional layer of regulation during the ecdysone response. Upon ecdysone treatment, we
observe a rapid repression of several miRNAs and a progressive induction of multiple other miRNAs.
The rapid repression indicates that ecdysone induced differentiation requires the coordinated down-
regulation of those miRNAs that are probably involved in maintaining the proliferating state. This
conclusion is corroborated by our finding that upon abrogation of miRNA activity S2 cells cease
proliferation. Furthermore, since ecdysone treated S2 cells undergo cell death in Agol knockdown
conditions, this suggests a crucial role of miRNAs in the specification of the ecdysone response. The
miRNAs of the miR-2 family and bantam have a well-established anti-apoptotic function [122] and
inhibition of their function could be one possible explanation for the observed cell death.

The important role of the ecdysone regulated miRNAs in the differentiation of S2 cells is supported by
the identified miRNAs which have established functions in ecdysone signaling, cell growth regulation
or differentiation (miR-14, miR-8, miR-277 and let-7-C locus [193] 35, 100}, 58]). Strikingly, the
largest fraction of identified miRNAs and especially the early induced miRNAs have not been
implicated in ecdysone signaling or in any of the phenotypic changes. Therefore, our data set
represents an excellent resource to reveal the function of these miRNAs in ecdysone signaling,
proliferation, cell cycle, metabolism or differentiation/morphogenesis.

By developing a novel decay rate-based approach for miRNA target identification, we already provide
a fundamental step for the functional analysis of these miRNAs. Our miRNA-mRNA network
approach matches discretized fold change patterns of miRNA expression to discretized fold change
patterns of estimated mRNA decay rates. We then used the mRNA expression level as additional
information to judge the “reliability” of identified miRNA-mRNA interactions. One advantage of our
decay rate-based network approach as opposed to expression-based networks is that mRNA decay
rates represent a more direct readout of miRNA activity compared to mRNA expression levels, which
represent a composite readout. Consequently, we find that in the expression-based networks only
12% of the mRNAs identified as miRNA targets show differential decay rates. The second advantage
of our decay rate-based network approach is that we do not assume an inverse correlation of miRNA
and mRNA expression levels. Thus, we can also reliably identify miRNA-mRNA interactions in
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which miRNAs only modulate mRNA expression levels, which are determined by mRNA synthesis.
Therefore, the decay rate-based network of the ecdysone response is superior to previous approaches
and comprises several mechanistic functions of miRNAs, including reinforcing the ecdysone induced
transcriptional program, attenuating transcripts that are specific to the proliferative cell state,
stabilizing the new/differentiated cell state or having stabilized the old /proliferative state.

We acknowledge the fact that changes in mRNA decay can be due to RBP mediated decay and/or
mechanistic coupling of transcription and decay. However, our approach reduces computationally
predicted miRNA-mRNA target interactions to an experimentally supported candidate list. The
obtained miRNA-mRNA network comprises known ecdysone regulated miRNAs and a large fraction
of the inferred target interactions agree with the ecdysone induced phenotypic changes. Thus, our
network represents a promising candidate list for both the validation of our decay rate-based network
approach and for unraveling the role of these miRNA-mRNA interactions in ecdysone signaling
and /or its regulated biological processes.

Finally, owing to the unprecedented and rich diversity of ecdysone induced gene expression dynamics,
this thesis establishes ecdysone stimulation in Drosophila S2 cells as an excellent experimental
paradigm for studying mechanistic details of gene expression regulation.

9 Outlook

Quantitative mechanistic understanding of transcriptional and post-transcriptional regulation of
gene expression upon environmental perturbation is fundamental to life science and medicine. This
thesis used the genomic response to the steroid hormone ecdysone in the Drosophila S2 cell line
as an experimental model to study various aspects of gene regulation. To this end, we combined
quantitative data of mRNA synthesis and decay with microRNA expression profiling as well as
with phenotypic readouts of proliferation, cell cycle and cell morphology. Some of the immediate
and long-term future challenges arising from results presented here are discussed in the following
paragraphs.

Mapping the transcriptional and post-transcriptional network governing the ecdysone
response

Realistic reconstruction of transcriptional and post-transcriptional regulatory networks that control
gene expression is one of the current key challenges in systems biology. Although gene expression
dynamics are ultimately encoded by constellations of cis-regulatory binding sites recognized by
trans-acting regulators such as TFs, RBPs and miRNAs, our understanding of this regulatory
code and its context-dependent readout is very fragmentary. Several recent studies prove that
computational modeling of genome-wide gene expression dynamics is a powerful approach to
reconstruct regulatory networks 36}, [154) (15, 178, [14]. To this end, several types of quantitative and
genome-wide biological data are integrated, including gene expression data, mapping of cis-regulatory
sequences and their occupancy with TFs or the general Pol II transcription machinery, as well as
miRNA and RBP expression and binding data. Ideally, these data are evaluated in a time-series
fashion upon environmental perturbation to sample dynamics and coordination of transcriptional
and post-transcriptional regulatory networks.

Our DTA data provide such quantitative data for modeling complex gene-regulatory systems
including transcriptional and post-transcriptional networks, their dynamics and coordination. We
identified multiple distinct patterns of coordinated gene expression activity whose underlying
regulatory mechanisms remain to be fully explored.

The ecdysone induced gene expression cascade represents one of the best-studied transcriptional
cascades in Drosophila. However, a global description of the underling regulatory network and
its motifs is still missing. The nascent transcription data, together with the identified ecdysone
regulated TFs, will enable modeling of this network. To this end, one first needs to identify TF
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binding sites in enhancers of ecdysone regulated genes, which can be addressed computationally using
a binding site prediction algorithm such as MotEvo [6]. The challenge ahead is to generate accurate
genome-wide maps of active enhancers during the ecdysone response to reduce the search space for
computational prediction of the binding sites. One method that not only allows for identification of
enhancers, but also has the unique advantage to uncover TF binding sites, if coupled to extremely
deep next-generation sequencing, is DNase I hypersensitive site (DHS) sequencing [191], [T51].

Until now, the role of post-transcriptional regulation in the ecdysone response has not been studied.
Based on our genome-wide estimated decay rates our study evaluates miRNAs as one mechanistic
regulator of the post-transcriptional network governing the ecdysone response. For a comprehensive
description of this network the target interactions of ecdysone regulated RBPs have to be integrated.
However, availability of experimentally determined target interactions are limited for Drosophila
and computational prediction of targets is hampered by the fact that RBPs have much more scope
to achieve specificity through secondary structure than though sequence [I0]. One experimental
technique that could be used to map RNA binding sites of RBPs on a genome-wide scale is
PAR-CLIP.

Importantly, by integrating the networks governed by TF, miRNA and RBPs we would arrive at a
quantitative description of gene expression as function of transcriptional and post-transcriptional
interactions.

Using the ecdysone paradigm to study coupling of mRNA transcription and decay
Eukaryotic gene expression is traditionally divided into several stages, including mRNA synthesis,
processing, export, translation and decay. A growing body of evidence argues that regulation of gene
expression is circular, by elucidating more and more mechanistic aspect of the coupling between
RNA transcription and decay [57, 114, [84] 29] (53], 52}, 180, 192, 156, 186, 80, 811 [187]. Importantly,
coupling most often accompanies cellular processes that involve transitions in gene expression
patterns, for example during mitotic division, cellular differentiation or in response to cellular
stress. Several coupling mechanisms have been studied on the molecular level including imprinting
of coupling coordinators onto the nascent mRNA, which then interact with the cytoplasmic decay
machinery (see references in [80]) or mechanisms involving feedback regulation between the decay
and transcription machinery. The latter was recently studied in yeast using synthesis and decay
rates obtained by ¢DTA (comparativeDTA) [186, [187]. Since the kinetic analysis of ecdysone
induced gene expression dynamics shows a widespread coupling, the ecdysone paradigm is a perfect
model system to study mechanistic aspects of coupling. As we observe different extent of coupling
in distinct groups of genes, it will be interesting to investigate, if the respective coupling underlies
specific or global mechanisms. Experimentally this could be addressed by impairing factors of
mRNA synthesis or degradation coupled to DTA. Given that most mechanistic studies were
conducted in yeast, studying coupling in Drosophila would generalize these findings to metazoan or
identify novel and metazoan specific mechanisms.

Validation of the decay rate-based network approach and the role of miRNA in the
ecdysone response

Using single molecule imaging we identified multiple ecdysone regulated miRNAs. To date most
of these miRNAs have no established function in ecdysone signaling, proliferation, cell cycle,
metabolism or differentiation/morphogenesis. Furthermore, some miRNAs are even missing any
functional characterization in Drosophila. Therefore, our dataset represents an excellent resource to
study the function of these miRNAs.

A crucial step in understanding the role of miRNAs is to determine their authentic miRNA targets.
We established an improved miRNA-mRNA network approach to reduce computationally predicted
target interactions to an experimentally supported candidate list. We acknowledge one drawback
of our current approach that is the matching criterion we used for the correlation of miRNA
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expression and mRNA decay rates. Since we demanded a complete match of the discretized
expression/decay rate fold change patterns, we increased the number of false negative results, thus
rendering our approach rather conservative. An improved strategy would be to use Pearson or
Spearman correlation or regression based analyses [I50]. Although this improvement should be
made to extent the list of candidate interactions, we are confident that our strict matching criterion
identified some of the most promising miRNA-mRNA target interactions.

A validation strategy for these target interactions is be to insert the 3" UTR of the identified targets
downstream of a luciferase gene and test the degree of target down regulation during ecdysone
treatment using a luciferase reporter assay. In order to use the ecdysone induced differential of
endogenous miRNA levels the sensitivity of the luciferase assay has to be optimized by using rapid
response luciferases [3].

Furthermore, individual or combined knockdown of the involved miRNAs in untreated and ecdysone
treated cells could help to determine the role of these miRNAs in ecdysone signaling and/or the
ecdysone regulated biological processes. The most interesting candidates are the early and strongly
repressed miRNAs miR-34, miR-277 and miR-317 as well as the so far unstudied and relatively
early induced miRNAs miR-282* miR-276a*, miR-276a, miR-276b and miR-252.

Relevance for cell biology and medicine

The results presented in this thesis can provide novel insights into cell biology and medicine. Both,
our detailed characterization of ecdysone induced phenotypic changes and the functional annotation
of differential expressed genes demonstrate the major impact ecdysone has on cell proliferation, cell
cycle, growth, metabolism, morphology and differentiation. One of many possible future applications
arising from our data set could be to study the possible mechanistic link between metabolism and
cell cycle exit. The functional annotation of the kinetically distinct gene groups suggests that gene
expression changes in metabolic genes slightly precede the ones in cell cycle related genes. This
raises the question, if the rearrangement of metabolism may be causative for the cell cycle exit. This
hypothesis is supported by a recent publication that studied stem cell proliferation and terminal
differentiation in Drosophila neural stem cells [90]. The authors demonstrate that ecdysone induced
changes in energy metabolism initiate an irreversible cascade of events leading to cell cycle exit.
Therefore, analysis of metabolism and cell cycle related genes in our data could provide further
mechanistic insight into the pivotal role of metabolic rearrangement for cell cycle exit.

Finally, since mammalian steroid hormone signaling is also involved in proliferation control, our
results extend beyond insect development and homeostasis. In fact, most of the established prostate
and breast cancer treatments are designed to modulate steroid hormone production or response [90)].
The presented mechanistic connections between steroid hormone signaling, energy metabolism, and
cell proliferation regulation could for instance provide novel insights into cancer therapy.
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Part IV

Establishing an improved DTA-RNA-Sequencing
protocol for dissecting the Drosophila core
promoter

10 Results and Discussion

The core promoter project seeks to arrive at a quantitative understanding of the contributions core
promoters make to the gene expression level. To this end, genome-wide binding profiles of key
protein components, namely nucleosomes and the general transcription machinery (Pol II, TBP,
TFIID), as well as the output transcript steady state and nascent transcription rates were measured
in S2 cells (Figure . My contribution to the project was the measurement of transcript steady
state and nascent transcription rates using DTA-RNA-Sequencing. To this end, I first adapted
the DTA microarray protocol to next-generation sequencing and established a novel procedure for
data normalization using artificial Spike-In transcripts (Section , as well as a novel strategy
for rRNA depletion during sequencing library preparation, employing rRNA specific oligo probes

(Section (10.2)).

Experimental conditions Measurement of features
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Figure 24: Outline of the genome-wide experiments for dissecting the Drosophila core promoter. In the
core promoter project we measured genome-wide protein-DNA binding and expression profiles in S2 cells.
The cells were stimulated in a time series fashion with well-defined stimuli that are known to trigger different
(transcriptional) responses.

10.1 4sU labeled and unlabeled Spike-In transcripts enable DTA-RNA-
Sequencing data normalization

The integration of diverse genome-wide data sets is fundamental to the core promoter project,
and therefore all data sets have to be measured in a highly quantitative manner and with best
accuracy. Transcriptome analysis using DTA fulfills these criteria, as it provides a highly sensitive
and direct readout of transcription [144]. However, one of the major drawbacks in transcriptomics
is the unknown normalization factor between samples. Variations in RNA extraction efficiencies,
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Figure 25: Spike-In procedure is highly reproducible and controls for nascent RNA extraction efficiency.
Equal amounts of six Spike-In transcripts, three 4sU labeled and three unlabeled, were added to all samples
after cell lysis (Methods Section . Diagram presents sequencing results of an experiment used for
establishing the appropriate Spike-In amount. In this particular experiment Spike-In 5 was not added to the
cell lysate in order to determine the background level. The reads per Spike-In are expressed as the percentage
of all reads derived from libraries prepared using either total or nascent RNA. Total RNA libraries were
prepared in two technical replicates.

purification and amplification steps in the protocol and sequencing bias introduce differences in
global abundance levels. The estimation of the normalization factors limits the precision of DTA.
To largely overcome this limitation, I adapted a novel procedure for data normalization using artificial
RNA Spike-In transcripts for the DTA protocol. The main achievement was to create 4sU labeled
Spike-Ins to enable normalization of both the total and the nascent RNA fraction. The Spike-
In sequences were derived from the ERCC RNA Spike-In Mix (Ambion), which contains 92 well-
characterized transcripts from random unique sequences with no homology to mouse, rat, human,
drosophila or bacteria. Six of these sequences were chosen based on defined criteria: (i) approximate
length of 1000 nt, (ii) almost equal number of uridines and (iii) either 30%, 40% or 50% GC content.
The different GC contents are represented by two Spike-Ins; one 4sU labeled, one unlabeled. Besides
normalization of the sequencing data, using 4sU labeled and unlabeled Spike-Ins allows estimating
the extraction efficiency of nascent RNA by the presence of unlabeled Spike-Ins in the nascent
RNA fraction. Spike-Ins were generated by in wvitro transcription (Methods Section and
added to all samples after cell lysis. The amount of added Spike-Ins is first calculated as 1% of
all total RNA library reads, further refined by two sequencing test runs and finally determined as
1.44 x 10% molecules per Spike-In. The Spike-In procedure was highly reproducible between technical
replicates (Figure . We observed a slight contamination of the nascent RNA fraction with total
RNA. In the nascent RNA fraction, unlabeled Spike-Ins yielded one order of magnitude more reads
compared to a Spike-In that was not present in the sample.

10.2 InDA-C technology efficiently depletes Drosophila rRNNA during sequenc-
ing library preparation

The major determinants for the choice of sequencing strategies are whether sequencing libraries are
prepared strand specific and how rRNA transcripts, if not explicitly under study, are depleted. The
strategy for strand specificity inherently depends on the purchased library preparation kit and is
often a corporate secret. rRNA transcripts typically represent 70-80% of all transcripts. Therefore,
several strategies for rRNA depletion were developed: (i) hybridization-mediated pull down of rRNA|
(i) hybridization-mediated enrichment of poly-A transcripts, or (iii) rRNA disfavoring primers for
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cDNA generation. We could not employ the first two strategies, since these require more starting
RNA material than we can isolate in our DTA protocol. Furthermore, we seek to minimize the
handling steps on RNA to confer best RNA quality. The strategy of using rRNA disfavoring primers
did not prove as efficient, since the primers are not optimized to disfavor Drosophila rRNA transcripts
(Figure ) To overcome these limitations, I employed the novel Insert Dependent Adaptor
Cleavage (InDA-C) technology that selectively targets and eliminates unwanted transcripts from
sequencing libraries (Figure ) In collaboration with the company NuGEN, which established
this technology, we designed 124 Drosophila TRNA specific oligo probes (Methods Section
and successfully depleted rRNA fragments down to 20% and 2% of total reads, derived from total
and nascent RNA libraries, respectively (Figure ,c). Moreover, the InNDA-C technology was high
reproducible and did not show unwanted off-target effects (data not shown).
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Figure 26: InDA-C technology efficiently depletes rRNA. (a) Insert Dependent Adaptor Cleavage (InDA-C)
technology enables depletion of unwanted transcripts, e.g. rRNA transcripts, through sequence-specific
targeting. After library preparation and strand selection the single stranded library is incubated with
customized oligo probes targeting e.g. Drosophila TRNA. The oligo probe is extended towards the reverse
sequencing adaptor, where it complements a restriction site for adaptor cleavage. In the subsequent library
amplification only library fragments with both intact adaptors are amplified exponentially. (b) Effective
depletion of Drosophila rTRNA library fragments using the InDA-C technology with 124 Drosophila specific
rRNA oligo probes. Oligos were designed as described in Methods Section[6.5.2] Illustrated is the distribution
of rRNA and informative reads (non rRNA) in total (top) or nascent RNA (bottom) libraries prepared without
(left) and with (right) the InDA-C technology. (c) Efficient depletion of abundant rRNA transcripts. Diagram
depicts the percentage of mapped reads from a sequenced library that mapped to rRNA transcripts. Shown
are the Top 22 rRNAs based on libraries prepared without the InDA-C technology.
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10.3 Genome-wide measurement of transcript steady state and nascent tran-
scription rates

To describe and quantify the rules underlying variability and degree of plasticity in the transcriptional
output between genes, it is crucial to measure transcript abundance and transcription rate in an
activity depended manner. We triggered different transcriptional programs by stimulating S2 cells
in a time series with ecdysone as developmental stimulus, insulin as metabolic stimulus and heat
shock to induce a stress response (Figure . The stimulation time intervals were individually
determined for each stimulus based on previous experiments using nascent mRNA profiling (data
not shown). Heat-shock stimulation is limited to 2 hours, since afterwards cells undergo cell
death. Insulin and ecdysone treatment were monitored in frequently sampled early time points
and extended to 8 hours, to measure not only primary but also secondary response genes. In
the final experiment, all treatments were conducted simultaneously and the DTA protocol as
well as sequencing library preparation (38 libraries) were carried out as described in Methods
Sections|6.1.3] [6.3.1]-16.3.4} [6.3.6} |6.5.3] All libraries yielded high quality sequencing data (data not
shown) and were in the initial phase of data analysis at the time this thesis was written (Methods

Section [6.5.4]).

Taken together, I successfully established a standardized, strand-specific RNA-sequencing protocol
and carried out genome-wide measurement of transcript steady state and nascent transcription rates.
The established Spike-In controls will enable bias corrections for all experimental steps, after RNA
extraction to data generation. This will improve comparisons of DTA-RNA-Sequencing samples
both within the core promoter project and future projects. Furthermore, Spike-In normalization will
facilitate identification of global changes in transcription. The adaption of the InDA-C technology
to Drosophila TRNA depletion was highly efficient and cost-effective. Due to the higher fraction of
informative reads in the sequencing libraries, I could decrease the costs for sequencing and was able
to conduct paired-end, instead of single-end sequencing, within the project budget. The obtained
transcription rates will be correlated with computationally identified promoter sequence motifs
(XX-motif), Pol II and GTF binding profiles (ChIP-Seq) as well as nucleosome positioning data
(MNase-Seq) in order to classify core promoters and generate quantitative models for their activity.
Furthermore, the DTA-RNA-Seq data set of S2 cells under various stimulation conditions represents
a crucial data resource beyond the core promoter project.
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Part V

Appendix

11 Supplementary Figures

Supplementary Figure 1: Cluster trajectories

Ecdysone regulated genes were clustered as described in Methods Section [6.3.14.2] Shown are the
individual cluster trajectories in decay and synthesis rate (left) and nascent (labeled) and total
RNA (right). Trajectories delineate mean fold change at one time point (1 hour to trajectory end
at 12 hours).

Supplementary Figure 2: Cluster fold change progression

Ecdysone regulated genes were clustered as described in Methods Section [6.3.14.2] Time course
progression of individual cluster logs fold changes (y-axis) in nascent RNA (yellow), total RNA
(grey), decay rate (blue), synthesis rate (red) and turnover (green) are shown. Solid line represents
mean fold change and shading between error bars the standard deviation.

Supplementary Figure 3: All cluster features and GO/KEGG enrichment terms
Kinetic features according to Methods Section [6.3.15.1] Average 5" or 3° UTR length of each
cluster was compared to average 5 or 3" UTR length of all clusters (Methods Section .
Green denotes 25% longer or shorter UTR. Functional enrichment for GO “Biological Process” and
KEGG terms (*) was calculated using Fisher’s exact test (p-value <0.01; Methods Section [6.3.15).
Table lists the individual significantly enriched terms. Summarized degree of over-representation:
number of expected genes in a term, compared to number of observed genes.

Supplementary Figure 4: The 15 highest expressed miRNAs

The 15 highest expressed miRNAs from smallRNA-Seq data of Berezikov et al. 2011 (modENCODE)
were compared to miRNAs profilied in this study (Methods Section for untreated and ecdysone
treated cells (12 and 72 hours).

Supplementary Figure 5: “Valid” interaction networks of miRNA-mRNAs

Network was generated as described in Figure 20and Methods Section [6.4.7 Networks illustrates
“valid” interactions between induced (a) and repressed (b) miRNAs (triangle) and their predicted
targets (circles). Diamonds represent TFs. Circle color denotes significantly increased (red) or
decreased (blue) decay rates at any time point in the 2-12 hours interval (fold change >1.5, p-value
<0.01). Lighter-colored circles indicate that decay rate was either first decreased and then increased
(light red) or first increased then decreased (light blue). Label color denotes significant total mRNA
expression change during ecdysone treatment (fold change >1.5, p-value <0.01): red (induction),
blue (repression) or no change significant change (black). Edges are colored according to regulated
miRNAs (Figure ) Edges with contiguous arrows represent target interactions, which were
identified in both the decay rate-based and expression-based network.
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Supplementary Figure 1: Cluster trajectories (Cl 1-5)
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Supplementary Figure 1: Cluster trajectories (Cl 6-10
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Supplementary Figure 1: Cluster trajectories (Cl 11-15)
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Supplementary Figure 1: Cluster trajectories (Cl 16-20)

log; ( synthesis rate fold yg,/ g1 ) loge ( synthesis rate fold yg /g, }

logg ( synthesis rate fold g/ g1 )

log. ( synthesis rate fold pigi/pg.1 )

logz { synthesis rale fold g/, )

"""""""

-l ol Bl

4 2

log,  decay rate fold Ag;/g.1 )

0

2

4

{17 (140)]" i

R

logy, ( decay rale fold Ag/Ag.1)

2

0

2

4

4 2

logy ( decay rale lold hg;/hy.; )

0

2

4

4 2

0

2

log, { decay rate fold Ag,/Ag1)

4

4 2

0

log, ( decay rate fold ig/Ag,1 )

logp ( total expression fold Tg/ Ty ) logz ( total expression fold Tg/Tg 1) log; ( total expression fold T/ Tgrs ) log; ( total expression fold Tg/ Ty, )

log ( total expression fold Tg,/Tg )

P T P R e

4 2

0

2

4

log, ( labeled expression fold Lg,/Lg.; )

17 (140) i

4 2

0

-4

2

0

T

2

4

log, ( labeled expression fold Ly,/Lg. )

19(114)

< -

-2

0

2

4 : ‘
log; ( labeled expression fold Lgi/Ly. )

4

T
-2

0

2

4

log, ( labeled expression fold Lg,;/Lg.; )



Supplementary Figure 2: Cluster fold change progression (Cl 1-4)
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Supplementary Figure 2: Cluster fold change progression (Cl 5-8)
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Supplementary Figure 2: Cluster fold change progression (Cl 9-12)
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Supplementary Figure 2: Cluster fold change progression (Cl 13-16)
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Supplementary Figure 2: Cluster fold change progression (Cl 17-20)
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Supplementary Figure 3: All cluster features and GO/KEGG enrichment terms.
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Supplementary Figure 4: 15 most expressed miRNAs.

Berezikov et al. 2011 This study This study This study
(mod ENCODE) untreated 12 hours ecdysone 72 hours ecdysone
miRNA read counts miRNA counts miRNA Rank gain miRNA Rank gain
bantam-3p 14.081.371 miR-8-3p 14892 bantam-3p 2 miR-276a-3p 3
mir-184-3p  2.730.062 miR-184-3p 11925 miR-276a-3p 2 miR-279-3p 3
mir-2a-2 1.437.869 bantam-3p 11583  miR-8-3p -2 miR-996-3p 5
mir-14-3p 1.297.615 miR-276a-3p 5687 miR-184-3p -2 miR-282-3p 21
mir-2a-1 1.112.467 miR-279-3p 5523  miR-275-3p 1 miR-125-5p 60
mir-2b-1 752,158 miR-275-3p 4042 miR-279-3p -1 miR-8-3p -5
mir-2b-2 727359 miR-995-3p 2321 miR-282-3p 18 bantam-3p -4
mir-996-3p 711.140  miR-996-3p 2144  miR-996-3p 0 let-7-5p 58
mir-8-3p 624.874 miR-277-3p 2103  miR-995-3p -2 miR-184-3p -7
mir-13b-2 606,944 miR-306-5p 1628  miR-306-5p 0 miR-100-5p 57
mir-282-5p 594.335 miR-13b-3p 1287 miR-13b-3p 0 miR-275-3p -5
mir-11-3p 357.425 miR-34-5p 1169  miR-11-3p 2 miR-13b-3p -1
mir-13b-1 319,060 miR-304-5p 989  miR-304-5p 0 miR-304-5p 0
mir-34-5p 280.892 miR-11-3p 989  miR-9c-5p 1 miR-11-3p 0
mir-276a-3p 272952 miR-9¢c-5p 969  miR-988-3p 1 miR-970-3p 3
mir-2b-1  Rank 17 miR-995-3p -10
miR-2a-1 Rank 19 miR-277-3p -16
mir-14-3p Rank 36 miR-306-5p -11
mir-282-5p  not expressed miR-34-5p -41
mir-13b-2 not queried
miR-2a-2 not queried up, down in 2-72 hours
mir-2b-1 not queried BOLD found in Berezikov 2011
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Supplementary Figure 5: Valid miRNA-mRNA network
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12 Supplementary Tables (CD-ROM)

All Supplementary Tables are provided as data files on the attached CD-ROM.

Supplementary Table 1: Expressed and differential genes

Table contains all genes queried by the Affymetrix Drosophila Genome 2.0 microarray that are
expressed in S2 cells (Methods Section . For all genes ecdysone induced fold change and
p-value (Student’s t-test) compared to untreated cells for Nascent (N) RNA, Total RNA (T),
Synthesis (S) rate and Decay (D) rate data sets are shown. Significant induction or repression as
well as time series hit (betr) is stated (Methods Section [6.3.12)).

Supplementary Table 2: topGO functional enrichment of ecdysone regulated genes
Ecdysone regulated genes were tested for functional enrichment in GO terms of “Biological
Process”, “Cellular Component” and “Molecular Function” using topGO (Method Section [6.3.13.1]).
Enrichment was calculated for (i) all regulated genes), (ii) induced genes and (iii) repressed genes.
The elim algorithm was used to sort the enriched GO categories according to their p-value.

Supplementary Table 3: ClueGO functional enrichment of ecdysone regulated genes
All regulated genes were tested for functional enrichment in terms related to Cell Cycle, Metabolism,
Differentiation /Morphogenesis using the Cytoscape plugin ClueGO (Methods Section [6.3.13.2)).

Supplementary Table 4: ClueGO functional enrichment of differentially regulated
synthesis and decay rates
Genes with altered synthesis and decay rates were tested for functional enrichment in in GO and

KEGG terms of “Biological Process” using the Cytoscape plugin ClueGO (Methods Section |6.3.13.2)).

Supplementary Table 5: Functional enrichment of k-means clusters
The functional annotation enrichment of each cluster was calculated using Fisher’s exact test
against all genes present on the Affymetrix Drosophila genome 2.0 array (Methods Section [6.3.15.3)).

Supplementary Table 6: Spike-In sequences used for DTA-RNA-Sequencing
Methods Section [6.5.1] and Table [l

Supplementary Table 7: InDA-C oligo sequences used for DTA-RNA-Sequencing
Methods Section [6.5.2)

13 Supplementary File (CD-ROM)

Supplementary File: DTA output files and betr time series hits

DTA package output lists for labeled (nascent) expression, total expression, synthesis rate and decay
rate (Methods Section [6.3.10}, [6.3.11]). Betr time series hits for labeled and total RNA (Methods

Section [6.3.12)).
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