@M JG|U

Institute of
Molecular Biology

rERNATIONAL sjonannes GUTENBERG
PhD PROGRAMME UNIVE RS|TAT MAINZ

MAINZ

The Drosophila 7SK snRNP complex 1s
required for synaptic growth and function
of motoneurons

Dissertation

Zur Erlangung des Grades
Doktor der Naturwissenschaften
Am Fachbereich Biologie
Der Johannes Gutenberg-Universitit Mainz,
Deutschland

(With the aim of achieving a doctoral of science at the
Department of Biology, Johannes Gutenberg University,
Mainz, Germany)

Submitted by
Giriram Kumar Mohana Sundara Shanmugam

Date of Birth: 16 October 1987, Coimbatore, India.




Evaluation Committee
Dean:
1%t Reviewer:

2nd Reviewer:

Date of Oral Defense: 26™ September 2019



Table of Contents

1 ABSTRACGT ...ttt sttt b e s bt et b e she et e bt st et e b e smeennenees 7
2 ZUSAMMENFASSUNG .....cooiititiiieetetee ettt ettt ettt st b et eanes 8
3 INTRODUCTION......coooiiiiiiiiiiiei e n e e 11
3.1 Gene Regulation .............ccoooiiiiiiiiiii e 11
3.1.1 TranSCription .........cccoooiiiiiiii e s 12
3.1.2 The AsSembIy.........cocooiiiiiiiiiiii s 12
3.13 INEtEACION . ..o e 14
3.14 PAUSIIG ... e e e 15
3.1.5 ElonGation ..........cocooiiiiiiiieie e e 15
3.1.6 TerminAtioN .........c.cooiiiiiiiii e e 16
3.2 Co-transcriptional SPLicing. ...........ccoeeiiiiiiiniee e 16
3.2.1 The SPHCEOSOIME ...........ooouviiiiiiiiiieiee ettt e sre e sbe e e saae e e 16
3.2.2 RNA Pol II Kinetics and Splicing. ........c.cccooviiiiiiiiiiiiieeeeeeeee 18
3.2.3 CDKOIY/CYCT ..ttt st s e e 20
3.24 Pause Release by CDK9 ACtivity. .......ccccoooiniiiiiiiiiiiiiccececece e 21
33 The 7SK snRNP Complex Regulates RNA Pol II Pause Release.......................... 23
3.3.1 7SK RNA ..ottt e 23
3.3.2 LARPT ...ttt e e 25
3.3.3 MEPCE ... e e 26
3.34 HEXTIM ..ottt ettt ettt s st sb e ebe et b st 27
34 Summary of 7SK sSnRNP Function. ..........ccccccovcveiiiiiiiniiinieciieiecnec e 28
3.5 The Drosophila TSK sNRNP COMPIEX .......ccccevviiiiiiiiiniiiiieeiieenieesiee e esiee e 28
3.5.1 The 7SK snRNP Complex is Essential for the Development in Mouse and
Zebrafish. .........cocoooiiiiii e e e 29
3.5.2 The 7SK snRNP Complex Role in Cancer. ............cccccoooeeviinininnincicecens 29
3.5.3 Alazami Syndrome (AS). ......c.ooiiiiiiieiie e e 30
3.54 Drosophila as a Model to Understand the Role of 7SK snRNP Complex in
vivo. 32
3.6  Development of DroSOPRila....................ccccooovcueiviiiiiiiiiiiiiiiieeiiieeniee e snaeesvee e 33
3.6.1 Locomotion of Drosophila 1arvae.................ccccccovviiiniieiniiiiniieinieescieeeseeeneeenas 34
3.6.2 Motor Circuits and Larval Locomotion................ccccccooviiiiiiiiniieinieeniees 35
4 AIM Of ThiS STUAY .....oorniiii e e 38
5 RESULTS ..ottt st b et sb et e b sbe e st e b sbeesn et e sbeenenees 40
5.1 Larp7 is Differentially Expressed during Drosophila Development ..................... 40
5.1.1 Larp7 Expression during Development...................ccooceiriiiininnenicieeen, 40

3



5.1.2 Identification of eGFP-Larp7 Enriched Midline Cells. ................................. 42
5.2 Generation of 7SK and Larp7 Knock-0uts .............cccoevieiieiiiniinieneneenee e 42

5.21 The 7SK snRNP Complex is Required for Locomotion of Drosophila
Larvae. 42

5.2.2 Larp7 is Essential in Post Mitotic Neurons. ............ccccccoeeevieneencnicnicneennne. 45
53 The 7SK RNP complex is required in motoneurons ...............cccoecveercveennveenveennnn. 48
5.3.1 Neuromuscular junction analysis of 7SK snRNP mutants........................... 48
5.3.2 Cell specific expression of Larp7 in motoneurons restores locomotion........ 49
5.3.3 Depletion of Larp7 in motoneuron recapitulate mutant phenotype. ............ 51

54 The locomotion and axonal growth defects result from P-TEFb

RYPEractivation. ..........cccooiiiiiiiiii e e e e 52
5.5 Transcriptomic analysis of 7SK snRNP mutant in aCC and RP2 cells. .............. 54
5.5.1 Specific set of genes are regulated by 7SK snRNP complex...............ccccueenn. 54
5.5.2 GC distribution at the promoter is a signature of pausing............................ 56

5.5.3 Long intron-containing genes are sensitive to 7SK snRNP complex

AEPIELION. ... e e e e e 58
554 The 7SK snRNP mutants regulate genes containing set of motifs at around
TSS. 60
5.6  Larp7 function is evolutionarily conserved. .............ccccocoviviininencncnicrcee 63
DISCUSSION ..ottt sb e sre e b 66
6.1 The Drosophila 7TSK snRNP complex is structurally similar to the vertebrate
(V110 117 4 1 of OO PP PPPPTPPPTOt 66
6.1.1 Sequence alignment comparison between species. .............ccoccceevierieinneenne. 66
6.1.2 Subcellular localization of the 7SK snRNP complex...............ccoccociiinnnnn 67
6.1.3 Vertebrate Larp7 can stabilize the Drosophila 7SK RNA. ...............cc.cc...... 68
6.2  Ubiquitous and differential expression of 7SK snRNP components during
development of Drosophila. ....................cccoooveviiniinoiiiiiiceceeeeeeee e 69
6.3 Depletion of the 7SK snRNP complex leads to a developmental defect. .............. 69
6.4  Drosophila TSK snRNP mutants have strong locomotion defect ......................... 70
6.5 The NMJ development is highly affected in 7SK snRNP mutants ....................... 73
6.6 The axonal growth defect in the 7SK snRNP mutants is due to transcriptional
CRANEGES. ..o 74
6.7  Misregulated genes in the 7SK snRNP mutants have unique architecture. ........ 74
6.8 The exon junction complex regulates RNA Pol I pausing and splicing of large-
INtron containing GeMeS..........ccccoociiiiiiiiiiiiie e e 79
MATERIALS AND METHODS .....ccoooiiiiiiiiiiiiiciteirerresr e 81
7.1 Drosophila SEOCKS. .............cccociiiiiiiiiiii 81
7.2 CRISPR/Cas9 Gene editing in Drosophila. .....................ccccooeveeneininvcniiniinnenn, 81



7.3 Gene cloning and generation of transgenic flies...................ccoccooii 81
7.4 Single fly genomic DINA ..ot 82
7.5 Reverse transcription and quantitative real-time PCR. .................ccccovveirnnnnnnee. 82
7.6 S2 cells knockdown and transfection.............cc..ccoooeeviiiiiiiniiincie 83
7.7 RINA SEQUENCINE. .....cooviiiiiiiiiieiiee ettt esie et essteesiteesteessbeessabeesabeesbaesnsseesasessasens 83
7.8  Raw-data Processing...........cccccooviiiiiiiiiiiiiicieeeeee e 84
7.9  RINA-Seq ANALYSIS .....coooviriiiiiiiiieeeeeee e 84
TAO GO COMLENE ...ttt ettt e r e b e e s e s sanes 84
TA1 Gene Length...........ccoooiiiiiiiiiiiie ettt s 85
7.12  Staging of development..................ccccooiiiiiiiiiii 85
TI3  IMIECTOSCOPY - ettt ettt ettt s e e eb e st e st e s b e e sme e e sar e s beesameeesaneesaneeenes 85
7131 Live imMAaging: ......c.ccoooviiiiiiiiieeeeeee e 85
7.13.2  Expression pattern of Larp7:........ccccoooiiiniiiiiiiieeeeeeee e 85
7.13.3  NMJ immunohistochemistry: ..........ccccoovviiviiiiiiiiiii e 86

7.14 ImmunOStAINING. .......ooooiiiiiiiiiiiiie e s e s s 86
TA5  CrawliNg ASSAY.......cociiiiiiiiiiieieeeee e e 87
716 Life SPAN ASSAY ....cccuviiiiiiiiiieiiieeiee ettt et et sbe e s sab e sareesareas 87
7.17  Bouton calculation..............cooceiiiiiiiiiiiiiiiie e 87
718  ImmMUNODIOL .......ooiiiiiiiiii s 87
719 RNALIDIAIVAC.....co i 88
8. Graphical ADSTIract ...........cociiiiiiiii e 89
0. ANEICIE ...ttt ettt st e st e s bt e s be e e s abeesbeeeanee 90
10.  List of abbreviations ............cccccooiiiiiiiiiiiiieee e 108
................................................................................................................................................... 110
11. Table 2: List of flies used in this Study ............ccociiiiiiiiiee 110
12.  Table 3: Primers used in this Study ..........c.ccoooiiiiiiiiiiees 114
13. Biblio@raphy .......ccooiiiiiiie e 116
14. ACKNOWIEAZEIMENTS.........ccooiiiiiiiiiiiiie ettt e e s e e 127
15. Curriculum VItae ..........c.oooiiiiiiiiii e e 128


https://d.docs.live.net/b157f2f7dbd57d95/Thesis/Thesis%20To%20Print/Thesis-Giriram_library%20print-17-09-19.docx#_Toc19590739
https://d.docs.live.net/b157f2f7dbd57d95/Thesis/Thesis%20To%20Print/Thesis-Giriram_library%20print-17-09-19.docx#_Toc19590743

Abstract




1 ABSTRACT

The 7SK snRNP is a ribonucleoprotein complex composed of the abundant non-
coding nuclear RNA 7SK, the RNA binding proteins Methylphosphate Capping
Enzyme (MePCE), La-related protein 7 (Larp7) and Hexamethylene bis-acetamide-
inducible (HEXIM). In higher eukaryotes, the 7SK snRNP complex plays a major
role in preventing the premature entry of paused RNA Pol II into the elongation phase
by sequestering the positive transcription elongation factor (P-TEFb). Intriguingly,
despite this general function characterized essentially from cell culture studies, the
LARPY7 loss of function in human is viable. Nevertheless, the patients suffer from
several defects including restricted growth and intellectual disability, also known as
the Alazami syndrome. Currently, it is unclear how the absence of LARP7
specifically gives rise to this syndrome. In order to gain insights into this question
and to more globally assess the function of promoter-proximal pausing in a
developmental context, I used Drosophila as a model organism to generate mutants
of several 7SK snRNP complex subunits. I found that the knockout of Larp7 or 7SK
RNA in Drosophila does not affect viability but alters fly locomotion. Consistently,
alteration of the 7SK snRNP complex specifically reduces axonal growth at
neuromuscular junctions (NMJ) of developing larvae. I showed that Larp7 is enriched
in a few subtypes of motoneurons and acts autonomously in these cells to promote
axonal growth. In addition, electrophysiology analysis of synaptic activity shows
mild alteration of synaptic transmission. Interestingly, decreasing the level of P-TEFb
fully restores the axonal growth and partially the locomotion, indicating that the 7SK
snRNP complex regulates growth via a transcriptional function. Our transcriptomic
analysis of mutant motoneurons revealed that the 7SK snRNP complex regulates
genes that contain high GC content at their promoter as well as long introns.
Altogether, our work adds new insights into the specificity of the 7SK snRNP
complex during the development of a multicellular organism and highlights the

importance of promoter-proximal pausing in the development of motoneurons.



2 ZUSAMMENFASSUNG

Der Drosophila 7SK snRNP-Komplex wird fiir synaptisches Wachstum
und die Funktion von Motoneuronen benotigt.

Das 7SK snRNP ist ein Ribonukleoprotein-Komplex, der sich aus der reichlich
vorhandenen nicht-kodierenden nuklearen RNA 7SK, den RNA-
Bindungsproteinen Methylphosphat-Capping-Enzym (MePCE), La-related
Protein 7 (Larp7) und Hexamethylene bis-acetamide-inducible (HEXIM)
zusammensetzt. In hoheren Eukaryoten spielt der 7SK-snRNP-Komplex eine
wichtige Rolle bei der Verhinderung des vorzeitigen Eintritts von pausierter
RNA Pol II in die Elongationsphase durch Sequestrieren des positive
transcription elongation factor (P-TEFb). Interessanterweise ist trotz dieser
allgemeinen Funktion, die im Wesentlichen aus Zellkulturstudien hervorgeht,
der LARP?7-Funktionsverlust beim Menschen lebensfdhig. Nichtsdestotrotz
leiden die Patienten an mehreren Defekten, einschlieBlich eingeschréanktem
Wachstum und geistiger Behinderung, auch bekannt als Alazami-Syndrom.
Derzeit ist unklar wie das Fehlen von LARP7 zu diesem Syndrom fiihrt. Um
Einsichten in diese Frage zu gewinnen und die Funktion des promoter proximal
pausings globaler im Kontext der Entwicklung zu bewerten, generierte ich
Mutanten mehrerer 7SK snRNP-Komplexuntereinheiten im
Modellorganismus Drosophila. Ich fand heraus, dass der Funktionsverlust von
Larp7 oder 7SK-RNA in Drosophila nicht die Lebensfahigkeit beeinflusst,
sondern die Fortbewegung der Fliegen verindert. In Ubereinstimmung damit
reduziert die Verdnderung des 7SK snRNP-Komplexes spezifisch das axonale
Wachstum an neuromuskuliren Ubergiingen (NMJ) von sich entwickelnden
Larven. Ich habe gezeigt, dass Larp7 in einigen Motoneuronsubtypen
angereichert ist und in diesen Zellen autonom wirkt, um das axonale Wachstum
zu fordern. Dariiber hinaus zeigt die elektrophysiologische Analyse der
synaptischen  Aktivitit eine leichte Verdnderung der synaptischen
Ubertragung. Interessanterweise stellt eine Verringerung des P-TEFb-Spiegels

vollstdndig das axonale Wachstum und partiell die Fortbewegung wieder her,



was darauf hinweist, dass der 7SK-snRNP-Komplex das Wachstum {iber eine
Transkriptionsfunktion reguliert. Unsere transkriptomische Analyse von
mutierten Motoneuronen ergab, dass der 7SK-snRNP-Komplex Gene
reguliert, die an threm Promotor einen hohen GC-Gehalt sowie lange Introns
enthalten. Zusammengefasst liefert unsere Arbeit neue FEinblicke in die
Spezifitit des 7SK-snRNP-Komplexes wihrend der Entwicklung eines
mehrzelligen Organismus und unterstreicht die Bedeutung des promoter

proximal pausings bei der Entwicklung von Motoneuronen.



Introduction




3 INTRODUCTION

3.1 Gene Regulation

Nucleic acids are the fundamental genetic element present in all living organisms
on earth. They are known for more than a century. Friedrich Miescher (1868-69)
in Tubingen, first isolated DNA in 1871 and named it nuclein (Dahm, 2005). The
discovery of nuclein was the first breakthrough in the history of DNA research.
Following this, the chemical nature of the nuclein was identified by P.A Levene in
1912 (Levene and Jacobe, 1911; Levene, P A La Froge, 1912; Levene, 1917). In
1953, Rosalind Franklin and Maurice Wilkins used X-ray diffraction to observe the
helical structure of DNA, and in the same year, Francis Crick and James Watson
discovered the double helical structure. Later in 1977, Frederick Sanger developed
the DNA sequencing method, and the first genome of a living organism to be
sequenced was Haemophilus influenzae. As of today, the genome of thousands of
organisms has been sequenced. The discovery of the DNA structure and DNA
modifying enzymes leads to significant advancement in molecular biology. DNA
is the genetic element, which is transferred from one generation to other. The
genome preserves the information of an organism, and this information is further

decoded in germ cells to ensure the development of the whole animal.

In a cell, the information from DNA is further transcribed into RNA. This process
is spatiotemporally regulated. A coding gene contains certain basic elements as
follows: promoter, 5"untranslated region (UTR), exon, intron, 3'UTR and
terminator. Before synthesizing the functional protein, the information from DNA
should be processed properly. The coding region of the DNA is first transcribed
into pre-messenger RNA. The pre-mRNA is synthesised by the protein complex
DNA dependent RNA polymerase II. The introns of the pre-mRNA disrupt the
coding message and need to be removed. The spliceosome, one of the largest RNA-
protein complex in a cell is responsible for this function. The spliced mature RNA
is further transported into the cytoplasm and translated into proteins by another
large RNA-protein complex, the ribosome. Proteins are folded properly and

transported to specific functional locations in the cell.
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Production of functional proteins from genes is a multistep process with many
regulations at each step by different RNA-protein complexes. This is to ensure that
the information from the DNA is properly and faithfully transcribed and translated
into protein without any error. Mistakes in any of these steps lead to non-functional
proteins, which can cause detrimental effects for the organism. Here I focus on

transcription, the very first step of the central dogma of life.

3.1.1 Transcription

The RNA polymerase (RNA pol) complex transcribes DNA into RNA. Three types
of RNA polymerases were identified by chromatographic separation (Roeder and
Rutter, 1969) and further classified according to the sensitivity of RNA pol to
alpha-amanitin. RNA Pol I transcribes large rRNA like 25s rRNA. RNA Pol II is
responsible for messenger RNA and some small RNA while RNA pol III transcribes
tRNA and small rRNAs (Wieland et al., 1968; Seifart and Sekeris, 1969; Kedinger
et al., 1970; Zylber and Penman, 1971; Weinmann and Roeder, 1974).

RNA Pol II is responsible for the synthesis of a variety of RNA that codes for
proteins. Here I focus on this polymerase and on the known mechanisms of
transcription regulation. The transcription cycle consists of four major steps:

assembly, initiation, elongation and termination (Figure 1).

3.1.2 The Assembly

The very first step of transcription is the assembly of different transcription factors
(TF) on promoters. Decades of research in different organisms lead to the discovery
of general transcription factors (GTFs). GTFs are named as TFIIA, TFIIB, TFIID,
TFIE, TFIIF, and TFIIH according to the chromatographic profiles (Matsuis et al.,
1980). The GTFs form the preinitiation complex and recruit RNA Pol II. Activators
and repressors regulate the assembly of the transcription factors to regulate gene

expression.

Promoters contain different elements including the TATA box, Initiator (Inr),

downstream promoter element (DPE), downstream core element (DCE), TFIIB
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recognition element (BRE) and GAGA motifs. These elements are not always

present, and gene promoters can contain different element combinations.

»

Chromatin
remodelling

a Promoter opening

b Pre-initiation complex formation

© @

c Pausing

@! a GTFs }'P
Pause region
{ +20 to +60

d Pause release

e Productive elongation
and refilling of pause region

@ F2 GTFs

Figure 1: Transcription cycle and Pol II pausing. GTFs and RNA Pol II assemble at

gene promoter and initiate transcription(a,b). NELF and DSIF associate with
initiated RNA Pol II and pause transcription (c). P-TEFb phosphorylates RNA Pol 11
and negative elongation factors (d). This results in the release of Pol II into

productive elongation (e). Adapted from Karen et al., (Karen Adelman & Lis, 2012)
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On a promoter, the GTFs assemble sequentially. First, the subunit of TFIID, TATA-
binding protein (TBP), specifically binds TATA motif. Following this binding,
TFIIA and TFIIB bind TBP and helps in bending the DNA to facilitate melting of
the double strand. Then TFIIF brings RNA pol II and stabilises the preassembled
complex. Finally, TFIIE recruits an essential cyclin-dependent kinase (CDK?7)
containing complex TFIIH to the promoter to form the final preinitiation complex
(PIC) (Matsuis et al., 1980; Orphanides, Lagrange and Reinberg, 1996; Pugh, 1996;
Juven-Gershon et al., 2008; Jennings, 2013; Roy and Singer, 2015; Zhang et al.,
2016)

3.1.3 Initiation

After the formation of the preinitiation complex, CDK7 phosphorylates Ser5 at the
carboxy-terminal domain (CTD) of RNA pol II (Watanabe et al., 2000). The CTD
of RNA pol II consists of heptad (YSPTSPS) repeats, and the number of repeats
varies depending on the organism. The phosphorylation of Ser5 of RNA Pol II is
the hallmark signature of transcription initiation. Chromatin immunoprecipitation
sequencing (ChIP-Seq) using Ser5P specific antibody revealed that this modified
RNA Pol II is localised around the transcription start site (TSS).

Next, by an adenosine triphosphate (ATP) dependent process, the promoter element
melts at the region where the RNA pol I — GTFs bound, forming a “Transcription
Bubble”, and this forms the open promoter complex (Orphanides, Lagrange and
Reinberg, 1996). Then RNA pol II at the active site initiates the DNA dependent
RNA synthesis (Sainsbury, Bernecky and Cramer, 2015). As soon as a few
nucleotides of RNA are synthesized, RNA pol II is released from the GTFs, which

results in “promoter clearance” and engagement into elongation.

Another level of regulation occurs by 5° RNA capping enzyme. Newly synthesized
RNA is capped at the 5’end by three enzymatic activities. First, digestion of
5’triphosphate of the nascent RNA, then the addition of guanine base in 5’ to 5’
linkage and finally methylation of the added guanine base (Perales and Bentley,
2009). The guanylyltransferase activity of capping enzyme is stimulated when it

binds to the CTD of RNA pol II Ser5P but not to Ser2P (Ho and Shuman, 1999).
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This binding facilitates promoter clearance and RNA pol II elongation (Schroeder

et al., 2004).

3.1.4 Pausing

Earlier it was thought that transcription initiation was the rate-limiting step, and
once the RNA pol II was released into elongation, RNA synthesis continues until
termination. However, research from the last 20 years showed that most of the genes
that have initiated elongation paused after transcription of 80-120 nt. Initially,
paused Pol II was observed in stress response and developmental genes, but recent
studies demonstrated that pausing is more prevalent. Paused RNA pol II is
important for synchronised expression of genes during development and for genes
that encode products of the same molecular complex. Not all genes which burst
expression upon stress are occupied with paused Pol 11, but all stress response genes
with paused Pol II burst into transcription elongation (Gilmour and Lis, 1986a,

1986b; Rougvie and Lis, 1988; Nechaev, David C Fargo, et al., 2010).

Recent reports suggested that pausing of RNA Pol II can be categorized into
‘regulated pausing’ and ‘intrinsic pausing’. In regulated pausing, factors like P-
TEFb, NELF and DSIF fine-tune the duration of the pausing, while in intrinsic
pausing, pausing occurs due to the nucleosome barriers and nucleic acid sequence

(Adelman and Henriques, 2018).

3.1.5 Elongation

The major complex involved in productive elongation is positive transcription
elongation factor b (P-TEFb). It is a heterodimer of cyclin-dependent kinase
(CDKD9) and cyclin T (CYC-T). The kinase phosphorylates Ser2 of RNA Pol II
CTD (Ramanathan et al., 2001), as well as pausing factors DRB sensitivity-
inducing factor (DSIF) (Kim and Sharp, 2001; Yamada et al., 2006) and Negative
elongation factor NELF (Fujinaga ef al., 2004). Once RNA pol II is released into
elongation, other factors assemble with RNA Pol II to overcome the barriers like
nucleosomes. For instance, Elongin is shown to enhance the elongation of RNA pol

IT (Shilatifard et al., 1996). Similarly, the super elongation complex (SEC) enhances
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elongation and is formed by interaction of RNA pol II with AF4/FMR2 family
member 1 and 4 (AFF1 or AFF4), eleven-nineteen leukemia (ENL) or ALL fused
gene from chromosome 9 (AF9), Eleven-nineteen lysine-rich leukemia 1 or 2
(ELL1 or ELL2) and P-TEFb complex (Lin ef al., 2010; Luo, Lin and Shilatifard,
2012).

3.1.6 Termination

Termination of RNA Pol II at the protein-coding genes does not occur at a constant
distance from the 3° end of RNAs or at a conserved site (Richard and Manley,
2009). In mammals, the distance can be a few base pairs to kilobase pairs
downstream of pre-mRNA (Proudfoot, 1989). Transcription termination is coupled
with the processing of RNA at the 3’end (Proudfoot, 1989; Richard and Manley,
2009; Porrua and Libri, 2015). The polyadenylation site at the end of pre-mRNA is
the signal for termination (Connelly and Manley, 1988).

3.2 Co-transcriptional Splicing.

3.2.1 The Spliceosome

RNA Pol II synthesizes pre-mRNA from protein-coding genes. pre-mRNA are
further processed to remove introns which are intervening the coding sequence. The
removal of introns is carried out by a macromolecular machine called spliceosome.
This results in the formation of mature mRNA. The core spliceosome is composed
of five small nuclear ribonucleoproteins particles (snRNPs) U1, U2, U4, US and
U6. Along with these core components, many splicing factors associate with the

spliceosome at different steps of splicing (Kramer, 1996).

Splicing is a multistep process, which highly depends on the base pairing of RNA
in snRNP with the pre-mRNA at the junction of exon-intron. Introns contain highly
conserved motifs such as GU at the 5’splice site (5° ss), AG at the 3’ss, and branch
point adenosine A positioned approximately 15-50 nucleotides upstream of the 3’ss

(Figure 2A).
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A 5’ splice 3’ splice
: site
i ﬁ —— 3"-splice site Exon
ranching dockin N ligation
:n--p ’\ —~CJ30H = =
g ~ mRNA
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B
5" splice 3’ splice
site site
i BP
CJGU=———A=— AG HER pre-mRNA
U1 Prp43 mRNA
E complex =
o il
Prp5 @
UAP56/ Sub2 Brr2 ?
vl 22 @ i
— P complex
(post-splicing)
U4/UB-U5 '
tri-snRNP
Exon
— Ilgatlon
complex
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oPrpzza exon ligation)
{ Prp16
B complex
(pre-catalytic) C complex
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(activated)
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Figure 2: (A) Two step mechanism of pre-mRNA splicing. (B) Assembly and execution
of splicing by U snRNPs. Each complex is highlighted by red box. Adapted from
Sebastin et al., (Fica & Nagai, 2017).

17



Ul snRNP associates with the CTD of transcribing RNA Pol II (Morris and
Greenleaf, 2000; Wiesner et al., 2002). Ul snRNA then base paired with the 5’ss
of introns and form the complex E. The interaction of Ul snRNP and 5’ss is
stabilized by cap-binding proteins (Pabis ef al., 2013) and serine/arginine (SR) rich
proteins (Staknis and Reed, 1994; Cho et al., 2011). U2 snRNP interacts with the
3’ss along with associated factors, such as splicing factor 1 (SF1) and U2AFs. This
Ul snRNP and U2 snRNP interaction with the specific regions of introns complete

the complex E.

U2 snRNP further identifies the branch point region and interacts with Ul snRNP.
The recognition of the branch point is ATP-dependent and requires Prp5 (yeast pre-
mRNA-processing 5), a DExD/H helicase, and Sub2. This pre-spliceosomal
complex is called complex A. Then the pre-assembled U4-U6 and U5 snRNP (tri-
snRNP) is recruited to complex A via Prp28 catalytic function. This interaction of
the complex A with tri-snRNP results in catalytically inactive complex B. The
complex B is activated by interaction of RNA helicases like Brr2, Snul 14 and Prp2.
This results in the release of U4 (Sun and Manley, 1995; Raghunathan and Guthrie,
1998). Then the active complex B achieves the first catalytic step of splicing. This
results in the free 5’end exon and intron-3’end exon lariat intermediate forming the
complex C. This complex further undergoes ATP dependent rearrangements with
the help of Prp8, Prpl6 and Slu7 (Schwer and Guthrie, 1991; Frank and Guthrie,
1992; Grainger and Beggs, 2003). The second catalytic step of splicing is carried
out by this complex C and results in the formation of the post-spliceosomal
complex. The intron is then removed, and the exons are ligated to form the matured
mRNA. Prp22 facilitates the release of spliced products from the spliceosome, and
Brr2, Snull4, Prp43 disassemble the post catalytic spliceosome in an ATP-
dependent manner (Schwer and Gross, 1998; Christian et al., 2013; Ilagan et al.,
2013). The released U snRNP undergoes recycling and forms a new spliceosome

(Figure 2B).

3.2.2 RNA Pol II Kinetics and Splicing.

The different steps of pre-mRNA maturation initiate while the transcript is still

being transcribed by RNA pol II. The first evidence to support co-transcriptional
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splicing came from elegant studies showing electron microscopy images of
Drosophila chorion genes. We can see that the nascent RNA forms loops while it
is still attached to the chromosome. These loops are in fact the introns that are being
removed by the spliceosome. (Osheim, O.L. Miller and Beyer, 1985). (Figure 3A).
This was also found in the lampbrush chromosome (Wu et al., 1991). Despite this
observation, it remained unclear whether transcription and splicing machinery were

functionally coupled. Today ample evidence indicates that transcription by RNA

pol II and maturation of the nascent RNA is kinetically and spatially coupled. The

key factor that integrates the two processes is the CTD of RNA pol II. The CTD

recruits mRNA processing factors to the RNA (McCracken et al., 1996, 1997,
Hirose, Tacke and Manley, 1999; Spector and Misteli, 1999). Phosphorylation of

Figure 3: (A) Electron micrograph of Drosophila embryo sister chromatid
transcription units. Black solid arrow indicates intron loops. (B) Tracing of EM.

Numbers indicate individual transcripts from the DNA. Adapted from Beyer et al.,
(Beyer & Osheim, 1988)
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Ser5 at the CTD is essential for the recruitment of nascent RNA capping enzymes,
while Ser2 phosphorylation brings in the cleavage/polyadenylation factors at the
3’end of transcription (Spector and Misteli, 1999; Suzuki and Arita, 2012).An
interesting example is the FUS protein, which is involved in the pathogenesis of
amyotrophic lateral sclerosis (ALS). FUS interacts with the CTD of RNA pol II and
maintains Ser2 phosphorylation. FUS also interacts with Ul snRNP and link it to
the CTD (J.C. et al., 2012; Yu and Reed, 2015).

Apart from the CTD of RNA Pol I, the mediator complex can also recruit splicing
factors to pre-mRNA. Interestingly, this observation suggests that the mediator-
promoter axis can determine the splicing outcome of a pre-mRNA (Cramer et al.,

1997; Huang et al., 2012).

The kinetic coupling is based on “first come, first served” model. According to this
model, the upstream element in the transcript gets recognised before the
downstream one when RNA pol II is transcribing slow. When Pol II is transcribing
fast, both upstream and downstream elements are concomitantly available to the
spliceosome machinery and compete with other for their recognition by the
spliceosome (Aebi and Weissman, 1987; Howe, Kane and Ares, 2003). In this case,
stronger elements, whether situated upstream or downstream, will be favoured by
the splicing machinery. This model suggests that the elongation rate of RNA pol II
influence the alternative splicing by modulating the availability of upstream and
downstream 3’splice sites (de la Mata et al., 2003; Schor et al., 2009; Braberg et
al., 2013). The kinetics of Pol II can also alter the recruitment of positive and
negative effectors of splicing to their cis-acting elements, and this might result in
exon skipping. One such example is ETR-9, a negative splicing factor that competes
with U2AF65, and slow elongation enhances CFTR exon nine skipping by
favouring ETR-9 binding (Dujardin ef al., 2014).

CDKY9/CYCT

The P-TEFb complex contains cyclin-dependent kinase 9 (CDK9) and Cyclin-T.
CDKO is stable only when it forms a heterodimer with cyclin T. The newly
synthesized CDKO is folded properly with the help of heat shock proteins Hsp70
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and Hsp90/Cdc37. Then CDKDY is transferred to cyclin to form a stable P-TEFb
complex (O’Keefte ef al., 2000). CDK9 undergoes autophosphorylation at Thr186
to form enzymatically active P-TEFb. The active P-TEFb must undergo further
post-translational modifications and recruited to the transcription complexes to
induce productive elongation (Figure 4). However, P-TEFb which is not recruited
neither to the transcription machinery nor 7SK, can actively phosphorylate targets
like pRb and p53 in the nucleus (Grafa et al., 1994; Radhakrishnan and Gartel,
2006; Lew et al., 2013). The P-TEFb Thr186-P must be dephosphorylated to be
recruited to the transcription complex (Zhou et al., 2001). The dephosphorylation
of Thr186-P in CDKD is catalysed by protein phosphatase PP1 (Ammosova et al.,
2005; Wang et al., 2008). CDKO is further modified at different residues such as
Ser175-P (Ammosova et al., 2011; Mbonye et al., 2013), Lys44/48 acetylation
(Sabo et al., 2008) and autophosphorylation at Thr29 induced by Brd4 interaction
(Zhou et al., 2009). Importantly, during all these steps, CDK9 is enzymatically
inactive, i.e. the P-TEFb complex cannot phosphorylate the CTD of RNA pol II.

The most important regulatory step of P-TEFb activity is its recruitment to the 7SK
snRNP complex (Nguyen et al., 2001; Yang et al., 2001; Michels et al., 2003; Yik
et al., 2003). In a cell, P-TEFD is found in 2 configurations, either inactive when
associated with 7SK snRNP or active when bound to Brd4. (Yang et al., 2005)
Almost half of P-TEFb is associated with the 7SK snRNP complex and the other
half with Brd4 (Zhou et al., 2009).

Pause Release by CDK9 Activity.

The role of P-TEFb in transcription regulation was first discovered by the virtue of
its sensitivity to 5,6-dichloro-1-p-d-ribofuranosyl benzimidazole (DRB). DRB is a
kinase inhibitor which specifically reduces the RNA Pol II Ser2 phosphorylation
(Bensaude, 2011). Later, negative elongation factor (NELF) and DRB sensitivity-
inducing factor (DSIF) were identified as factors which are responsible for DRB
induced pausing of RNA Pol I (Wada et al., 1996; Zhu et al., 1997; Yamaguchi et
al., 1999). NELF consist of four subunits (A, B, C/D and E) and DSIF has two
subunits (Spt4 and Spt5). As mentioned before, DSIF and NELF initiate pausing of
RNA Pol I 50 to 80nt after TSS and stably maintain it (Yamaguchi et al., 1999).
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Figure 4: Maturation and activity of P-TEFb. The scheme shows the synthesis and

maturation of P-TEFb complex and the effect of phosphorylation on the enzymatic
activity of the complex. Pathways shaded in gray highlight the activity of P-TEFb in
RNA Pol II pause release. Adapted from (Paparidis, Durvale, & Canduri, 2017).
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NELF in particular suppresses the reactivation of paused RNA Pol II by inhibiting
the entry of nucleotides into the RNA Pol II (Adelman and Henriques, 2018; Vos,
Farnung, Urlaub, ef al., 2018). The paused RNA Pol II is released into productive
elongation by the phosphorylation activity of P-TEFb. P-TEFb is recruited to the
promoter via interacting with transcription factors, mediators and cofactors
(Peterlin and Price, 2006; Takahashi et al., 2011), including Brd4 and NF-kB.
Interestingly, Human Immunodeficiency Virus (HIV) was shown to hijack this
machinery to enhance transcription of its genome and its replication. HIV encodes
for trans-activator transcription (Tat), which interacts with stem-loop-1 of 7SK
RNA to release HEXIM and hijack P-TEFb to enhance the viral gene transcription
(Krueger et al., 2010). P-TEFb complex phosphorylates Ser2 in CTD of RNA pol
II, which constitutes the hallmark of active elongation. P-TEFb also phosphorylates
the NELF-E subunit, and interestingly, phosphorylation of Spt5 converts the
repressive DSIF complex to an activator of transcription elongation (Guo et al.,
2000; Yamada et al., 2006; Cheng and Price, 2007; Barboric et al., 2009). Apart
from these inhibitory factors, a few other factors are shown to regulate pausing such
as Pol Il-associated factor 1 (PAF1), which enhances productive elongation by
promoting the recruitment of super elongation complex (SEC) (Chen et al., 2015).
Recent structural studied revealed that the release of NELF from the pause site
induces the interaction between PAF1 and the elongation complex (Shi et al., 2015;
Vos, Farnung, Boehning, et al., 2018) by allowing Pafl to interact with RNA Pol
IT at the first nucleosome position (Adelman et al., 2005; Van Oss et al., 2016).
Recently, we showed that the exon-junction complex (EJC) stabilizes RNA pol II
pausing likely by competing with P-TEFb for binding to the CTD of Pol II (Akhtar
etal.,2019).

The 7SK snRNP Complex Regulates RNA Pol II Pause Release.

7SK RNA

The 7SK RNA was first identified among other small RNA in HeLa cells (Zieve
and Penman, 1976) and later, it was cloned and sequenced from these same cells
(Ullu and Melli, 1982). 7SK accounts for almost 0.4% of total RNA (Gunning et
al., 1981) and is transcribed by RNA pol III (Murphy, Tripodi and Melli, 1986;
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Murphy and Liegro, 1987). Earlier, 7SK RNA was also known as K-RNA and 7-3
RNA. 7SK RNA is found across nematodes, insects and vertebrates, but has not
been identified in yeast (Marz et al., 2008). The promoter of a human 7SK gene
consists of a distal sequence element (DSE), a proximal sequence element (PSE),
and a TATA box (Boyd et al., 1995; Kleinert, Bredow and Benecke, 2018). The
octamer binding protein 1 (Octl) binds to the DSE while selenocysteine tRNA gene
transcription activating factor 1 (Stafl) and snRNA-activating protein complex
(SNAPc) interact with PSE to promote 7SK transcription (Murphy et al., 1989;
Jong-bok et al., 1995; Schaub et al., 1997). The 7SK RNA sequence is not highly
conserved between species, so its discovery in invertebrates only occurred recently
by the Benecke group, which used the conserved promoter domain as a mean of
identification (Marz et al., 2008). Soon after the transcription of 7SK RNA by RNA
Pol III, Lupus antigen (La) protein binds to the 3’end of the RNA and protects it
from nucleolytic cleavage (Maraia and Intine, 2002; Bayfield, Yang and Maraia,
2010). The newly synthesized 7SK RNA has 4-5 U residues at the 3’end, and up to
3 U are removed, followed by addition of an A residue by the action of an
adenylating enzyme (Sinha ef al., 2002). Concomitantly, the La protein bound to
the 3’end of 7SK RNA is replaced by La-Related Protein 7 (LARP7) (Figure 5).
The secondary structure of the mature 7SK RNA in the complex was predicted and
verified experimentally. There are four stem-loop structures present in the

human 7SK RNA, and different proteins were shown to interact with

Nascent 7SK Transient Core Canonical
7SK snRNP 7SK snRNP 7SK snRNP

SL1
SL4
s . >0* =

SL2

8L3

Figure 5: Synthesis and maturation of 7SK snRNP. The three-step process showing the
folding of 7SK RNA, association of LA and MePCE with the RNA. LARP7 replacing
LA and formation of the final complex with P-TEFb and HEXIM. Adapted from
(Quaresma, Bugai, & Barboric, 2016)



3.3.2

these structures (Reddy et al., 1984; Diribarne and Bensaude, 2009; Peterlin, Brogie
and Price, 2012).

LARP7

LARP7 is closest to La protein in the LARP family of proteins. LARP7 contains
three domains La Motif (LaM), RNA recognition motif 1 (RRM1) and RRM2. The
La module includes LaM, and the RRM1 in the N-terminus of the protein and this
module is conserved in LARPs (1,4,6 and 7) (Figure 6) (Deragon and Bousquet-
Antonelli, 2015). The specificity of LARP7 binding arises from the unique C-
terminal RRM2 (Bousquet-Antonelli and Deragon, 2009; Bayfield, Yang and
Maraia, 2010; Conte et al., 2012). Indeed, the structural studies showed that RRM?2
interacts with stem-loop four at the 3’end of 7SK RNA (Eichhorn, Chug and Feigon,
2016). The structural studies of the La module also confirms that the interaction
with 7SK RNA 3’end is essential for the stability of the 7SK snRNP (Uchikawa et
al., 2015a). Interestingly, in contrast to the full LARP7, a C-terminally truncated
version lacking RRM2, partially rescues the tRNA maturation defect of La mutant,
confirming that the RRM2 domain switch the specificity of LARP7 towards 7SK
binding (He et al., 2008).
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Figure 6: Phylogenetic and protein domain organization of La-Motif (LAM)
containing proteins. LA and LARP 1,4,6 contain RNA recognition motif (RRM) close
to LAM. Only in LA and LARP7 a second RRM2 is found towards the C-terminal end
(Deragon & Bousquet-Antonelli, 2015).

MePCE

Methyl Phosphate Capping Enzyme (MePCE) was first identified in Drosophila as
Bicoid-interacting protein 3 (Bin3). MePCE is a highly conserved protein, and it is
essential for axis formation during Drosophila embryonic development (Singh,
Morlock and Hanes, 2011). MePCE methylates a specific set of RNA in the cell,
which include 7SK and U6 snRNA (Jeronimo et al, 2007). It has a highly
conserved AdoMet-binding domain which interacts with the 5’end of 7SK RNA
and mono-methylated 5’y-phosphate (Shimba and Reddy, 1994). The capping by
MePCE protects the 7SK RNA from endonucleolytic degradation (Hamm et al.,
1990). While MePCE binds both 7SK and U6 RNA which are transcribed by RNA
pol 111, its depletion only affects the stability of 7SK RNA (Jeronimo et al., 2007).
Apart from capping 7SK RNA, MePCE interacts with LARP7 to stabilize the
complex (Xue et al., 2009). Nevertheless, MePCE can interact with 7SK RNA
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independently of its interaction with LARP7, as it is already bound when the La
protein is still bound to 7SK (Muniz, Egloff and Kiss, 2013) (Figure 5). From these
studies, we can hypothesise a mechanism that the newly synthesized 7SK is bound
by La at its 3’end and by MePCE at the methylated 5’end. Soon after, La is
exchanged with LARP7, which can make direct contact with MePCE (Figure 5).
The mechanism of La -7SK- LARP7 assembly is not understood clearly. Also,
MePCE losses its capping activity when it interacts with LARP7. Interestingly,
MePCE is the only known component of the 7SK snRNP, which can also interact
with P-TEFb in RNA independent manner (Yik ez al., 2003).

HEXIM

HEXamethylene-bis-acetamide-Inducible protein in vascular smooth Muscle cells
(HEXIM) was first identified as a factor involved in differentiation and
development (Cai et al., 2002; Aikawa et al., 2014). HEXIM involvement in the
regulation of transcription via P-TEFb was revealed later (Michels et al., 2003; Yik
et al.,2003). Most of the mammalian genomes contain two paralogs, HEXIM1 and
HEXIM2. It is HEXIM1 that binds to the 5’stem-loop of 7SK RNA as a homodimer.
HEXIM2 can compensate the function in HEXIM1 knockdown cells (Yik et al.,
2005). HEXIM consists of six regions, which include, an unstructured N-terminal
domain, an Arginine-Rich Motif (ARM), a central region, a basic rich region (BR),
a conserved PYNT sequence, and an acidic region (AR1 and AR2) (Michels et al.,
2003, 2004; Zhou et al., 2004; Barboric et al., 2005; Marz et al., 2009). The PYNT
sequence is essential for HEXIM to bind and inactivate P-TEFb (Michels et al.,
2004; Kolesnikova et al., 2016). The Thr186 phosphorylation of CDK®9 is essential
for the interaction of HEXIM with the 7SK complex. Interestingly, the
phosphorylation state of certain residues in the helix al of HEXIM determines the
rate of activity of P-TEFb. For instance, it was shown that Y271F mutation in the
al helix leads to a reduced level of active P-TEFb (Contreras ef al., 2007; Chance
et al., 2015). Recently, it was shown that HEXIM could also interact with NEATI
nuclear non-coding RNA and participate in innate immunity signalling. In this case,
the core 7SK snRNP components are not associated with HEXIM-NEAT1 complex
(Morchikh et al., 2017), indicating that HEXIM can interact with different ncRNA
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in the nucleus and carry out multiple cellular functions (Michels and Bensaude,

2018).

Summary of 7SK snRNP Function.

The 7SK RNA is a scaffold, which requires MePCE and LARP7 for its stability.
The matured 7SK snRNP consists of 7SK RNA, MePCE (mono-methylate 5’y-
phosphate) and LARP7 (3’end). HEXIM binds to this complex via 7SK RNA and
brings in P-TEFb. The 7SK snRNP/HEXIM/P-TEFb complex is inactive and is the
most prevalent form of 7SK snRNP. P-TEFB can be released by the action of
multiple factors, such as BRD4, NF-kB or Tat. It was recently demonstrated that
the core 7SK snRNP could exist in other complexes. For instance, it can interact
with Little Elongation Complex (LEC) and regulates transcription of small nuclear
(sn) and small nucleolar (sno) RNA, independently of P-TEFb. Thus components
of the 7SK snRNP complex have separate functions apart from the regulatory
activity of P-TEFb. As discussed above, HEXIM can also form an independent
complex with NEAT1 RNA in the nucleus, and MePCE can methylate other RNAs.
Lastly, LARP7 is involved in ribosome biogenesis in the nucleolus, independently

of its function within the 7SK complex (see also below) (Slomnicki et al., 2016).

The Drosophila TSK snRNP Complex

For a long time, it was thought that the 7SK module was specific to vertebrates.
7SK gene promoter motif similarity search provided evidence that the 7SK RNA
also exists in invertebrates (Gruber et al., 2008; Marz et al., 2008). The 7SK RNA
and its associated proteins in Drosophila melanogaster were characterised recently
(Nguyen et al., 2012a). Nguyen et al. identified a 444 nt RNA, which behaves like
7SK RNA. Also, Larp7 was identified by homology search, and its interaction with
7SK RNA was validated. MePCE was already known to be present in Drosophila
as Bin3, and indeed it interacts with 7SK RNA.

Interestingly, only one copy of Hexim is present in Drosophila, and it produces two

isoforms. Nguyen et al., produced antibodies against Larp7 and Hexim, and by
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immunostaining, showed that these proteins were highly expressed in all
developmental stages. Before our study, this was the only report that characterized
the 7SK snRNP complex in Drosophila. The authors showed that the knockdown
of Hexim leads to severe developmental defects. As HEXIM in human cells has
multiple functions, this phenotype may be unrelated to the 7SK complex function.
Therefore to understand the function of the 7SK snRNP complex in vivo and more
globally the function of pausing in gene regulation during development, it is

essential to delineate the role of 7SK RNA and other individual components.

The 7SK snRNP Complex is Essential for the Development in
Mouse and Zebrafish.

The 7SK snRNP complex regulates the activity of P-TEFb, which in turn regulates
release of RNA Pol II pausing. The knock out of Larp7 in mouse is lethal during
embryogenesis and animals shows severe phenotypes. Head development is
particularly impaired compared to other organs. The loss of 7SK snRNP in these
mutants also lead to growth arrest of primordial germ cells (PGCs) (Okamura et al.,
2012a). Knockdown of Larp7 in zebratish using morpholinos lead to defect in head
development. Similar to the mouse Larp7 knockout, its depletion leads to lethality
in embryogenesis (Barboric et al., 2009). Thus observations from Drosophila,

zebrafish and mouse strongly suggest that Larp7 is essential for development.
The 7SK snRNP Complex Role in Cancer.

Based on studies in different cell lines, the 7SK snRNP complex is considered to
be a tumour suppressor factor. LARP7 is downregulated in breast cancer cells,
resulting in increased active P-TEFb level, which further promotes epithelial-
mesenchymal transition and metastasis (Ji et al, 2014). In HEK 293T cells,
overexpression of 7SK RNA is sufficient to induce apoptosis (Keramati et al.,
2015). Interestingly the comparison of 7SK RNA expression level in different
cancer cell lines and stem cells suggest that the level of 7SK RNA is down regulated
in these cells compared to differentiated cells. (Abasi et al., 2016). Decreased level
of LARP7 is also observed during early gastric tumorigenesis, and it is

hypothesized that the hyper activation of P-TEFb promotes tumorgenesis (Cheng

29



3.5.3

et al, 2012). Lastly, the increased level of HEXIM was observed in
erythroleukemia and neuroblastoma cell differentiation. (Napolitano et al., 2005).
All these observations support a role for Larp7 as a tumour suppressor via

attenuating transcription.

Alazami Syndrome (AS).

In 2012, Alazami et al., first identified LARP7 loss of function mutation in a Saudi
family. In contrast to the essential role of Larp7 in mouse and zebrafish, the lack of
LArp7 is viable in humans. However they display symptoms of primordial
dwarfism (PD). PD is a genetic and a heterogeneous condition, and in these patients,
they found severe intellectual disability and distinct facial features (Alazami et al.,
2012) (Figure 6). The ensemble of these phenotypes was named Alazami syndrome
(AS). A few years later, the second case of AS was reported in a two-year-old
Northern European/Caucasian female. A novel mutation in the LARP7 gene was

discovered by whole exome sequencing of this patient. (Ling and Sorrentino, 2016).
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Figure 7: (A) Representative images of AS patients from Saudi family. (B) DNA
chromatogram of 7bp duplicated region in LARP7 locus. Immunoblot showing loss
of LARP7 protein (Alazami et al 2012). (C) Larp7 KO mouse showing impaired head
development (black arrow head) and reduced overall development of the embryo
(Okamura et al, 2012). (D) Knock down of Larp7 in zebrafish embryo lead to head
and vertebrate developmental defect (black arrow head) (Barboric et al., 2009).
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In the same year, another case report confirms LARP7 mutation in a six-year-old
Dutch boy and a two and a half-year-old Saudi boy (Hollink et al., 2016). Other
cases of Alazami syndrome were reported in a two-year-old Japanese boy (Kitajima
et al., 2018) and two Algerian sisters of age 22 and 26. In all these cases, the
common observation is that their motor development was delayed and impaired.
They all started walking at the age of 2-3 years, which is significantly delayed from

the average duration of 12-15 months.

In summary, AS is an autosomal recessive disease caused by loss of function
mutation in the LARP7 gene. The mechanism underlying this syndrome is currently
poorly understood. A recent report showed that AS cases have shortened telomere
(Holohan et al., 2016), but it is not known whether this a cause or a consequence of
the disease. The wide range of clinical studies from different geographical locations
suggests that there could be more cases of AS that was perhaps mistakenly
categorized for some other syndromes, such as Silver-Russel Syndrome, Meier-
Gorlin Syndrome and Seckel syndrome (Deleuze et al, 2018). Thorough
understanding of the mechanism underlying this syndrome is still awaiting and

would be essential to provide new treatment avenues.

3.5.4 Drosophila as a Model to Understand the Role of 7SK snRNP

Complex in vivo.

In order to get new insight into the poorly characterized role of the 7SK snRNP
complex during development, I study its function in Drosophila melanogaster.
Drosophila has been used as a model organism for over a century to study a range
of diverse biological processes, including embryonic development, learning,
behaviour, and ageing. As most of the fundamental biological mechanisms and
signalling pathways that control development and survival are conserved
throughout evolution, there are many examples that demonstrate the utility of
using Drosophila as a model system. Mechanistic details of the genetic and
molecular regulation of cellular processes can be thus established in the fruit fly

and then transferred to other organisms.
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3.6 Development of Drosophila

Drosophila melanogaster undergoes four stages of the life cycle as follows: egg,
larvae, pupae and fly. After fertilization of an egg, the development starts with cell
division. The embryo undergoes 17 stages over 24 hours. Then the embryo hatch
into larvae. There are three stages of larvae, L1, L2 and L3. At the L1 stage, larvae
start feeding for the first time and thrive until the L3 stage. This is the only growth
phase in the whole lifecycle of Drosophila (Figure 8). Then L3 larvae pupate and
undergo many changes by apoptosis and regeneration to form the adult fly. The
whole life cycle from embryo to adult fly takes about ten days at 25°C with 60%
humidity, and the adult fly can live up to 80 days at this temperature. An increase

of temperature to 29°C decreases the lifespan, while a decrease at 18°C prolongs it.
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Figure 8: Life cycle of Drosophila melanogaster




3.6.1 Locomotion of Drosophila larvae

Larvae are about 7-8 mm in length at the L3 stage. The locomotion of the larva is
one of the well-studied behaviours. I will first introduce the different locomotion

pattern of L3 larva and then the neuronal circuit necessary for the locomotion.

Drosophila melanogaster larvae display different motion named as feeding,
bending, turning and peristalsis (Green, Burnet and Connolly, 1983). The pattern
of larval locomotion depends on different environmental cues. The primary and
essential need for the development of the larvae is food, and it is generally attached
to it (Gomez-Marin and Louis, 2012). For survival, the larva also responds to the
predators by the increased exploration of the environment (De La Flor et al., 2017).
The larva also exhibits a response to light (Keene and Sprecher, 2012).
Interestingly, larvae in the crowded laboratory condition also show cannibalism
(Vijendravarma, Narasimha and Kawecki, 2013). Another recent report suggests
that the pheromone 7,11-heptacosadiene (7,11-HD) in the eggshell’s wax protect
embryos from feeding by larvae (Narasimha et al., 2019), indicating the larval

response to pheromones.

A larva has ten body segments, which include seven abdominal (A1-A7) and three
thoracics (T1-T3) segments. Also, it has an anterior mouth or head and posterior
tail-end (Keshishian, 2002). Each segment is further divided into hemi-segments.
There are 30 muscles in hemisegment. The muscle number varies at the terminals
and a few segments of the larva. The muscles are further classified based on their
orientation to the body of larva. The exterior most muscles run transverse (dorso-
ventral axis) and the interior muscles run longitudinal (anteroposterior axis). During
the peristaltic movement of larvae, a wave of muscle contraction runs from
posterior to the anterior (Kohsaka et al., 2012) (Fig X a). The contraction of
longitudinal and transverse muscles results in longitudinal contraction and
circumferential contraction. This wave passes to the next segment until it reaches
the head where the mouth hook is used to anchor to the surface to move forward.
This one cycle of contraction and relaxation of muscles is called peristalsis. In a
normal condition, one peristalsis takes approximately one second on 1% agar
surface — the rhythmic cycle of peristalsis results in the forward movement of the

larva.
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3.6.2 Motor Circuits and Larval Locomotion.

The locomotion of larvae is primarily regulated by motor and interneurons. During
the development of Drosophila in the late embryonic stage, all the neurons required
in larva are formed (Landgraf and Thor, 2006b). The larval central nervous system
(CNS) is made of a pair of brain lobes, and a ventral nerve cord (VNC) consisting
of thoracic and abdominal ganglia. The brain lobe and VNC are interconnected by
different neurons (Cardona, Larsen and Hartenstein, 2009). Like the muscle
segments, three thoracic and eight abdominal neuromeres are present. The motor
neurons are located in the dorsal and ventral region of the VNC neuromere segment
and target corresponding muscle segments (Figure 9). There are different types of

motoneurons targeting different muscles.
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Figure 9: Larval locomotion and motor circuit. (A) Cartoon depicting the
forward peristaltic movement of a larva. (B) Larval motor circuit, red line
represent motor neuron targeting different muscles. (C-D) Neuromuscular
junction (NMJ) preparation to study the motor neurons. Adapted from Kohsaka
et al., (Kohsaka et al., 2012)
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At the end of embryogenesis, all the different types of motoneurons are generated.
Approximately around 38 motor neurons innervate the muscles. Motor axons from
the VNC neuromere project into six nerves: (1) transverse nerve (TN), (2)
intersegmental nerve (ISN), and (3) segmental nerves SN (SNa, SNb, SNc, and
SNd) that project dorsally to ventral. (Landgraf ef al., 2018). The ISN further give
rise to three nerve branched ISN (inverted, ISNb, and ISNd, which target the
internal muscles). The SNa and SNc of segmental nerve targets external muscles.
The motoneurons are first classified into ventral projecting motoneurons (VMN)
and dorsally projecting motoneurons (AMN). Table 1 shows the classification of the
larval motor neurons with its target muscles and its embryonic origin (Kim, Wen
and Jan, 2009). During the late stages of embryogenesis, the motor neurons are
formed, and the growth cone of axon terminals forms specific contact with muscles
and develop into presynaptic terminals (Landgraf and Thor, 2006a). By the end of
embryogenesis, the presynaptic terminal is matured into functional neuromuscular

junction (NMJ). At this point, the NMJ is made of a few synaptic boutons.

The boutons are a spherical structure, which is made of synapses. The bouton
contains many neurotransmitter release site called active zones, and each active
zones are opposed by glutamate receptors present on the muscle (Menon, Carrillo
and Zinn, 2013). From L1 larval stage to L3 larval stage, the muscles develop up to
100 fold, and the boutons also develop to maintain the synaptic drive. (Schuster et

al., 1996; Luo, Lin and Shilatifard, 2012).

As mentioned before there are different types of motoneurons targeting different
muscles. In my thesis, I focused on RP2 motoneurons. This motoneuron targets

dorsal muscles and NMJ of dorsal muscle 4.
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Embryonic origin of larval motor neurons.

Nerve Embryonic mator neuron/neuroblast’ Target muscle(s) Larval motor neuron” (n) Target muscle(s)
ISN acc 1 MN1-Ib (12) 1

U (NB7-1) 2 MN2-1b (6) 2

U (NB7-1) 3 MN3-Ib (1) 3

U (NB7-1) 4 MN4-Ib (1) 4

U (NB7-1) 9 MN9-Ib (24) 9

U (NB7-1) 10 MN10-Ib (3) 10

NB3-2 1 MN11-Ib (6) 1

NB3-2 18 MN18-Ib (7) 18

NB3-2 19 MN19-Ib (2) 19

NB3-2 20 MN20-Ib (2) 20

RP2 Dorsal MNISN-Is (6) 1,2,3,4,9,10,18,19, 20

VUM-dorsal Dorsal VUM (3) Dorsal
ISNb /ISNd RP3 6,7 MN6/7-1b (4) 6,7

RP5 (NB3-1) 12 MN12-1b (3) 12

V (NB5-2) 12 MN12-11I° (0) 12

RP1 (NB3-1) 13 MN13-Ib (3) 13

RP4 (NB3-1) 13 Not identified

NB4-2 14,30 Not identified

Unknown MN14-Ib (3) 14

NB4-2 28 MN28-1b (1) 28

Unknown MN30-Ib (6) 30

NB7-1 15,16 MN15/16-1 (6) 15,16

NB7-1 17 Not identified

Unknown MN15/16/17-Ib (3) 15,16, 17

Unknown MNISND/d-Is (4) 6,7,12,13,14,15,16, 20

Unknown MNISNb/d-1I (4) 12,13, 14,15, 16,17,30

VUM-ventral Ventral VUM (2) Ventral
SNa NB2-2 21 Not identified

NB2-2 22 Not identified

NB3-2 23 Not identified

NB3-2 24 Not identified

Unknown 5and/or 8 MN5/8 (?)

Unknown MN21/22-1b (1) 21,22

Unknown MN22/23-1b (2) 22,23

Unknown MN23/24-1b° (0) 23,24

VUM-lateral Lateral VUM (1) Lateral
SNc NB4-2 26 Not identified

NB4-2 27 Not identified

NB4-2 29 Not identified

Unknown MNSNc (5) 26,27,29

* Based on studies from Landgraf et al., 1997 and Schmid et al., 1999.

b Based on nomenclature from Hoang and Chiba, 2001,
¢ Not identified in this study.

Table 1: Classification of motor neuron based on the target muscles in embryo and

larval stage. Adapted from Kim et al., (M. D. Kim et al., 2009).
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Aim of This Study

The RNA Pol II promoter-proximal pausing is one of the key regulatory steps in
the transcription of developmental and stress response genes. The 7SK snRNP
complex is a major regulator of promoter-proximal pausing by interacting with and
sequestering P-TEFb. Despite the understanding of the biochemical function of the
components of 7SK snRNP complex and P-TEFb, very little is known about the
function of this complex in vivo. Previous studies in Drosophila, zebrafish and
mouse attempted to address its function but often by knocking down/out only one
component of the core complex, and never the 7SK RNA itself, which is
complicated in vertebrates, as it is encoded by multiple gene copies. Each
component of the 7SK complex has individual biological function apart from this
complex. Thus it is difficult to ascertain specific phenotypic defects to the 7SK
complex itself. Therefore, currently, there is no definitive answer about the
biological role of the 7SK snRNP complex. To address this, I decided to investigate
its function in Drosophila melanogaster. This model presents the advantage of
having established genetic tools as well as well-known development and behaviour.
Furthermore, only one gene copy of 7SK is present in the genome, which renders
possible its inactivation. By studying its function, we aimed to address several

fundamental questions:

Is the 7SK snRNP complex essential during development?

Are all cell types dependent on this complex?

More generally, what is the role of promoter-proximal pausing in vivo?

Can we explain the phenotypic specificity of the Alazami syndrome using this

model organism?

38



Results




5 RESULTS

5.1 Larp7 is Differentially Expressed during Drosophila
Development

5.1.1 Larp7 Expression during Development.

The 7SK snRNP complex regulates transcription via sequestration of P-TEFb. The
in vivo dynamics and specificity of this complex is still unclear. To get more
insights, we first examined the expression of larp7 mRNA in various
developmental stages (Figure 10A). Larp7 mRNA is expressed in all developmental
stages but shows differences in its abundance. It is maternally deposited in the
embryos. The expression level is relatively enriched in the ovaries and embryos
until 2 hours (hrs) (Figure 10A). Then its level drops dramatically. The lowest
expression during all stages of development is observed between 10hrs and 24hrs
of embryogenesis. At the L1 stage, the level gradually increases and reaches a stable
expression until eclosion. Overall, expression of Larp7 in whole female flies is
higher than in the male flies, likely due to the high expression in ovaries.
Interestingly, the adult male head has higher expression of Larp7 than the female
head. Possibly, the Larp7 expression is regulated in an organ-specific and sex-

specific manner.

We next used the CRISPR/Cas9 system to insert enhanced Green Fluorescent
Protein (eGFP) at the 5’end of the Larp7 gene (Figure 10B). The insertion was
validated by qPCR on genomic DNA and by western blot with an anti-GFP
antibody (Figure 10C). The recombinant flies did not show developmental or
behavioural changes compared to wild-type flies, suggesting that the Tag does not
interfere with Larp7 function. Next, we mapped the expression of eGFP-Larp7 in
different developmental stages. Irrespective of the cell types, eGFP-Larp7 localizes
in the nucleus and is highly enriched in the nucleolus (Figure 10D). The eGFP-
Larp7 is ubiquitously expressed in all developmental stages (Figure 10E). However,
we observed a differential expression level between cell types. Particularly in the
late embryonic stages, eGFP-Larp7 is enriched in a group of midline cells in each

segment (Figure 11A). The neuroblasts in L3 larvae also have enriched level
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(Figure 10D). Thus, these experiments reveal that Larp7 is ubiquitously expressed

but exhibits differential expression between cell types and developmental stages.
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Figure 10: CRISPR/Cas9 mediated endogenous tagging of larp7. (A) RT-qPCR of
larp7 mRNA at different developmental stages. The X-axis showing the sample
collection time after egg laying. (B) Scheme of eGFP knock-in at translation start
site of larp7 gene. (C) Immunoblot using GFP antibody showing expression of
eGFP tagged Larp7 in whole larvae extract. *indicates the size of eGFP-Larp7. (D)
Expression of eGFP-Larp7in salivary gland. Enlarged image showing eGFP-Larp7
localized in the nucleus (blue arrow head) and enriched in the nucleolus (orange
arrow head). (E) confocal image of various tissues from larvae and adult showing

expression of eGFP-larp7.

5.1.2 Identification of eGFP-Larp7 Enriched Midline Cells.

eGFP-Larp7 is highly enriched in a subset of cells in the late embryonic stages. To
identify the nature of these cells, we used a set of midline drivers expressing Gal4
under the control of different promoters expressed in subtypes of cells at the
midline. Using this approach, we find that enriched eGFP-Larp7 cells overlaps
strongly with Thh, per, MzVUM, and engrailed positive cells (Figure 11C). The
common feature of these cells is that they are all motoneurons while engrailed
positive cells also mark some interneurons. Therefore, this co-localization study
clearly shows that Larp7 is differentially and specifically enriched in motoneurons

and interneurons at the midline of embryos (Figure 11D).

5.2 Generation of 7SK and Larp7 knock-outs

5.2.1 The 7SK snRNP Complex is Required for Locomotion of
Drosophila Larvae.

To get more insights into the role of the 7SK complex during organismal
development, we created Drosophila mutants of 7SK RNA and Larp7 using the
CRISPR/Cas9 methodology. Using specific guide RNAs directed against Larp7
and 7SK loci, mutants were generated and validated by sequencing (Figure 12A-B).
The deleted regions are highlighted in the figure (Figure 12A-B). To further validate
the mutants, we examined the level of the 7SK RNA by qPCR in adult flies. As
expected, the 7SK mutant shows a significant reduction in the level of 7SK RNA
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(Figure 12C-D). Similarly, and in light with the observation in human cells, the
level of 7SK RNA was strongly decreased in Larp7 mutant. Importantly, the
stability of the 7SK RNA was restored when Larp7 and 7SK were ectopically
expressed in Larp7 and 7SK mutants, respectively (Figure 12C-D).
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Figure 12: CRISPR/Cas9 mediated knock out of 7SK snRNP. (A-B) Scheme of
7SK and Larp7 locus showing the deleted region in dotted lines. (A1-B1) Larvae
polyA RNA seq track from UCSC genome browser showing control, Larp7 KO
and 7SK KO conditions. (C) RT-qPCR showing expression stability of 7SK RNA
in control, 7SK KO and 7SK rescue adult flies. (D) Stability of 7SK RNA
measured by RT-qPCR in the control, larp7 KO and eGFP-larp7 rescue adult flies.
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To our surprise, both Larp7 and 7SK mutants were homozygous viable and fertile.
This is in contrast to the previous study suggesting that the 7SK complex was
essential in flies (Nguyen et al., 2012b). We further examined each developmental
stage of the mutants for any physiological or behavioural defects. Even though the
mutants did not show developmental delay until eclosion, the lifespan of adult flies
was significantly reduced (Figure 13A). This defect was rescued upon ectopic

expression of Larp7 and 7SK (Figure 13B-C).

Furthermore, I noticed that Larp7 KO flies live shorter compared to 7SK KO flies,
suggesting additional functions of Larp7 (Figure 13D-E). Apart from the reduced
lifespan in adults, we uncovered a specific locomotion phenotype in Larp7 and 7SK
mutant larvae (Figure 13F). The locomotion of third instar larvae was quantified by
calculating the number of peristaltic movements for two minutes. Both mutants
show significantly reduced a number of these movements (Figure 13G) compared

to control larvae, indicating impaired locomotion.

5.2.2 Larp7 is Essential in Post Mitotic Neurons.

To address the underlying mechanism of the 7SK RNP complex in locomotion, we
attempted to identify the relevant cells pertaining to this defect. For this purpose,
we ectopically expressed eGFP-tagged Larp7 (different from the endogenous
tagged eGFP-Larp7) using different cell-type specific Gal4 drivers (Brand and
Perrimon, 1993), aiming to rescue the Larp7 mutant. Beforehand, I validated the
functionality of the eGFP-tagged-Larp7. I showed by immunoprecipitation that
eGFP-Larp7 could bind 7SK RNA (Figure 13H). Furthermore, ubiquitous
expression of eGFP-Larp7 rescued the stability of 7SK RNA as well as the
locomotion defect of Larp7 mutants. These results demonstrate that the eGFP-
Larp7construct is fully competent to substitute for the loss of Larp7 and that the

locomotion defect is not due to off-target activity.
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Figure 13: Behavioral characterization of 7SK snRNP mutants. (A) Lifespan of
control 7SK KO, larp7 KO and DKO adult flies. Percentage survival is plotted. (B-
C) including larp7 rescue and 7SK rescue. (D-E) Percentage of mortality with
respect to days showing larp7 mutants die faster than other mutants. (F) Track of
L3 larvae movement recorded for 2 minutes of indicated genotypes. Black dot
indicates the position of the larvae at time zero (start point). (G) Box-plot showing
the number of peristaltic movement counted per two minutes of indicates
genotypes. (H) RNA immunoprecipitation —.qPCR showing the binding of 7SK to
the ectopically expressed eGFP tagged larp7. Larp7 mRNA is used as negative
control.
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In Drosophila larvae, a locomotion phenotype can arise due to improper function
of neurons, muscles or both tissues. To address which was the relevant tissue I used
the elav-Gal4 line, which expresses Gal4 is all postmitotic neurons and mef2-Gal4,
which expresses Gal4 in muscles. Inspection of the locomotion in both conditions
revealed that expression in postmitotic neurons was sufficient to rescue the defect
(Figure 13F-G). In contrast, expression of Larp7 in mutant muscles did not show
improvement of the defect (Figure 13F-G). Therefore, this analysis underscores the

importance of Larp7 in neuronal tissues.

5.3 The 7SK RNP complex is required in motoneurons

5.3.1 Neuromuscular junction analysis of 7SK snRNP mutants.

The fact that Larp7 controls locomotion via a neuronal function prompted us to
examine the neuromuscular junctions (NMJ). NMJ forms the interface between
axon terminals of the motoneurons and the muscles. This interface regulates the
excitation of the muscles, and consequently, the locomotion of larvae. In
Drosophila, NMJ at muscle 4 and 6-7 is widely studied and is used as a paradigm
to study axonal growth and function. The NMJ at muscle 4 is easily accessible, and
the number of synapses in respective body segments is similar among animals of
the same developmental stage. We examined the NMJs of muscle 4, at segment A2
and A3 in wandering L3 larvae. Interestingly, we found that the length of the
innervated nerve was reduced both in 7SK and Larp7 mutants (Figure 14A),
suggesting that the development of the NMJ is affected in the absence of the 7SK
complex. We calculated the number of synaptic boutons after immunostaining with
the presynaptic marker synaptotagmin. We found a drastic reduction of boutons in
both Larp7 and 7SK mutants (Figure 14A). We observed that the development of
the NMJ was also affected at muscles 6/7 (Figure 14C). These defects at the NMJ
were completely rescued when eGFP-Larp7 was expressed in postmitotic neurons
of the Larp7 mutant. Collectively, our results indicate that Larp7 is required for

axonal growth of motoneurons at the NMJ.
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5.3.2 Cell specific expression of Larp7 in motoneurons restores
locomotion

To confirm the requirement of Larp7 in motoneurons, we ectopically expressed
eGFP-Larp7 in different neuronal populations and examined the locomotion of
Larp7 mutants. Interestingly, we found that only the drivers that express Gal4 in
motoneurons rescued the locomotion defect of Larp7 mutants. For instance,
neuroblast specific driver (/nsc-Gal4) did not rescue the phenotype, suggesting that
Larp7 is dispensable in the undifferentiated state. Similarly, expressing Larp7 in
glial cells (Repo-Gal4) had no rescuing effect. These data strongly suggest that
Larp7 1is specifically required for the development of motoneurons, and is

dispensable in other neuronal cell types.

49



A

No.of Peristaltic movementin 2 min

D

No.of Peristaltic movement / 2min

ZGY

Ak Ak

A KK

*kkk ok

xxxx NS

ns

1507
— motoneurons i
100
501 Egg; S%%E
n=10 n=19 n=19 n=20 n=19 n=18 n=21 n=19 n=16 n=21 %Eé% n=15 n=15
0 T R T T T T T T T T T T
¥ (] (3 L} U] (3 L3 o L (3 (] (]
oo ot 60 60 60 6 6o 6o 6o e ed 6ot oo
RO TR e L T
1 |
I 1
Larp7'\;UAS-eGFP::Lnlp7
ds-GFP sh-GFP
#9330 #9331 #41552 #41553
- + - + - + - +
ool W]
A-TUD | s— — — — e || — . —
Tub>eGFP::larp7
553 #41552 #35785 WT

ns

ns

Ak kk ns ns

ns

ns ns

Ak kk

1501
motoneurons
100
501
0 n=10 n=19 n=19 n=20 n=19 n=18 n=21 n=19 n=16 n=21 n=19 n=15
T T T T T T T T T T
N
P ) CORRY ST SR PRRY S » PR
of! (65 60" 60 60 60" 60" 60" 6oV 60" 0" oo
VI ety ? LS 4l 827 0o 9° ? a¢
MV L R R M °
R
0
Lot |

eGFP::Larp7;UAS-sh-GFP

50

Figure 15: Motoneurons require
7SK snRNP complex for proper
locomotion. (A) Crawling assay
showing rescue of larp7 mutant
defect in the larvae by expressing
cDNA of larp7 in the
motoneurons. (B) Validation of
GFP KD efficiency in adult head
by immunoblot using anti-GFP
antibody. ds-GFP and sh-GFP

shows strong reduction in level of

eGFP-Larp7. Anti-Tubulin
antibody is used as loading
control. (C) Bright field and

fluorescent images of L3 larvae
(Tub-Gal4>UAS-eGFP::Larp7)

ectopically expressing eGFP-
Larp7. iGFPi lines are indicated.
#35785 is ds-mCherry which is
(D)

showing

used as negative control.
Crawling

knockdown of Larp7 by iGFPi

assay

using various neuronal drivers.



5.3.3 Depletion of Larp7 in motoneuron recapitulate mutant
phenotype.

To confirm the cell autonomous role of Larp7 in motoneurons, we specifically
depleted its product in different neuronal cell types. Since no specific knock down
line was available for Larp7, we used the in vivo GFP interference (iGFPi) method
(Mugat et al., 2003; Pastor-Pareja and Xu, 2011) . In iGFPi, double-stranded RNA
against GFP is used to target a specific fusion protein containing GFP. In our case,
we used this approach to deplete eGFP-Larp7. We first checked the knockdown the
efficiency of diverse available GFP dsRNA fly lines. By western blot against GFP
and fluorescent imaging, we determine that the dSRNA lines 41552 and 41553 were
the most efficient in depleting eGFP-Larp7 (Figure 15B-C). We decided to carry
out our experiments using with the 41552 line because 41553 was not healthy.
Consistent with our rescue experiment, we found that depleting Larp7 in
motoneurons results in mild to strong locomotion defect in L3 larvae (Figure 15D).
Depletion with the motoneuron driver RRK-Gal4 (with expresses Gal4 in aCC and
RP2 cells) displayed the strongest defect. RP2 cells are among the motoneurons that
innervate muscle 4 in each hemisegment. Other motoneuron drivers like OK6-
GAL4 and OK371-GAL4 are specific to all motoneurons, but we did not see strong
defect as with RRK-Gal4 (Figure 15D). This might be due to the expression strength

of individual Gal4 drivers, which can impact the knockdown efficiency.

We next asked whether the same motoneurons impact the growth of NMJ at muscle
4. For this, we used both overexpression and depletion of Larp7, as shown above.
Consistent with the effect on locomotion, we found that expressing Larp7 with
RRK-Gal4 line can rescue the growth defect at NMJ while depleting Larp7 with
the same driver leads to growth defect (Figure 16A-B). Together these experiments
demonstrate that Larp7 is required in motoneurons, in particular in aCC and RP2

cells, for regulating their growth and ultimately the locomotion of L3 larvae.
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Figure 16: NMJ development regulated by level of 7SK snRNP in motoneurons.
(A) Representative images of NMJ at muscle 4 of the indicated genotypes.
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and axon projecting out of ventral nerve chord (orange arrow head) indicated.

The locomotion and axonal growth defects result from

P-TEFD hyperactivation.

The best-described function of the 7SK snRNP is the regulation of transcriptional
pausing by sequestration of P-TEFb. We thus hypothesized that the locomotion
phenotype might derive from transcriptional misregulation via hyperactivation of
P-TEFbD. If this hypothesis is correct, we expected that reducing P-TEFb dosage
could rescue the defect associated with the loss of 7SK RNP function. To test this,
we knocked down Cdk9 in the Larp7 mutant using the pan-neuronal driver, elav-

Gal4, as well as RRK-Gal4. We first examined the knockdown efficiency of two
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Figure 17: Transcriptional misregulation in 7SK snRNP mutants results in
locomotion defect. (A-C) Representative confocal images of muscle 4 NMJ of the
indicated genotypes. (D) validation of Cdk9 knockdown efficiency. The rescue of
photoreceptor differentiation (size of adult eye) in mago depleted and Cdk9 KD
lines. (E) Validation of Cdk9 KD (#34982) in RRK-Gal4 cells. RT-qPCR showing
level of Cdk9 mRNA in sorted embryo RRK-Gal4 positive cells of three
biological samples. (F) Crawling assay showing partial rescue of larp7 mutant
defect upon knockdown of Cdk9 in all neurons (Elav-Gal4) and RRK positive
cells. (G) NMJ analysis showing rescue of number of boutons in muscle 4 NMJ

upon Cdk9 KD in larp7 mutants.

dsRNA Cdk9 lines. We chose line 34982 because it showed the strongest reduction
of Cdk9 mRNA level (Figure 17D-E). Strikingly, we found that the Cdk9 KD
partially rescued the crawling defect of Larp7 mutant (Figure 17F). Furthermore,
the number of synaptic boutons and the axonal length were completed rescued in
these larvae (Figure 17A). Similar observations were made in the double
knockdown for Larp7 and Cdk9. (Figure 17C). Importantly, the knock down of
Cdk9 alone in wild type neurons was embryonic lethal, indicating that Cdk9 level
needs to be tightly regulated in neurons and that Larp7 and the 7SK play an essential
role in this regulation. Overall our findings suggest that the locomotion defect and
the growth defect at the NMJ observed in the 7SK snRNP loss of function is the
result of P-TEFb hyperactivation.

5.5 Transcriptomic analysis of 7SK snRNP mutant in aCC
and RP2 cells.
5.5.1 Specific set of genes are regulated by 7SK snRNP complex.

Our results point towards a specific transcriptional defect in motoneurons upon
7SK snRNP ablation. Therefore, we next investigated the transcriptome of aCC
and RP2 cells, which are the motoneurons that appear to be more sensitive to the
loss of the 7SK complex. For this purpose, we used FACS to sort cells from
control, Larp7, Larp7 rescue, and 7SK KOs of late embryos (stage 15-16). The
identity of the isolated cells was validated by RT-qPCR (Figure 18A-B). Overall,
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Figure 18: Transcriptomic analysis of 7SK snRNP mutants.(A) Projected
confocal images of dissected embryo neuroectoderm expressing nuclear DsRed
in RRK positive cells which is used as marker for sorting cells. (B) RT-qPCR of
actin, deadpan (dpn) and even skipped (eve) in sorted DsRed positive and negative
cells. DsRed positive cells are enriched with eve confirming the identity of the
isolated cells. (C) Heat map of all transcripts in larp7 and 7SK mutant
motoneurons. Genes commonly regulated in both mutants are clustered on the
top. Diff.reg — indicated the differentially regulated gene with up regulation in
green, down regulation in red, and nonregulated in blue. (D) Eulers diagram
showing the overlap of differentially regulated gene between mutants. (E-F) Gene

ontology of commonly regulated genes

Larp7 KO has more differentially regulated genes (2,998) compared to 7SK KO
embryos (1,012) (Figure 18C-D). 106 up-regulated and 294 down-regulated genes
are common within both mutants. We focused on these common genes for further
analysis as they likely represent regulation by the whole 7SK complex. Gene-
ontology analysis indicates that down-regulated genes are highly enriched for the
developmental process, (Figure 18 E) while up-regulated genes are enriched for
chromosome organization and metabolic processes (Figure 18F).

It was previously shown that the rate of RNA pol II elongation can impact
alternative splicing (de la Mata et al., 2003; Khodor et al., 2011; Moehle et al.,
2014). Since 7SK snRNP complex regulates recruitment of P-TEFb to promoters,
we wondered whether its loss would affect splicing. However, our analysis of
splicing events did not uncover many changes. This suggests that the release of
pausing does not necessarily impact on the rate of transcriptional elongation but

more on the number of active RNA Pol II into elongation.

5.5.2 GC distribution at the promoter is a signature of pausing.
Previous reports on analyses of RNA Pol II chromatin immunoprecipitation (ChIP)

experiments in early stage Drosophila embryos demonstrated that genes that have
strong paused Pol II have higher GC content at promoters (Hendrix et al., 2008).
Therefore, we analyzed the GC content of the genes misregulated in the 7SK snRNP
mutants (Figure 19).
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Figure 19: GC content of the 7SK snRNP regulated genes inmotoneurons. (A-C)
Metagene GC profile of differentially regulated and nonregulated genes in
commonly misregulated, 7SK mutant and larp7 mutants. 300bp upstream of
transcription start site (TSS) and 300bp downstream of transcription end site
(TES) was included in the analysis. (A1-C1) enlarged region of metagene profile
A-C, 300bp around TSS. Upregulated genes in green, downregulated genes in red

and non regulated genes in blue.

Interestingly, commonly up-regulated genes show higher GC content at their
promoter while down-regulated ones display lower content (Figure 19A-A1). This
suggests that upregulated genes have strong paused RNA Pol II. We could speculate
that in the absence of the 7SK complex, these genes would be the most affected as
they would be more impacted by the release of P-TEFb. In our analysis, another
striking observation is the low GC content at the promoter of the downregulated
genes. A similar tendency is observed in the 7SK regulated genes, while Larp7
regulated genes did not show this trend (Figure 19B-B1). We also checked the GC
content in the gene body of misregulated genes. We found that commonly up-
regulated genes have high GC content until 100bp downstream of TSS, while in the
gene body, it was significantly reduced compared to non-regulated genes (Figure
19A1). A similar pattern is observed in 7SK regulated genes (Figure 19B1). There
is no significant difference in the larp7 regulated genes (Figure 19C-C1).

In conclusion, the 7SK snRNP complex affects more specifically genes that exhibit
differential GC content at their promoters and within the gene body. It restricts the
expression of genes containing high GC content at their promoter and conversely,
it facilitates the expression of genes with lower GC content. The potential

underlying mechanism will be discussed below.

5.5.3 Long intron-containing genes are sensitive to 7SK snRNP
complex depletion.
To further get insight into the specificity of the 7SK complex, we next examined
the size of regulated genes (Figure 20). We analyzed the full gene length, the length
of the exons and introns. In the commonly up-regulated genes, we found that the

length of introns was relatively longer in comparison to the non-regulated and
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down-regulated ones (Figure 20C). A similar pattern was observed in 7SK KO up-

regulated genes but not in the Larp7 KO (Figure 20C). Consistently, the total gene
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length was also significantly increased in the commonly, and 7SK KO up-regulated
genes (Figure 20B), while the exon length was unchanged (Figure 20A). Together,
our transcriptomic analysis in motoneurons thus indicates that the 7SK snRNP
complex specifically restricts the expression of long genes containing high GC

content at their promoters.

5.5.4 The 7SK snRNP mutants regulate genes containing set of motifs
at around TSS.

Pausing was shown to be enhanced by certain motifs enriched around the TSS
(Hendrix et al., 2008). We thus examined whether differentially regulated genes
bear some of these motifs. For this analysis, we considered the region spanning
+300bp to -300bp around TSS (Figure 21A-C). Consistent with the possibility that
commonly up-regulated genes are strongly paused, we found that their promoters
contain motifs characteristic of paused genes, including GAGA, Initiator, DPE, and
pause button (Figure 21A-C,E) (Hendrix et al., 2008). We also found that the TATA
motif was enriched in differentially regulated genes, but the distribution of the motif
was distinct from up and down-regulated genes (Figure 21D). Also, in the down-

regulated genes, the DRE motif was found enriched at promoters (Figure 21F).

In conclusion the computational analysis of the differently regulated genes in the
7SK snRNP mutants indicates that they have specific signatures at their promoter
and within the gene body, which likely instruct their regulation by the 7SK
complex.

Our work so far suggests that genes that are highly paused are more dependent on
the 7SK complex for their expression. However, a majority of genes are paused,
and yet only a subset of genes is regulated by 7SK RNP. Therefore it remains
unclear what drives the specificity of the complex towards specific promoters. In
order to get more insights, we performed a de novo motif analysis around TSS, and
we found that SMAD motif is enriched only in the commonly and 7SK KO
upregulated genes (Figure 22). Suggesting 7SK snRNP complex regulated the
development of NMJ through SMAD transcription factors.
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Figure 21: Motif analysis of differentially regulated genes in 7SK snRNP mutant
motoneurons. (A-F) Heat map and enrichment of indicated motifs were checked in

the commonly regulated genes. Upregulated genes in green, downregulated
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genes in red and nonregulated genes in blue. 300bp around TSS was used for this
motif enrichment analysis. Downward brackets (turquoise) highlight the enriched

region for indicated motifs either in up or down regulated genes.
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Figure 22: De novo motif search at the promoter region of upregulated genes
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5.6 Larp7 function is evolutionarily conserved.

The 7SK snRNP complex is conserved among metazoans. The Drosophila 75K
RNA is about 100 nt longer than the vertebrate 7SK RNA and bears low sequence
similarity with its vertebrate counterpart (less than 50%). However, the proteins
associated with the 7SK RNA are highly conserved in metazoans. Larp7 has
evolutionarily conserved 2X RRM domains, and it was shown that the RRM
interaction with the 3’end of 7SK RNA is essential for the stability of the RNA
(Uchikawa et al., 2015b). We wondered whether vertebrates Larp7 could rescue the
Drosophila one despite the low sequence similarity of 7SK RNA. To test this, we
cloned the human (hLarp7) and Xenopus Larp7 (xLarp7) tagged with GFP and
expressed the fusion constructs in Drosophila S2R+ cells that were previously
treated with dsSRNA targeting the 5"UTR of Drosophila Larp7 (this dSRNA does
not recognize the exogenous Human and Xenopus Larp7) (Figure 23C and 14F).
As readout, we examined the level of 7SK RNA by RT-qPCR. Surprisingly, we
found that Drosophila 7SK RNA level was rescued by the Human and Xenopus
Larp7 (Figure 23A), to the same extent as with the Drosophila Larp7. This implies
that the molecular function of Larp7 is conserved throughout evolution. To next
address the functional conservation in vivo, we generated transgenic flies
expressing human Larp7 under the control of UAS promoter. Strikingly, expressing
hLarp7 in all tissues using the tubulin-Gal4 driver completely rescued the
locomotion and axonal growth defect of Larp7 mutant L3 larvae. Therefore, these
data indicate that Larp7 function within the 7SK complex is evolutionarily

conserved from insects to vertebrates.
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Figure 23: Human Larp7 is functionally conserved and rescue Drosophila larp7
mutant. (A) RT-qPCR showing the stability of 7SK RNA in dLarp7 knockdown S2R+
cells. cDNA of dLarp7, hLarp7 and xLarp7 were expressed ectopically with actin
promoter. (B) RT-qPCR showing dLarp7 knockdown efficiency. (C) Bright field and
fluorescent image of S2R+ cells expressing eGFP-hLarp7. hLarp7 localize strictly in
the nucleus (orange arrow head) and enriched in the nucleolus (blue arrow head) as
seen in dlarp7 (figure 2D). (F) Immunoblot showing expression of eGFP-hLarp7 in
transgenic adult fly head extract. Tubulin is used as loading control. (D) Crawling
assay showing the rescue of Larp7 mutant locomotion defect by hLarp7. (E) Bouton
numbers in muscle 4 NMJ of indicated genotype. Human Larp7 expression in

Drosophila larp7 KO larvae rescues the bouton numbers.
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6 DISCUSSION

6.1 The Drosophila 7SK snRNP complex is structurally similar to the

vertebrate counterpart.

The 7SK snRNP complex was first identified in vertebrates, and it was thought to
be present only in vertebrates because of the failure to identify 7SK RNA in lower
organisms. In 2012, the Drosophila 7SK snRNP complex was identified. The core
proteins LARP7, HEXIM and MePCE/Bin3 are highly conserved and were shown
to be present in a complex with 7SK RNA. In the budding yeast the ortholog of
LARP7, Pof8 was shown to be essential for the maintenance of telomere length
(Mennie, Moser and Nakamura, 2018; Paez-Moscoso et al., 2018). Pof8 carries
only the LAM domain and lacks the C-terminal RRM, which is essential for the
stability of the 7SK RNA. This suggests that Pof8 exerts its function independently
of the 7SK RNP. Accordingly, the 7SK RNA was not found in this species.
Interestingly, the telomere length of Alazami syndrome patients is shortened both
in homozygous and heterozygous conditions. This indicates that the vertebrate
LARP7 can influence telomere length. Whether the 7SK RNA is involved in this
function remains to be determined. In Drosophila, retrotransposons are used to
maintain the telomere length, which is mechanistically different from vertebrates.
It would be interesting to examine whether the telomere length in Drosophila Larp7
mutants, as well as in the 7SK RNA mutant, is also affected. This can help to dissect

the independent function of Larp7 and related phenotypes in Alazami syndrome.

6.1.1 Sequence alignment comparison between species.
The 7SK RNA is highly conserved in vertebrates. The Drosophila 7SK RNA was
identified by sequence similarities to the promoter region. The total length of the
Drosophila 7SK RNA is around 100 nt longer than the vertebrate counterpart and
has less than 50% similarity. The 7SK RNA act as a scaffold for the assembly of
the core proteins and other hnRNPs. The secondary structure of vertebrate 7SK
RNA was predicted using computational and chemical methods like i-shape. The

excess 100 nt in the Drosophila 7SK RNA is distributed in the middle region of the
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RNA. This sequence might increase the complexity of the secondary structure of
the 7SK RNA by inducing the interaction of novel proteins and regulating different
molecular functions. It would be interesting to determine the structure of
Drosophila 7SK RNA and identify novel potential interactors. Furthermore, it
would be exciting to address whether human 7SK RNA can rescue the lack of
Drosophila 7SK. If so, this would indicate that the structure of the RNA is likely

more important than the sequence per se.

6.1.2 Subcellular localization of the 7SK snRNP complex.
The endogenously tagged eGFP-Larp7 in Drosophila is strictly nuclear and

relatively enriched in the nucleolus as well as in the nucleoplasm. Our finding is
partly consistent with earlier observations from Larp7 staining in human and
Drosophila using specific antibodies. While Larp7 was found in the nucleus of
several tissues in Drosophila using a specific antibody the nucleolar localization
was however not detected (Nguyen et al., 2012a) Nevertheless, Slomnicki et al.,
2016 show that Larp7 is one of the nucleolar enriched protein in rat cerebral cortex,
suggesting that at least in Vertebrates LARP7 localizes in the nucleolus. The ectopic
expression of Human LARP7 and Xenopus LARP7 in Drosophila S2 cells also
show localization both in the nucleolus and in the nucleoplasm. Based on these
findings, we favour the interpretation that Larp7 is a strictly nuclear protein in

different organisms with some expression in the nucleolus.

The role that Larp7 may play in the nucleolus is currently unclear. It seems that the
localization of Larp7 is independent of the 7SK snRNP complex as this was not
changed when 7SK RNA was depleted in flies. This observation suggests that
probably Larp7 has a function unrelated to 7SK in this compartment. Slomnicki et
al., showed that the loss of Larp7 in the rat hippocampal neurons lead to decreased
perikaryal ribosome content and reduced protein synthesis. In contrast, we did not
observe profound changes in protein level in L3 larvae depleted for 7SK RNA or
Larp7. To detect more subtle protein synthesis defect, it would be interesting to
examine nascent translation in vivo, in cell type-specific manner, using for instance

fluorescent non-canonical amino-acid-tagging techniques (Erdmann et al., 2015).
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Recently, Larp7 was shown to bound U6 snRNA and be required for its 2°0O
methylation in human cells (Gunther Meister, personal communication). As U6 is
synthetized in the nucleolus, this could be an important function for Larp7 in this
compartment. However, the physiological function of 2’0 methylation of U6

snRNA is currently unknown.

Regarding the subcellular localization of the 7SK RNA, it was found to be enriched
in nuclear speckles or interchromatin granule clusters (IGCs) in HeLa cells. With
the help of reporter system, it was shown that the 7SK RNA transiently interact with
the reporter locus and displace P-TEFb (Prasanth et al., 2010). In mouse primary
motoneurons grown in a microfluidic chamber, 7SK is sparsely localized in the
axons. [t was proposed that the heterogeneous nuclear ribonucleoprotein R (hnRNP
R) binds to the 7SK RNA in the axons and the loss of either hnRNP R or 75K in
this cell culture system leads to defective axonal growth, suggesting a cytoplasmic
function for the 7SK-hnRNP R complex (Briese et al., 2018). In Drosophila, we did
not address the localization of 7SK in axons. However, we did not detect Larp7 in
this compartment, which is incompatible with the localization of 7SK in the axons
as Larp7 is essential for 7SK stability. Furthermore, our results point towards a

transcriptional function for the axonal growth rather than a cytoplasmic one.

6.1.3 Vertebrate Larp7 can stabilize the Drosophila 7SK RNA.

Protein components of 7SK snRNP are highly conserved in vertebrates and
Drosophila. Despite the fact that 7SK RNA sequence is only partially conserved, it
likely provides the same structural scaffold for the assembly of the core proteins.
This is supported by the rescue of 7SK RNA level and the locomotion/NMJ defects
of Larp7 mutant by overexpression of vertebrates Larp7. This suggests that the

structural information of the RNA is more important than the sequence per se.
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6.2

6.3

Ubiquitous and differential expression of 7SK snRNP components

during development of Drosophila.

Larp7 mRNA is maternally deposited, and LARP7 protein is readily visible as soon
as the cellularization happens during embryogenesis. Time-lapse imaging of
developing embryo revealed that Larp7 is expressed in all embryonic
developmental stages, albeit at a different level. Similarly, Larp7 is expressed in all
tissues in larva and adult. An earlier report using Larp7 antibody claimed that Larp7
was expressed differentially in the eye-antennal and wing imaginal discs of L3
larvae (Nguyen et al., 2012a). However, we could not reproduce this observation
using our endogenously GFP-tagged Larp7. This difference is likely due to
antibody specificity and processing of the sample for immunostaining. Our live-
imaging analysis of eGFP-Larp7 is expected to reduce these potential biases. We
cannot completely rule out; however, that insertion of GFP alters the distribution
and abundance of Larp7. Nevertheless, the fact that we found enrichment of Larp7
in motoneurons of late embryos is more consistent with our phenotypic

observations.

Depletion of the 7SK snRNP complex leads to a developmental
defect.

The discovery that 7SK snRNP regulates promoter Pol II pausing via sequestration
of P-TEFb complex was first demonstrated in human cells (Nguyen et al., 2001;
Yang et al., 2001). In cancer cells it was shown that LARP7 and 7SK levels were
reduced, suggesting that they act as potential tumour suppressors (Cheng et al.,
2012; Ji et al., 2014; Abasi et al., 2016). In a human gastric tumour, LARP7 was
shown to carry microsatellite, resulting in a frameshift mutation and the loss of the
C-terminus region, which is essential for 7SK RNA interaction (He et al., 2008).
Even though there is evidence that the level of 7SK RNA and Larp7 is reduced in

these cancer cells, the underlying mechanism driving tumorigenesis is unknown.

Interestingly, mice depleted for Larp7 are embryonic lethal. This is in sharp contrast
with the viability observed in Drosophila and human patients (see also below).
Furthermore, tumorigenesis was not reported in this mouse model. Likewise,

patients lacking LARP7 show no sign of tumour formation. Therefore the ex-vivo
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6.4

observations contradict the defects observed in vivo (Alazami et al., 2012; Okamura
et al., 2012). It is possible that the correlation observed between tumorgenesis and
the decreased level of LARP7 in these cancer cells is only an indirect consequence
of additional changes promoting tumorigeneses such as a mutation in other

oncogenes Or tumour suppressor genes.

Why does the Larp7 mutant is embryonic lethal in mouse? The authors showed that
the lethality occurs due to growth arrest in primordial germ cells (Okamura et al.,
2012) (Figure 24A). There is however, a possibility that the lethality is independent
of Larp7 loss of function. In fact, the mouse Larp7 gene contains nine introns and
a miRNA cluster (Mirc20) consisting of Mir302a/b/c/d, and Mir367 that is located
in intron 8 (fig). The miR-302 is essential for the development of the embryo, and
its absence leads to neuronal defects (Parchem et al., 2015) (Figure 24B). Both
Larp7 KO and miRC20 KO mouse survival rate, as well as the time of death, are
identical. Since in the Larp7 KO mouse (Okamura et al., 2012), the level of miRC20
expression was not addressed, it is possible (Parchem et al., 2015) that these
phenotypic similarities arise from a loss function of miRC20 rather than the loss of
Larp7. Therefore, more experiments will be necessary to confirm that the
embryonic lethality is due to Larp7 deficiency. The localization of miRC20 in the
intron of Larp7 is conserved in human and mouse, so to fully understand the
phenotype of the Alazami syndrome, one should consider addressing the expression
of the miRNA as well. In Drosophila, the Larp7 gene contains one intron and does
not contain any miRNA. This makes Drosophila a better system to avoid

confounding effect by possible misregulation of this miRNA.

Drosophila 7TSK snRNP mutants have strong locomotion defect

We generated a loss of function mutations for components of the Drosophila 7SK
snRNP complex using the CRISPR/Cas approaches. Even though the mouse mutant
and the cell culture studies suggest that the 7SK snRNP complex is essential, the
Drosophila 7SK snRNP mutants are viable. This observation is similar to human
patients lacking LARP7 (Alazami syndrome). Currently, there is no report about the
lifespan expectancy and fertility of these patients. We show that Drosophila Larp7

and 7SK mutants are fertile and homozygote flies can be maintained over a
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generation. Since the studies on AS patients are relatively new, and none of them
report about the fertility of the patients, it is difficult to compare with the
Drosophila mutant observation (Alazami et al., 2012; Holohan et al., 2016).

We further analyzed the phenotypes of 7SK snRNP mutants at all developmental
stages. As for oogenesis the embryonic development of these mutants is normal,

and until adult eclosion, the developmental time is similar to wild type.
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Figure 24: (A) Larp7 KO mouse embryos. Developmental stages of wild type and
Larp7 mutants as indicated. Picture of embryo at E12.5 (B) miR-302 KO mouse.
Developmental stage of mutant with respect to expected. Pictures of embryos at

E13.5 and E17.5. Data adapted form Okamura et al, 2012 and Parchem et al., 2015.
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Figure 25: (A) Barboric et al., showing vertebrate developmental defect in Larp7-
morpholino treated zebrafish embryos. (B) Matrone et al., zebrafish embryos did

not show any developmental defect in Larp7 knockdown condition.
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6.5

However, the 7SK and Larp7 mutant flies have a shorter lifespan, and this
phenotype is enhanced in the double mutant. We further found that mutant L3 larvae
and adult flies display strong locomotion defects. This defect is not seen in the early
larval stage, suggesting that the 7SK snRNP complex is dispensable during
embryogenesis. We further show that the locomotion defect is caused by the loss of

function of the 7SK snRNP complex in neurons and not in muscles.

In Drosophila the actual development of the body size and most of the nervous
system happens at the late embryonic and larval stage. In human, the early
development of the nervous system happens in utero, which is analogous to the
Drosophila larval stage. This suggests that the 7SK snRNP is essential for proper
neuronal development of the organism, probably by regulating transcription. In all
reported AS patients, there is a significant delay in motor development, suggesting
that the 7SK snRNP complex may have an evolutionarily conserved function in the

axonal growth of motor neurons.

The NMJ development is highly affected in 7SK snRNP mutants

7SK snRNP mutants show strong locomotion defect that can be rescued by
ectopically expressing Larp7 in motoneurons. To identify the cause for the defect,
we studied the morphology and electrophysiology of the motoneurons. The loss of
7SK snRNP did not alter the morphology of the motoneuron and their pathfinding
in the late embryonic stages, supporting that the main time of action is during the
larval stage. In L3 larvae, we found that the neuromuscular junctions of
motoneurons targeting muscle 6/7 and muscle 4 were affected. These NMJ had
shorter terminal and fewer synaptic boutons. In collaboration with Pr. Carsten Duch
at Mainz University, we also examined the electrophysiological properties of the
NMIJ in Larp7 mutants. Two-Electrode Voltage Clamp (TEVC) recordings from L3
larvae muscles 6&7 in abdominal segments 2&3 show mild defects. Larp7 mutants
show an increased peak amplitude upon evoked synaptic transmission compared to
control animals. This phenotype can be fully rescued by Larp7 overexpression in a
Larp7 mutant background. This mild alteration in synaptic transmission does show
a statistically significant difference but is not sufficient to explain the changes in

crawling behaviour. In this experiment, the current was injected into the nerve, and

73



6.6

6.7

maybe in the mutants, there is a deficit of action potential generated by the mutant
motoneurons. To further understand the discrepancy between strong locomotion
defect and mild synaptic impairment, one can use calcium imaging of motoneurons
and combine with muscle recordings. This will tell us whether there is any defect

in the axons of the motoneurons in their ability to excite the muscles.

The axonal growth defect in the 7SK snRNP mutants is due to

transcriptional changes.

In Drosophila, we found that the loss of the 7SK snRNP complex leads to
locomotion defect, which is the result of impaired NMJ development and function.
The knockdown of Larp7 in zebrafish was found in one study to give rise to
developmental defect (Barboric et al., 2009), while in another one, the KD had no
consequence. This might be due to the efficiency of KD by the different morpholino
or by of target activity. Nevertheless, in the later study, the KD of Larp7 and Cdk9
rescued the phenotype observed in the KD of Cdk9 only (Matrone et al., 2015)
(Figure 25). Our findings also support the fact that the locomotion phenotype in L3
larvae is caused by specific transcriptional changes in motoneurons. Indeed, the
knockdown of Cdk9 using the pan-neuronal or motoneuron driver rescue the
locomotion phenotype of Larp7 mutant. Why only motoneurons appear specifically
affected by the loss of Larp7 or 7SK? What makes them particularly susceptible to
changes in the level of 7SK snRNP complex? Both Drosophila and human
motoneurons are among the cells having the most extended structures. Therefore
one can speculate that owing to their extremely specialized morphology, it is
possible that their formation and function require more precise and robust

transcription regulation in comparison to other cells in the organism.

Misregulated genes in the 7SK snRNP mutants have unique

architecture.

The 7SK snRNP complex regulates the activity of P-TEFb complex, which is a
generic mechanism, but in Drosophila, its function is more apparent in

motoneurons. We analyzed the transcriptional changes in the 7SK KO and Larp7
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KO motoneurons that are even-skipped positive (aCC and RP2) because the KD of
Larp7 in this subtype of motoneurons alone phenocopy the 7SK snRNP mutant
phenotype. A second reason was to have a homogenous cell population, which is
important to identify cell-specific transcriptional changes. The differential gene
expression analysis revealed that the Larp7 KO results in larger changes in RNA
expression than the 7SK KO. This observation suggests that Larp7 itself may
regulate transcription or RNA processing independently of the 7SK snRNP
complex. This might be related to its expression in the nucleolus and its function in
regulating methylation of U6 snRNA. Another possibility is that Larp7 interacts
with other non-coding RNA and regulate their fate. To decipher this, mapping cell
type-specific Larp7 interacting RNAs by iCLIP followed by sequencing of
associated RNA could reveal potential new targets. Another observation from
human patients is the reduced telomere length with can directly impact gene
expression, a function that might be conserved in flies. Our results thus indicate that
also in Drosophila Larp7 likely have additional functions unrelated to the 7SK RNP

complex.

Since we were interested in the function of the 7SK snRNP complex itself, we
focused on the genes commonly regulated in both mutants or regulated by the loss
of 7SK RNA only. Transcription of a gene can be regulated at different steps. The
specificity of gene activation is mainly regulated by sequence-specific binding of
transcription factors along with general transcription machinery. In Jurkat cells, it
was shown that KAP1 also known as TRIM28, is required for the recruitment of
7SK snRNP complex to the promoter of paused genes. Upon stimulation by the
action of NF-kB, the active P-TEFD is released from the 7SK snRNP and initiates
transcription elongation (McNamara et al., 2016). An ideal experiment to identify
the 7SK snRNP associated transcription factors in motoneurons would be to pull
down chromatin-associated 7SK snRNP and perform mass spectrometry. However,
our initial attempts to detect Larp7 on chromatin failed, perhaps due to the weak or

transient nature of this interaction.

We used a computational approach to identify how the 7SK snRNP specifically
targets the set of genes in motoneurons. First, we analyzed the GC content of the
promoter of the differentially regulated genes. The genes which are commonly

upregulated in LARP7 / 7SK KO and 7SK KO have high GC content between -
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100bp and +200bp distance around TSS. Putting our observations together with
earlier reports from Drosophila embryo showing that highly paused genes have
high GC content (Hendrix et al., 2008), suggest that the 7SK snRNP complex
inhibit more strongly the expression of highly paused genes. This could be
addressed by assessing the pausing state of RNA Pol II in motoneurons using ChIP-
sequencing. This experiment became feasible in this last year owing to the
development of a new protocol allowing to perform ChIP-seq with low input

material (Skene and Henikoft, 2017).

Surprisingly, the commonly downregulated genes in Larp7 / 7SK KO and 7SK KO
have low GC content between -200 and -100bp. This specific change may be due
to the indirect effect of the upregulated genes or any unknown mechanism by which
the 7SK snRNP enhances transcription. It is possible that the 7SK snRNP bring in
specific transcription factors to the promoter of specific genes and enhance their

transcription.

In contrast to promoter regions, we found an inverse correlation with regards to GC
content in the gene body. Metagene analysis of the gene body of the differentially
regulated genes showed that up and down-regulated genes in Larp7 / 7SK KO and
7SK KO has low and high GC content from -100bp from TSS until TES,
respectively. This unique feature of GC content at the promoter and in the gene

body somehow distinguishes genes which are regulated by 7SK snRNP.

The differentially regulated genes in Larp7 KO condition alone did not show any
change in GC content distribution, neither at the promoter nor in the gene body. As
discussed above, this suggests that Larp7 has additional functions which
presumably masked the gene architecture requirement with respect to its role within

the 7SK snRNP complex.

Finally, we noticed that in addition to the GC content, the size of the differentially
regulated genes was also distinct from the average size. We found that the average
intron length of upregulated genes was significantly larger than the intron size of

non-regulated or downregulated genes.

Gabriel et al. revealed that the position of long introns affects the gene expression
level. Computational analysis revealed that in Drosophila, genes with the first

longest intron have a positive correlation with expression (Marais ef al., 2005). It is
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possible that the longest intron around the transcription start site contains a
regulatory element which is fine-tuning the gene expression. It would be interesting
to validate the effect of intron size on gene expression by manipulating the size of
the first intron. 7SK snRNP regulated genes may have some regulatory elements in
these introns, which can be bound by P-TEFb::7SK snRNP associated factors,
thereby releasing paused RNA Pol II, and enhancing transcription.

The promoters of many paused genes are enriched with certain motifs like GAGA,
initiator (Inr) and Pause Button (PB) motif (Hendrix et al., 2008). Our study also
revealed that the upregulated genes are enriched for GAGA motif (-150bp to TSS),
Inr (TSS to +50bp) and PB (-50bp to +50 bp). Interestingly, the TATA motif is
enriched in both up and down-regulated genes, but the motif distribution is not
similar. In up-regulated genes TATA motifs span within -50bp to TSS around TSS
and in down-regulated genes they are present within -200bp to 150bp. We also
found enrichment of DPE motifs in up-regulated genes around TSS while DRE
motifs are enriched only in down-regulated ones. In summary, upregulated genes
are enriched for GAGA, Inr, PB, TATA and DPE motifs around the TSS, while
downregulated genes are enriched for TATA and DRE.

Even though we observed specific regulatory elements within the promoter of
regulated genes, it is still unclear how these genes are specifically targeted by the
7SK snRNP complex. We hypothesized that 7SK or P-TEFb interact with specific
transcription factors to regulate specific gene expression in motoneurons. To
identify these potential factors, we performed a de novo motif search at the
promoter. We identified the SMAD motif as being enriched in the upregulated
genes. In Drosophila there are four SMAD transcription factors Mother against dpp
(Mad), Medea (Med), Nuclear factor I (Nfl) and Smad on X (Smox). Particularly,
phosphorylated Mad accumulate at the active zone after activation of type-A
glutamate receptor (Sulkowski et al., 2016) (Figure 26). Importantly, Bone
morphogenetic protein (BMPs) stimulate type I/II serine/threonine receptors to
regulate Smad mediated transcription in the motoneurons (Wu, Xiong and Mei,
2010). Mutation in TGFP ligands (Smad transcription factors) lead to the reduced
number of NMJs and impaired neurotransmitter release which is similar to our
observation in the 7SK snRNP mutants (Wu, Xiong and Mei, 2010). This

observation raises interesting questions like how the 7SK snRNP complex
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specifically regulate SMAD target genes? Does the SMAD protein interact with
7SK snRNP complex directly or through any other partners? How is this specific to

the motoneurons?
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Figure 26: Cartoon from Slukowski et al., 2016 showing BMP signaling complexes that control
the accumulation of nuclear and synaptic phosphorylated Mad (pMad) and Mad.
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6.8 The exon junction complex regulates RNA Pol II pausing and
splicing of large-intron containing genes.

In addition to my main project studying the function of the 7SK snRNP complex in
vivo, I contributed to investigating the role of the exon junction complex (EJC) in
promoter-proximal pausing of RNA Pol II. This has led to a publication in Nature
Communication, in which I am a co-author (see attached).

The EJC assembles on RNA upstream of exon-exon junction during the splicing
process. The EJC consists of three core proteins: Mago, eIF4AIIl and Y14. In
Drosophila, loss of Mago in the developing eye leads to splicing defect in MAPK
transcripts, resulting in photoreceptor differentiation defect (Ashton-Beaucage et
al., 2010; Roignant and Treisman, 2010). The EJC-dependent splicing changes are
seen in large transcripts that are mainly expressed from heterochromatic regions.
We also observed that the depletion of core EJC proteins in S2R+ cells lead to
decreased promoter-proximal pausing of RNA Pol II, increased Ser2P at CTD of
RNA Pol IT and a premature entry into elongation. Interestingly, the EJC-dependent
splicing events could be rescued by knocking down Cdk9, indicating that the
splicing defects are a consequence of the premature entry of Pol II into elongation.
I could show that the double knock down of Mago and Cdk9 in vivo rescued MAPK
splicing and the associated photoreceptor differentiation defect. I further performed
a candidate RN A1 screen using photoreceptor differentiation as a readout to identify
additional genes that interact with Mago to control MAPK splicing. I found that
depletion of transcription initiation (Cdk7) and elongation factors (SEC, PAF
complex and FACT complex) did not rescue the photoreceptor differentiation
defect. However, depletion of Cdk9 and Cdkli2, as well as the NURF chromatin
remodeler, fully rescued photoreceptor differentiation. These results, therefore,
suggest that Cdk12 and NURF also play a role in promoter proximal pausing. A

part of these data has been included in the published manuscript.
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7 MATERIALS AND METHODS

7.1

7.2

7.3

Drosophila Stocks.

All the flies were maintained at 18°C and 25°C in 60% humidity incubator with
12hrs day — 12hrs light cycle and the flies were fed with standard cornmeal food.
The genotypes used in this study are listed in table 2.

CRISPR/Cas9 Gene editing in Drosophila.

Tools and protocol from the National Institute of Genetics (NIG-Fly) FlyCas9 were
used to generate larp7 and 7SK gene deletion and eGFP-Larp7 endogenous tag.
Briefly, for gene deletion, a pair of guide RNAs (gRNA) flanking the gene of
interest and for endogenous tagging single gRNA close to the transcription start site
(TSS) of Larp7 was designed using “Cas9 target finder”. The gRNA was
synthesised (Merck, Germany) and cloned into a pBFv-u6.2/B vector. For gene
deletion, the vector was integrated (PhiC31 integrase) into TBX-0002 (' v/ P{nos-
phiC31\int. NLS}X; attP40 (II)) and crossed with CAS-0001 (37 cho® V';
attP40{nos-Cas9}/Cy0 ). The offspring were individually crossed with respective
balancer fly lines, and the parents were screened by PCR (primer sequence in Table
3) for deletion. For endogenous tagging, the donor plasmid was created as follows.
Approximately 1000 base pairs (bp) upstream of Larp7 TSS and 1000 bp
downstream of Larp7 TSS were cloned upstream (Bglll) and downstream (Kpnl)
of eGFP in the pUAST eGFP attB vector (¢GFP sequence was cut out). The donor
plasmid and gRNA vector pBFv-U6.2 were injected into CAS-0001 embryos. The
survived flies were individually crossed with X chromosome balancer (Fm6,w),
after five days or once the offspring L1 larvae hatch, the parent flies were screened
by PCR (primer sequence in Table 3) followed by agarose gel electrophoresis. The

positive candidates were further verified by PCR-sequencing.

Gene cloning and generation of transgenic flies.

The Drosophila Larp7 cDNA was synthesised from total RNA of S2 R+ cells and
cloned in Kpnl site of the pUAST eGFP attB vector, eGFP as N-terminal tag. The
Human Larp7 (hLarp7) and Xenopus laevis Larp7 (xLarp7) cDNA were
synthesised from HeLa cells and X./aevis embryos, respectively. Further, ALarp7

and xLarp7 were cloned in Kpnl and Notl site of the pUAST-eGFP-attB vector.
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7.4

7.5

The final clones were verified by sequencing and expression of the eGFP-ZLARP7
and eGFP-xLarp7 was first validated in S2R+ cells by microscopy and immunoblot.
For expression in S2R+ cells, the pACT-Gal4 vector was co-transfected to induce
the expression of eGFP-Larp7 under UAS promoter (Brand and Perrimon, 1993).
For the 7SK rescue clone, 7SK gene and upstream 1500 bps (including transfer
RNA: Valine) was amplified by PCR from fly genomic DNA. The amplicon was
further cloned into HindIII-EcoRI digested pUAST eGFP attB vector. The cDNA
clones were injected into embryos expressing PhiC31 integrase (BestGene Inc.,
U.S.A) in the genetic background of BDSC #9723 [y! w1118; PBac{y+-attP-
3B} VK00002]. The transgenic flies were selected based on white gene expression
form the pUAST vector.

Single fly genomic DNA

The single fly protocol (Kumar, 2016) (minor modifications) was used for
screening the transgenic flies. Individual flies were collected in 1.5mL centrifuge
tubes on ice. Then 50uL of squash buffer (10mM Tris pH8.0, ImM EDTA, 25mM
NaCl) with freshly added 1uL of 10mg/mL Proteinase K was pipetted using a
200uL pipette, and the flies were crushed using the same pipette tip for a few times.
Then the sample was incubated at 37°C for 15 min followed by 5 min at 95°C to
inactivate Proteinase K. Then spin down the derbies at 14,000 RPM for 5 min, room
temperature or 4°C. Then 5SuL of the supernatant was used as a template in a 20uL

polymerase chain reaction (PCR).

Reverse transcription and quantitative real-time PCR.

Total RNA from required samples were isolated by TRIzol™ reagent. The required
amount of total RNA was treated with two units of DNase I (New England Biolabs).
For reverse transcription, random oligonucleotides (Sigma, custom made), 200
units of M-MLYV reverse transcriptase (Promega), and 18 units of Murine RNase
Inhibitor were used according to the manufacturer's protocol. SYBR Green PCR
Master Mix and gene-specific primers (Table 3) and normalisation control primers
(Rpl15, Rp49, and Act5C) were used to perform quantitative real-time PCR in ViiA
7 Real-Time PCR system (Applied Biosystems). The relative expression level was
calculated using Microsoft Excel, and the student’s t-test was performed for

biological triplicates.
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7.7

S2 cells knockdown and transfection.

Knockdown of genes in S2 R+ cells were done according to the protocol (Rogers
and Rogers, 2008) with minor modifications. Genomic DNA or cDNA from flies
were used as PCR (OneTaq, NEB) template to amplify the exonic region of genes.
The dsRNA was synthesised using MEGAscript™ T7 Transcription Kit as
manufactures protocol. The knockdown treatments were done either once or three
cycles for 7days according to the knockdown efficiency of individual dsRNA,
which was first optimised by titration. Knockdown efficiency was analysed by RT-
gPCR (primer table 3). For hLarp7 rescue experiment in S2R+ cells, the cells in
six-well plates were treated with dsSRNA targeting 3’UTR of dLarp7 for five days,
three treatments and on the 3rd day, the pUAST rescue contract cotransfected with
pAct5C-Gal4 in the ratio 4:1 using Effectene reagent as manufactures protocol. The
expression of rescue contracts were validated by eGFP fluorescence with a stereo
microscope and immunoblot. On Day 5, the eGFP positive cells were sorted (BD
FACSAria™ II SORP) into TriZol and performed RT-qPCR to check the level of
7SK RNA.

RNA sequencing.

The wild-type control, Larp7 KO and 7SK KO flies were recombined with UAS-
nuclear DsRed, BDSC #8546 (w[1118]; P{w[+mC]=UAS-RedStinger}4/CyO).
Then these flies were crossed with RN2-Gal4 (BDSC #7470) or RRK-Gal4 (BDSC
#42739), and expression pattern of DsRed was verified by confocal imaging of
embryo and L3 larvae. Then Larp7 KO and 7SK KO flies were recombined with
RN2-Gal4 line. We could not successfully recombine RRK-Gal4 line with 7SK
mutants. Also, we did not see any difference in expression pattern between these
two lines. So, RN2-Gal4 line was used in this experiment. The crosses were
maintained in a plastic flask with apple agar plate coated with yeast. After two pre-
laying every two hours, embryos were collected for 2 hours on an apple agar plate.
The staged (stage 15-16) embryos were collected and processed as described
(Perrimon, Zirin and Bai, 2011) with minor modifications. The embryos were
decorated with 50% bleach (sodium hypochlorite) for 2 min and washed thoroughly

with deionised water in 100uM cell strainer. Then transferred to 250 uLL Schneider’s
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Drosophila Medium (Gibco) and dissociated using Dounce homogenizer with loose
pestle 15 times on the ice. Then the dissociated cells were filtered through the 35uM
cell strainer and collected in FACS compatible SmL tube on ice. To the dissociated
cells, DAPI was added to eliminate dead cells during sorting and immediately
analyzed in FACS. The purity of the sorting was analyses visually by microscope.
Further, RNA was isolated from about 250 DsRed cells, and RT-qPCR was
performed to check the marker DsRed and eve transcripts. For RNA sequencing,
the DsRed positive live single cells were sorted in 250ulL TriZol reagent at 4°C.
The sorted cells were frozen on dry ice and stored at -80°C. Then the total RNA
was isolated according to to the TriZol manufacture’s protocol. The quality of the
RNA was analysed using Agilent RNA 6000 Pico assay in Agilent 2100
Bioanalyzer and quantified using NanoDrop 3300. Equal concentration of RNA
from each biological triplicate were used in Smart-Seq2 [llumina protocol to

generate next-generation sequencing libraries.

7.8 Raw-data Processing

Libraries were sequenced on an Illumina NextSeq 500 in single read mode with a
read length of 84 bp on a single flowcell and sorted according to their index using
bcl2fastq (v2.19). Individual samples were mapped first mapped against an rRNA
reference to remove ribosomal reads and then against BDGP6 using the annotation
of Ensembl release 90. The mapper used was STAR (Dobin et al. 2013, v2.5.2b)).
Gene counts were derived using featureCounts (Liao, Smyth, and Shi 2013, v.

1.5.1)).

7.9 RNA-Seq Analysis

Differential expression analysis was performed using Bioconductor/DESeq2
(Huber et al. 2015, v2.38; Love, Huber, and Anders 2014, v1.18.1). Genes were
deemed sign. Diff. regulated with and FDR below 5%.

7.10 GC content

Figure 19 displaying the GC content around the TSS/Metagene are based on the
differentially regulated genes derived from the DESeq?2 analysis. For each gene, the

TSS with the highest coverage and the associated transcript was chosen for display.
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* GC content around the TSS was calculated using R/Bioconductor packages
(Huber et al. 2015; R Core Team 2018; Lawrence et al. 2013)) and plotted using
geplot2 (Wickham 2016).

* GC content on the metagene profiles were based on GC content per bp retrieved
from the genome using bedtools (Quinlan and Hall 2010, v2.27.1) and kentUtils
(Kent, n.d.). Then the data were processed further using deeptools (Ramirez et al.
2016, v3.1) and plotted using ggplot2 (Wickham 2016).

7.11 Gene Length

Length of genes and introns were derived from Ensembl release 90 using the
GenomicFeatures and GenomicRanges packages (Lawrence et al. 2013) and the

plotted using ggplot2 (Wickham 2016).

7.12 Staging of development.

To analyse the relative expression level of Larp7 during developmental stages, the
total RNA was isolated and performed RT-qPCR as described in (Lence et al.,
2016).

7.13 Microscopy

7.13.1 Live imaging:

Freshly laid embryos on an apple agar plate were collected on adhesive tape, and
chorion membrane was removed using forceps. The ventral side of the embryo was
stick to glass bottom of the dish (IBIDI, 35mm high glass bottom dish Cat.
No#81158) coated with an adhesive (embryo glue). Then the embryos were covered
with halocarbon oil (Voltalef, H3S). Live images were captured for every 15-20
min until the last stage of embryo development using VisiScope (Visitron Spinning
disc microscope, Germany), GFP channel. For GFP and mCherry co-localization
experiment, stage 15-17 embryos were collected and mounted as described before

and imaged using Leica SP5 confocal microscope. The images were visualised and

analysed in IMARIS 9.2 Bitplane and ImageJ (Schindelin et al., 2012).

7.13.2 Expression pattern of Larp7:

Larvae or adult flies were dissected and fixed with 4% paraformaldehyde in PBS

(137mM NaCl, 2.7mM KCI, 10mM Na2HPO4, 1.8mM KH2POs4, pH 7.4) for 20 min
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and washed with PBS 10 min three times. Then the samples were mounted in
Vectashield with DAPI.  Polytene chromosome squashes were prepared as

described (James, 2005) and imaged using SP5 microscope.

7.13.3 NMJ immunohistochemistry:

Crosses of the desired phenotype were set up with a maximum of 20 flies per vial
in 25°C and 50% humidity. Wandering L3 larvae were collected and segregated
according to the genotype. The larva was dissected on a silicone plate (15cm dish)
with cold PBS, and internal organs were removed. Then fixed with 4%
Paraformaldehyde (PFA) in PBS for 45 min and washed in PBS for one hour. Then
the preparations were transferred to 35mm dish with silicone surface and washed
six times with PBST (PBS+0.5% Triton-X) for 30 min each wash. Then primary
antibody anti-Syt 1:200 (3H2 2D7, Developmental Studies Hybridoma Bank,
DSHB) in 0.3% PBST was added and incubated overnight at 4°C. The antibody
was removed and washed eight times with PBS for each 30 min. The secondary
antibody, anti-mouse-Alexa 488 or anti-mouse-Cy3 (1:500) and Horseradish
Peroxidase (HRP)-conjugated TRITC [Tetramethylrhodamine-5-(and 6)-
isothiocyanate] (1:1000) was added and incubated in 4°C, overnight. Finally,
washed six times with PBS and mounted with Vectashield. NMJ from muscle four
was imaged from segment A2 and A3 for NMJ analysis. Nerves were identified
using anti-HRP-TRITC staining and anti-Syt (DSHB) to mark the synapses. Z stack
for the whole NMJ was imaged with 0.4uM thickness. The images were further
analysed using IMARIS 8 image analysis software.

7.14 Immunostaining.

Embryos laid overnight by the desired genotype flies were collected on an apple
agar plate. Then dechorinate with 50% bleach (sodium hypochlorite) for 2 min and
washed with deionised water on 100uM cell strainer. Further, the embryos were
transferred to 1.5mL centrifuge tubes containing (1:1) 4% Paraformaldehyde: n-
Heptane and placed on a shaker for 20 min at 500 RPM in room temperature. Then
spun down at 500 G and the lower phase (fix) was removed, and an equal volume
of methanol was added and mixed for one minute. Then washed with methanol for

two more times and then stored in -80°C. The fixed embryos were rehydrated with
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PBS and incubated in primary antibody in PBSB (PBS + 5% Donkey serum)
overnight at 4°C. The embryos were washed with PBT, 30 min, four times and
secondary antibody [Alexa 488, Cy5 and Cy3 (1:1000)] was added and incubated
overnight at 4°C. Finally, the embryos were washed with PBT and mounted with
Vectashield containing DAPI. The embryos were imaged using SP5 confocal

microscope.

7.15 Crawling assay

Properly staged wandering L3 larvae were collected and briefly washed with water.
Then the larva was placed on the centre of the 15c¢cm agar plate (1%). The
locomotion was observed for 2 minutes after the recovery time for up to 1 min. The
number of peristaltic movement was counted manually by observing the larvae or

analysed recorded videos in IMARIS software.

7.16 Life span assay

Five days old, 20 flies were collected for each conditions and placed in a vial
containing apple agar and a layer of dry yeast and maintained at 25° C, 55%
humidity with 12hrs dark-light cycle. Flies were transferred to new food every third
day and recorded the number of dead flies. The observation was done until all the
flies died in all conditions. Survival graph analysis form PRISM 8 was used to
perform statistical analysis. Oasis online tool (Yang ef al., 2011) was used to plot

the mortality rate between the samples.

7.17 Bouton calculation

The NMJ images were acquired as described before. The images were visualized
and analyzed in IMARS 8 as follows. The surface application was used to mark all
the boutons in the NMJ muscle 4. Then the number of boutons were counted
manually and recorded in GraphPad (PRISM 8), and statistical tests were performed

according to the distribution of the data.

7.18 Immunoblot
About five heads of adult flies were squashed in 50ul of 2xLDS buffer (NuPAGE)

then incubated at 90°C for 10 min, cool down to room temperature and spun at
14,000 RPM for 10 min. 20ul of the sample was loaded in 10% SDS gel and

resolved. Further, transferred the proteins onto PVDF membrane and blocked with
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5% milk. Then incubate membrane with primary antibody overnight and with
secondary antibody for 2 hours and imaged using Pico or Femto reagents
(ThermoFisher). The images were captured using a BioRad GelDoc system and

quantified using ImageJ software.

7.19 RNAI in larvae

To knockdown Larp7 in flies, we used endogenously tagged eGFP-Larp7 flies.
First eGFP-Larp7 flies were recombined with UAS-Dicer (X chromosome) to
increase the efficiency of knockdown. Then sh-GFP (#41552) in the second
chromosome was recombined to get eGFP-Larp7,UAS-Dicer; sh-GFP. The
knockdown efficiency of all available GFP RNAi lines was analysed by
immunoblot and imaging. sh-RNA line #41552 and #41553 showed the strongest
depletion of GFP, but #41553 was less fertile than #41552. Due to this, we used
#41552 to for all the knockdown experiments. Then virgin female of eGFP-Larp7,
UAS-Dicer; sh-GFP line crossed with different Gal4 drivers and maintained the
crosses in 25°C. The crawling assay was performed with F1 male L3 larvae, for
Cdk9 knockdown #34982 line was used since it shows the highest knockdown
efficiency (Akhtar et al., 2019). dsCdk9 (3™ Chr) was recombined with RRK-Gal4
line and obtained RRK-Gal4, UAS- dsCdk9 and verified presence of dsCdk9 by
PCR (primer table 3) and sequencing.
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Promoter-proximal pausing mediated by the exon
junction complex regulates splicing

Junaid Akhtar'>, Nastasja Kreim?2, Federico Marini® 3, Giriram Mohana', Daniel Briine!, Harald Binder? &
Jean-Yves Roignant!

Promoter-proximal pausing of RNA polymerase Il (Pol 1) is a widespread transcriptional
regulatory step across metazoans. Here we find that the nuclear exon junction complex (pre-
EJC) is a critical and conserved regulator of this process. Depletion of pre-EJC subunits leads
to a global decrease in Pol Il pausing and to premature entry into elongation. This effect
occurs, at least in part, via non-canonical recruitment of pre-EJC components at promoters.
Failure to recruit the pre-EJC at promoters results in increased binding of the positive
transcription elongation complex (P-TEFb) and in enhanced Pol Il release. Notably, restoring
pausing is sufficient to rescue exon skipping and the photoreceptor differentiation defect
associated with depletion of pre-EJC components in vivo. We propose that the pre-EJC
serves as an early transcriptional checkpoint to prevent premature entry into elongation,
ensuring proper recruitment of RNA processing components that are necessary for exon
definition.
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Transcripts produced by RNA polymerase 1I (Pol II)
undergo several modifications before being translated,
including 5~end capping, intron removal, 3-end cleavage
and polyadenylation. These events usually initiate co-
transcriptionally while the nascent transcript is still tethered to
the DNA by Pol IT'-%, This temporal overlap is important for the
coupling between these processes®®. Initially, Pol 11 is found in a
hypophosphorylated form at promoters. At the onset of initiation,
the CTD of Pol II becomes phosphorylated at the Ser5 position.
Pol II subsequently elongates and often stalls 20-60 nucleotides
downstream of transcription start sites (TSS), an event commonly
referred to promoter proximal pausing!®!!. Promoter proximal
pausing of Pol 1T is widely seen at developmentally regulated
genes, and is thought to play critical roles in facilitating rapid
and synchronous transcriptional activity upon stimulation!2-17,
Pol II pausing is also suggested to act as a checkpoint influencing
downstream RNA processing events such as capping and splicing,
but evidence for this function is still limited. The transition from
the paused state to elongation is promoted by the positive tran-
scription elongation factor (P-TEFb) complex, which includes the
cyclin-dependent kinase 9 (Cdk9) and cyclin T!8-2l. P-TEFb
phosphorylates Ser2 of the CTD as well as the negative elongation
factor (NELF) and DRB sensitivity-inducing factor (DSIF),
leading to the release of Pol II from promoter?2-24 Another
related kinase, Cdk12, was also recently suggested to affect Pol II
pausing after its recruitment through Pol Il-associated factor 1
(PAF1)25%,

The exon junction complex (EJC) is a ribonucleoprotein
complex, which assembles on RNA upstream of exon-exon
boundaries as a consequence of pre-mRNA splicing?”28. The
spliceosome-associated factor CWC22 is essential to initiate this
recruitment??-32, The nuclear EJC core complex, also called pre-
EJC, is composed of the DEAD box RNA helicase elF4ATIT, the
heterodimer Mago nashi (Mago)** and Tsunagi (Tsu/Y14)3%3,
The last core component, Barentsz (Btz), joins and stabilizes the
complex during or after export of the RNA to the cytoplasm?”.
Non-canonical association of Y14 at promoters has also been
previously reported, although the significance of this binding
remains unknown?. The EJC has been shown to play crucial
roles in post-transcriptional events such as RNA localization,
translation and nonsense-mediated decay®®~*!. These functions
are mediated by transient interactions of the core complex with
effector proteins?2.

The pre-EJC, along with the accessory factors RnpSl and
Acinus, participate in intron definition*®*%. In absence of the pre-
EJC, many introns containing weak splice sites are retained. The
pre-EJC facilitates removal of weak introns by a mechanism
involving its prior deposition to adjacent exon junctions. In
addition, the depletion of pre-EJC components results in frequent
exon-skipping events, particularly at large intron-containinﬁ
transcripts, although the mechanism is poorly understood?3-47,
In Drosophila, loss of Mago in the eye leads to several exon
skipping in MAPK, resulting in photoreceptor differentiation
defects. Other large transcripts, often expressed from hetero-
chromatic regions, show the same Mago-splicing dependency.
Similarly, in human, exons flanked by longer introns are more
dependent on the EJC for their splicing”.

Here, we investigated the mechanism underlying the role of the
pre-EJC in exon definition in Drosophila. We observed that
depletion of pre-EJC components, but not of the EJC splicing
subunit RnpS1, lead to a global decrease in promoter proximal
pausing, altered Pol T phosphorylation state and premature entry
into elongation. These changes are concomitant with underlying
changes in chromatin architecture and correlate strongly with
exon skipping events. These effects are driven by non-canonical
recruitment of pre-EJC components at promoters. Co-
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immunoprecipitation experiments indicated that Mago associ-
ates with Pol II but this association is largely dependent on
nascent RNA. Upon knockdown (KD) of pre-EJC components,
Cdk9 binding to Pol II is increased, partly accounting for the
premature Pol 1T release. Remarkably, genetically increasing Pol TT
pausing rescues exon skipping events and the eye phenotype
associated with KD of pre-EJC components, indicating that
restraining Pol II release into gene bodies is sufficient to com-
plement the loss of pre-EJC components in exon definition.
Altogether, our results demonstrate a direct role of the pre-E]C in
exon definition via the control of promoter proximal pausing.

Results

The pre-EJC regulates expression of long genes. To investigate
the role of the EJC in exon definition, we performed RNAi in
Drosophila S2R+ cells. As expected, Mago depletion triggered
exon skipping in MAPK in Drosophila cells (Supplementary
Figure 1a-c)*>45, Further, we found that depletion of other pre-
EJC components (eIF4ATIT and Y14), but not of the cytoplasmic
EJC subunit Btz or the accessory factor RnpS1, strongly impaired
MAPK splicing and expression of large-intron containing tran-
scripts (Supplementary Figure la-c, f, g). In particular, depletion
of pre-E]JC components led to a higher number of exon skipping
events than depletion of Btz or RnpS1 (Supplementary Figure 1h
and data not shown). This effect requires pre-EJC assembly as a
mutant version of Mago, which is unable to bind Y14, failed to
rescue the MAPK splicing defect (Supplementary Figure 1d, e).
Thus, the pre-EJC is required for proper expression and splicing
of large intron-containing genes. In contrast to intron definition,
this exon definition activity only slightly required the EJC splicing
subunit Rnp$1, suggesting a distinct mechanism.

Lack of pre-EJC alters Pol II phosphorylation. Introns are
spliced while nascent RNA is still tethered to Pol II, allowing
coupling between splicing and transcription machineries®7-%8-50,
To address whether the pre-EJC regulates splicing via modulation
of transcription, we performed chromatin immunoprecipitation
(ChIP) experiments for the different forms of Pol Il. We found
that Mago KD results in decrease of total Pol IT occupancy at the 5’
end of MAPK while the distribution in the rest of the gene body
was comparable to the control (Fig. 1a). In addition, the elon-
gating Ser2-phosphorylated (Ser2P) form of Pol II was mildly
decreased at the TSS, but significantly enriched along the gene
body (Fig. la). This was specific to Mago depletion and on pre-
EJC assembly, as reintroducing WT Mago c¢DNA, unlike the
mutant version, restores the wild type profiles (Supplementary
Figure 2a, b). Examining Pol 1T and Ser2P profiles in a genome-
wide manner show extensive changes with decrease at the TSS and
increase towards transcription end sites (TES) (Fig. l1b-e and
supplementary Figure 2¢). Similar changes in Pol II occupancy
were observed upon depletion of Y14 and elF4AIIL especially at
the TSS (Supplementary Figure 2d-f), but neither on depletion of
RnPS1 nor of Btz (Supplementary Figure 2d-h). Thus, pre-EJC
components regulate Pol 1T distribution genome-wide.

The pre-EJC facilitates pol II pausing. To further investigate
transcriptional changes in pre-EJC-depleted cells, we analyzed the
Pol 1I release ratio (PRR), which is the ratio of Pol II occupancy
between gene bodies and promoter regions (Fig. 1f). Notably,
depletion of pre-EJC components, but not of RnpS1, significantly
increased the PRR (Fig. 1g and Supplementary Figure 2ij).
Together, these results indicate an unanticipated and specific role
for pre-EJC components in promoting promoter-proximal
pausing of RNA Pol II. We next divided the changes in PRR
into four equal size quartiles, from low to high PRR derived from
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Pol 1I occupancy in WT condition. When classified accordingly,
the quartile with the lowest PRRs showed largest increase in PRR
upon Mago KD (Fig. 1h), suggesting that strongly paused genes
are more affected upon the loss of the pre-EJC.

Next, we performed 4sU-seq to detect nascent transcripts (a
maodified approach of*!, see Material and methods), (Fig. 1i). The
4sU-Seq metagene profile of Mago KD cells revealed lower read
counts at the TSS and an increase towards the 3’ end of
transcripts, consistent with the Pol II ChIP-Seq and reduced
pausing (Fig. 1j, k). To monitor nascent transcription overtime,
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we coupled this approach to treatment with the pausing inhibitor
5,6- dichlorobenzimidazole 1-B-p-ribofuranoide (DRB), (4sU-
DRB-seq)®233, Our analysis revealed an average elongation rate
of 1kb per minute in Drosophila S2 cells, in agreement with
previous reports but slower than in human cells (Supplementary
Figure 3a-c)**-%. Importantly, in contrast to the widespread
change in promoter-proximal pausing, the average elongation
rate was unaffected in Mago-depleted cells (Supplementary
Fig. 3¢), and the moderate gene-to-gene variation in elongation
rate did not correlate with changes in exon inclusion
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Fig. 1 Mago prevents premature release into transcription elongation. a ChIP-gPCR analysis of Pol Il and Ser2P occupancies at MAPK locus. The tested
regions for enrichment are shown in the scheme. Error bars indicate the standard deviation of three biological replicates. b Track examples of total Pol |1
and Ser2P ChiP-Seq from S2R+ cells extracts, after either control or Mago knockdown. The tracks are average of two independent biological replicates
after input and “spike-in" normalization. Shown here are the profiles on MAPK, a well-described pre-EJC target gene. ¢, d Metagene profiles of averaged
total Pal Il accupancies from two independent biological replicates after “spike-in" normalization in control and Mago-depleted cells along with standard
error of mean for all the expressed genes, —600 bp upstream of transcription start sites (TS5) and +600 bp downstream of transcription end sites
(TES) (c); or centered at the TSS in a +1 Kb window (d). Log2 fold changes against input contraol are shown on Y-axis, while X-axis depicts genomic
coordinates. e Metagene profiles of averaged Ser2P occupancies in control and Mago-depleted cells of two independent biological replicates also
displaying standard error of mean for all expressed genes. Log2 fold changes against input control are shown on Y-axis, while X-axis depicts scaled
genomic coordinates. f Schematic representation of the calculation of the Pol Il release ratio (PRR). The promoter is defined as 250 bp upstream and
downstream of TSS, while the gene body is 500 bp downstream of TSS to 500 bp upstream of transcription end site (TES). g The empirical cumulative
distribution function (ECDF) plot of computed PRR in contral and Mago knockdown conditions, after “spike-in” normalization. p-value is derived from two-
sample Kolmogorov-Smirnov test. h Box plots showing changes in PRRs upon Mago depletion when compared to control, separated into different PRR
quartiles. The quartiles were generated for genes that are Pol Il bound in both control and Mago knockdown conditions. i Schematic depiction of the DRB-
4sU-Seq approach, j Metagene profile of nascent RNA from non-DRB treated 4sU-Seq data in control and Mago-depleted cells, with standard error of
mean for all the expressed genes. Averaged read counts per million of mapped reads of two independent biological replicates from 4sU-Seq are shown on
Y-axis while X-axis depicts scaled genomic coordinates. k Metagene profile of nascent RNA from non-DRB treated 4sU-5eq data in control and Mago-
depleted cells with standard error of mean for all the expressed genes based on the average of two independent biological replicates, centered at the TSS in
a +1 Kb window. Nascent RNA was fragmented to <100 bp during enrichment. Averaged read counts per million of mapped reads of two independent

biological replicates from 4sU-Seq are shown on Y-axis while X-axis depicts genomic coordinates

(Supplementary Figure 3d). Altogether, our data suggest that the
pre-EJC controls Pol II pausing but does not significantly affect
the elongation rate.

To better dissect the role of pre-EJC in Pol Il pausing we
examined heat shock (hsp) genes, which possess a promoter-
proximal Pol T that has been extensively characterized®. We
performed Pol II ChIP-qPCR to monitor Pol II occupancy before,
during and after HS on the Hsp70Aa gene. We found that Pol Il
occupancy at the 5" end of the gene was higher in control cells
compared to Mago-depleted cells before HS (Supplementary
Figure 4). During HS, Pol II occupancy rose dramatically and the
extent of this increase was similar in control versus Mago KD,
suggesting that Magoe has no impact on transcription initiation.
However, during recovery after HS, Pol Il occupancy remained
high at the 5" end of the gene in control condition but was
significantly lower in the Mago KD. These results thus further
suggest that the pre-EJC is specifically involved in the control of
Pol 1T pausing rather than in transcription initiation.

Pre-EJC components associate at promoter regions. To inves-
tigate how the pre-EJC controls Pol IT pausing, first we evaluated
the expression of known pausing factors. Depletion of pre-EJC
components did not affect the expression of Cdk9, Spt5, subunits
of the NELF complex, GAGA, Med26, TFIID (Supplementary
Figure 5a-d). To test whether the pre-EJC might itself associate
with chromatin, as suggested by previous immunostaining of pre-
EJC components on polytene chromosomes of Drosophila sali-
vary glands?8, we performed ChIP-Seq experiments. We observed
genome-wide enrichment of HA-tagged pre-EJC components, but
not of RnpS1-HA, primarily at promoters of expressed genes
(Fig. 2a—c and Supplementary Figure 6a, ¢). Mago depletion
reduced the Mago-HA enrichment, demonstrating the specificity
of the signal (Supplementary Figure 6¢). The degree of overlap
between the bound targets of pre-EJC components was 34%,
corresponding to 816 genes (Supplementary Figure 6d).

Next, we tested whether Mago might associate with promoters
via an interaction with RNA Pol II. We found that Flag-tagged
Mago bound to Pol II by co-IP (Fig. 2d). Importantly, FLAG-
Mago interacted with Pol II Ser5P but not with elongating Ser2P,
potentially explaining the enrichment of pre-EJC binding at
promoter regions. In addition, interaction with Pol II was reduced
after treatment with RNase T1, indicating that a RNA
intermediate facilitates this association (Fig. 2d). Accordingly,
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most of Mago binding to promoters was lost when the chromatin
was treated with RNAse T1 prior to immunoprecipitation (Fig. 2e
and Supplementary Figure 6a, 6¢). Furthermore, only mRNAs
whose corresponding genes were bound by pre-EJC co-immu-
noprecipitated with Mago-HA, including intronless transcripts,
indicating that in contrast to canonical EJC deposition, associa-
tion of Mago at promoters can occur independently of pre-
mRNA splicing (Supplementary Figure 6e). Further, the associa-
tion of Mago-HA with the TSS was not substantially affected by
the depletion of the spliceosome-associated factor CWC22
(Supplementary Figure 6f, g) or by treatment with a splicing
inhibitor on intronless genes. Nevertheless, applying the same
condition on intron-containing genes significantly reduced Mago
binding, suggesting that splicing can contribute to Mago
enrichment at promoters (Supplementary Figure 6g). Finally,
pre-treatment with a general inhibitor of RNA Pol 1I such as a-
amanitin reduced Mago binding at TSS (Supplementary Fig-
ure 6h). A similar result was obtained when Pol II initiation was
blocked using Triptolide treatment, while preventing Pol II
elongation after pausing using DRB did not alter Mago binding
(Supplementary Figure 6i, j). Collectively our data suggest that
pre-EJC components bind to promoters via Ser5P Pol TI, and that
nascent RNA is required to stabilize this interaction.

Pre-EJC binding to nascent RNA increases Pol 11 pausing. To
define the relationship between pre-EJC-binding and promoter
proximal pausing, we evaluated all genes bound by pre-EJC
components (n = 816) by several criteria. First, heatmaps show a
positive correlation between Pol II occupancy and pre-EJC
binding at TSS (Fig. 2e). Consistently, the proportion of Mago or
pre-EJC-bound genes was higher at highly expressed genes
(Fig. 2f and Supplementary Figure 6k). Second, we noticed that
Mago was highly enriched at the TSS of strongly paused genes,
which have a low PRR (Supplementary Figure 6l). Lastly, we
found a positive correlation between pre-EJC binding and
changes in Ser2P levels upon Mago KD (Fig. 2g, p<2.2x 10719),
Altogether these results suggest that pre-EJC binding to pro-
moters might modulate promoter-proximal pausing.

To examine whether the pre-EJC is sufficient to promote Pol I
pausing, we tethered Mago to the 5" end of a nascent RNA via the
AN-boxB heterologous system®®. Compared to AN alone, ectopic
expression of AN-Mago (p=9.5x1077) led to increased enrich-
ment of Pol TT at the luciferase promoter and a slight depletion of
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Fig. 2 Mago binding to promoter regions modulates Pol Il pausing. a Metagene profiles of ChIP-Seq performed with HA-tagged Mago, Y14, elF4Alll, and
Ctrl, with standard error of the mean for all the expressed genes based on averaged enrichment over input for two independent biological replicates. Log2
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based on average enrichment over input for two ind dent biological replicates of ChIP-Seq performed with HA-tagged Mago, Y14, elF4Alll, and Ctrl,
centered at the TSS in a 1 Kb window. Log2 fold changes against input control are shown on Y-axis while X-axis depicts genomic coordinates. € Input
normalized and replicate averaged track examples of ChlP-Seq experiments from S2R+ cell extracts transfected with HA-tagged Mago, Y14, elF4Alll, or
Ctrl. Shown here is recruitment of pre-EJC compenents to an intronless (Sry-delta) and intron-containing (T48) genes. d Co-immunoprecipitation using
anti-Flag antibody from cell extracts expressing either Flag-Mago or Flag alone (Flag-Ctrl), revealed with total Pol II, Ser5P and Ser2P antibodies. Note that
Mago interacts with total Pol II, both hypo (IIA) and hyper phosphorylated (110) forms (indicated with the arrowheads). Mago also interacts with Ser5P but
not with Ser2P, and this interaction with Pal Il is partially dependent an RNA. e Heatmaps of HA-tagged pre-EJC components and change in total Pol II,
centered at the TSS (—1kb to +1 kb). Rows indicate all the genes bound by Pol Il and are sorted by decreasing Pol Il occupancy. The color labels to the right
indicate the levels of enrichment. f Histogram showing percentage of pre-EJC bound genes amongst different quartiles of genes expressed in contral
condition. For quartile classification, all of the expressed genes in S2R-+} cells were divided into four equal sized quartiles according to the level of
expression, from low to high level. p-values for significance of the associations, derived from Fisher's exact test, are shown on top of the histogram. g Log2
fold changes in Ser2P level at the TSS upon control and Mago knockdowns, when separated according to pre-EJC binding. p-value is derived from a two-
sample t-test. h Recruitment of Mago at the 5’ end of RNA is sufficient to induce pausing. (Top) Schematic of the BoxB-AN tethering assay. BoxB seguences
(blue rectangles) were inserted upstream of the CDS of Firefly luciferase (green rectangle). The AN peptide (blue) was fused to Mago (shown in red), GFP
or RnpS1, and transfected into S2R+ cells along with the modified Firefly luciferase plasmid as well as with a Renilla luciferase construct. (Bottom)
Quantification of the ChIP experiment. Chromatin was prepared for the different conditions and followed by immunoprecipitation using antibody directed
against total Pol Il. The enrichment of Pol Il at the promoter and at the 3’ end of Firefly luciferase was calculated after normalizing against a negative loci
and Renilla. The enrichment for three independent bioclogical replicates is shown along with p-values for tested conditions
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Pol II at the 3‘ end of luciferase (Fig. 2h). In contrast, ectopic
expression of AN-GFP had no effect, whereas expression of AN-
RnpS1 had an opposite effect regarding Pol Il occupancy (Fig. 2h).
These tethering experiments were repeated using additional genes
selected on specific criteria; piwi, whose splicing is dependent on
pre-EJC13#; BBSS, which is unbound by the pre-EJC but has a
paused Pol 1I; Crk, which is unbound by the pre-EJC and does
not have a paused Pol IL In all conditions, tethering Mago to their
5"UTR increased Pol II occupancy at 5" end of the corresponding
locus. Moreover, the decrease in Pol Il occupancy observed upon
Mage KD could be rescued by tethering Mago but not the
GFP control (Supplementary Figure 7a). Thus, Mago recruitment
to the 5" end of nascent RNA is sufficient to increase promoter-
proximal pausing of RNA Pol II at the corresponding locus,
irrespective of whether the endogenous gene is bound by the
pre-EJC.

Loss of Mago results in changes in chromatin accessibility.
Transcription is tightly coupled to chromatin architecture®?. To
address whether KD of pre-EJC components affects chromatin
organization, we performed MNase-Seq. We observed an increase
in nucleosomal occupancy at the TSS upon depletion of Mago
(Fig. 3a, b), consistent with elevated promoter-proximal pausing
and with previous reports that paused Pol II competes with
nucleosomes at TSS®. Furthermore, the phasing of nucleosomes
within the gene body was strongly altered upon Mago depletion
(Fig. 3a, b). Pre-EJC-bound promoters showed the most sig-
nificant changes, consistent with a direct effect (Fig. 3¢, p<2.2 x
10716). We also detected a mild but significant negative corre-
lation between changes in Ser2P enrichment and chromatin
accessibility (Fig. 3d, coefficient of determination R? = —0.2274).
Mago KD also led to depletion of the activating histone mark
H3K4me3, in particular at pre-EJC-bound genes (Fig. 3e, p<
2.2x10716). Therefore, Mago modulates histone marks and
chromatin accessibility, likely via its promoter-proximal pausing
activity.

Pre-EJC gene size dependency is mediated transcriptionally.
Depletion of pre-EJC components primarily affected the expres-
sion of genes containing larger introns (Supplementary Figure 1).
We hypothesized that the underlying transcriptional changes
upon Mago depletion might drive this size dependency. Indeed,
Mago depletion led to an intron-size dependent increase
in nucleosomal occupancy at promoters, and decrease in
nucleosome occupancy along the gene body and at the TES
(Fig. 4a). In contrast, Ser2P enrichment displayed anti-correlative
changes with respect to the nucleosomal occupancy (Fig. 4b).
Further, the increase in PRR upon Mago depletion also correlated
with intron size (Fig. 4c). Thus, Mago has a stronger impact on
the transcriptional regulation of genes with longer introns than
genes with shorter introns. To determine whether these changes
in nucleosomal and Ser2P occupancies result from pre-EJC
binding, we calculated the percentage of genes bound by the pre-
EJC in different classes relative to their representation in the total
number of expressed genes. Interestingly, we found that pre-EJC
binding was significantly over represented at genes containing
longer introns (Fig. 4d, p < 2.2 x 10716). Consistent with a direct
control of gene expression by pre-EJC components on long
intron-containing genes, we found that expression of pre-EJC-
bound genes was significantly decreased upon KD of pre-EJC
components (Fig. 4e-g, p<2.2x1071%) and this decrease was
also largely observed at nascent RNA (Fig. 4h, p<2.2x 10716),
Collectively, our results suggest that pre-EJC components pre-
ferentially bind and regulate the expression of large intron-
containing genes via a direct transcriptional effect.

Mago restricts P-TEFb binding to Pol II. The P-TEFb complex
induces Pol II release by promoting NELF and Ser2 phosphor-
ylation of Pol II. To determine whether pre-EJC components
influence pausing through an interplay with NELF we re-analyzed
the publicly dataset available from the ref. ., We first noticed
that NELF binds substantially more genes in comparison to the
pre-EJC (3796 vs. 816), and that 45% of pre-EJC-bound
genes does not overlap with NELF binding (Supplementary Fig-
ure 8a). Furthermore, like Mago, NELF-bound genes are over-
represented on highly expressed genes (Supplementary Fig. 8b, c)
and on promoters that are strongly paused (Supplementary Fig-
ure 8d, ¢). Accordingly, NELF KD affects PRR more strongly
on highly paused genes (Supplementary Figure 8f, g). Given
the similarity of NELF and Mago on pausing we tested whether
their binding to promoters was dependent on each other. How-
ever, we found only minor effect on their binding upon the
respective KD (Supplementary Figure 8h, j). Furthermore, NELF
does not bind MAPK and its depletion had no effect on MAPK
splicing (Supplementary Figure 8k), strongly suggesting inde-
pendent mode of actions.

To determine whether the pre-EJC influences pausing by
regulating P-TEFb occupancy, we monitored occupancy of Cdk9
via DamID®162. We expressed N-terminally tagged Dam-Cdk9 in
control and Mago-depleted S2R+ cells and observed increased
Cdk9 enrichment at the TSS upon Mago depletion (Fig. 5a, b).
Furthermore, the increase in Cdk9 enrichment correlated with
Pol 1T occupancy (Fig. 5¢). To validate the increased occupancy of
Cdk9 in the absence of Mago we also performed ChIP-gPCR. In
agreement with the DamlID result, Cdk9 occupancy was increased
at the 5 end of MAPK (Fig. 5d). Importantly, Mago KD did not
alter Cdk9 levels, indicating that this increased enrichment was
not due to changes in protein expression (Supplementary
Figure 9a). To evaluate whether the change in Cdk9 occupancy
was directly driven by Mago occupancy, we analyzed pre-EJC-
bound and unbound genes. The increase in Cdk9 enrichment for
pre-E]JC-bound class was mild albeit significantly higher than the
unbound class (Fig. 5e, p = 0.02508). These data suggest that pre-
EJC binding at the TSS controls Ser2 phosphorylation and Pol 1I
pausing by restricting Cdk9 recruitment.

To address whether Mago inhibits P-TEFb recruitment by
restricting its binding to Pol II, we evaluated the association of
Cdk9 with Ser5P Pol II. We immunoprecipitated HA-SBP-tagged
Cdk9 from control and pre-EJC KD cells and observed a
substantial increase in the interaction between Cdk9 and Ser5P
Pol II upon Mago depletion (Fig. 5f). Similar results were
obtained upon KD of other pre-EJC components, Thus, these
data strongly suggest that the pre-EJC restricts binding of P-TEFb
to Pol II, which in turn reduces Ser2P levels and the entry of Pol
IT into elongation.

Reducing Pol II release rescues Mago defects in vivo. We
hypothesized that reduced Pol II pausing upon Mago KD
accounts for some of the increased exon skipping. To test this
hypothesis, we attempted to rescue the splicing defects by
decreasing the release of Pol II into gene bodies via simulta-
neously depleting Cdk9. We found that Cdk9 KD restored Ser2P
levels upon Mago depletion (Fig. 6a) and partially rescued Ser2P
occupancy at the MAPK gene (Fig. 6b). Further, the dependence
of gene expression on intron size observed upon Mago KD was
lost in the double KD (Supplementary Figure 9b). These data
suggest that Cdk9 and Mago antagonistically regulate transcrip-
tion. Importantly, reducing Cdk9 levels almost fully rescued
MAPK splicing (Fig. 6c—e) as well as other Mago-dependent exon
skipping events (Fig. 6f, p =8 x 1078) in Mago KD cells. Con-
sistent with the pre-EJC influencing splicing via modulation of
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promoter-proximal pausing, we found that genes that display
differential splicing upon depletion of pre-EJC components were
significantly enriched for pre-EJC binding (Supplementary
Figure 9c-e, Fisher’s test p<2.2x 10-18). Futhermore, the
tethering of Mago to the 5" end of piwi or Crk that increased Pol
I1 pausing was sufficient to rescue splicing defects associated with
the Mago KD (Supplementary Figure 7b). Lastly, depletion of
Cdk12, another kinase involved in the release of promoter-
proximal pausing®, also rescued MAPK splicing of Mago-
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depleted cells (Supplementary Figure 9f, g). Altogether, these
results strongly suggest that Mago regulates gene expression and
exon definition via regulation of Pol II promoter-proximal
Ppausing.

MAPK is the main target of the EJC during Drosophila eye
development®. As shown previously, eye-specific depletion of
Mago strongly impairs photoreceptor differentiation®46, Strik-
ingly, decreasing Cdk9 function in a similar background rescued
eye development (Fig. 6g). Notably, the number of differentiated
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photoreceptors in larvae and adults was substantially increased.
We observed a similar rescue of photoreceptor differentiation in a
double KD for Mago and Cdk12 (Supplementary Figure 10a).
Further, depletion of Cdk9 rescued the lethality and the eye
defects associated with eIF4ATIT KD (Supplementary Figure 10b).
In contrast, reducing the speed of Pol II or depleting several
transcription elongation factors failed to substantially rescue eye
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development in the absence of Mago (Supplementary Figure 10c-f),
providing additional evidence that Mago transcriptional function
occurs at the level of promoter-proximal pausing rather than at
the transcription elongation stage. Thus, despite the numerous
post-transcriptional functions of the EJC, modulating Pol II
release is sufficient to rescue the eye defect associated with pre-
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Fig. 4 Mago controls chromatin accessibility and Pol Il pausing in a gene size

dependent manner. a, b Changes in nucleosome occupancy (a) and Ser2P

levels (b) in control and Mago knockdown in S2R+ cells at the promoter, gene body, and TES, separated according to the size of the largest intron

(ANOVA, p<2.2x106), ¢ Box plots showing changes in PRRs upon Mago d

epletion when compared to control, separated into different intron classes,

d Percentage of pre-EJC-bound genes in different intron classes, along with the percentage of each class amongst all the expressed genes. The proportion
of pre-EJC-bound genes is increased for genes containing larger introns, relative to their abundance. p-values are derived from Fisher's exact test. e-g VVenn

diagrams showing the overlap between Mago-bound, Y14-bound, and elF4A3

-bound genes and genes with differential expression upon respective

knockdowns. The overlap between genes that are downregulated upon each pre-EJC component knockdown, and their respective target genes is

significant. p-values are derived from Fisher's exact test. h Venn diagram showi

ng the overlap between genes identified as differentially expressed in mRNA

sequencing and nascent RNA sequencing (4sU-Seq) upon Mago KD. p-values are derived from Fisher's exact test, separated for either upregulated or

downregulated genes

The function of Mago in Pol II pausing is conserved. To
determine if EJC-mediated promoter-proximal pausing is con-
served in vertebrates, we investigated the function of Magoh, the
human ortholog of Drosophila Mago. We found that depletion of
Magoh in HeLa cells led to an increased release of Pol II from the
promoter to the gene body, and in turn to a higher PRR
(Fig. 7a-d), as well as higher level of Ser2P, but not of Ser5P
(Fig. 7e). Additionally, Magoh specifically interacted with Pol II
and Ser5P, but not Ser2P (Fig. 7f-h). Finally, we immunopreci-
pitated Cdk9 from control and Magoh KD cells, and observed a
stronger interaction between Ser5P and Cdk9 upon depletion of
Magoh (Fig. 7i). Thus, the function and mechanism of the pre-
EJC in the control of promoter proximal pausing is conserved in
human cells.

Discussion
Our work uncovers an unexpected connection between the
nuclear EJC and the transcription machinery via the regulation
of Pol II pausing, which is conserved from flies to human. The
pre-EJC stabilizes Pol II in a paused state, at least in part, by
restricting the association of P-TEFb with Pol II via non-
canonical binding to promoter regions. The premature release of
Pol II into elongation in absence of the EJC results in splicing
defects, highlighting the importance of this regulatory step in
controlling downstream RNA processing events (Fig. 7j).

Promoter proximal pausing is a widespread transcriptional
checkpoint, whose functions and mechanisms have been exten-
sively studied. Several regulators have been identified, which
includes P-TEFb, NELF and DSIF. Our data reveal that the pre-
EJC plays a similar role as the previously described negative
factors by preventing premature Pol I release into elongation.
How does the pre-EJC control Pol II pausing and how does it
interplay with other pausing regulators? Our study provides some
answers to these questions. In absence of pre-EJC components, P-
TEFb associates more strongly with Pol II, which results in
increased Ser2 phosphorylation, demonstrating that one of the
activities of the pre-EJC is to restrain P-TEFb function by
diminishing its association with chromatin. While it is not clear
yet how the pre-EJC exerts this function, a simple mechanism
would be by steric interference for Pol II binding, although more
indirect mechanisms might also exist, This mechanism infers that
both the pre-EJC and Cdk9 bind similar sites on the CTD on Pol
I1, which fits with the association of the pre-EJC with the Ser5
phosphorylated form of Pol II and not with Ser2P. However, we
also found elevated Cdk9 binding and premature release of Pol II
at Mago-unbound genes, albeit to a lesser extent compared to
Mago-bound genes, suggesting that additional mechanisms must
be involved.

It is interesting to note that the binding of the pre-EJC to Pol II
requires the presence of nascent RNA. A recent study also sup-
ports these findings showing specific association of pre-EJC
components on polytene chromosomes that depends on nascent
NATURE COMMUNI
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transcription but is independent of splicing®®. This is reminiscent
to the binding of DSIF and NELF®3-98, suggesting that interaction
with Pol II and stabilization via nascent RNA is a general
mechanism to ensure that pausing regulators exert their function
at the right time and at the right location. Upon external cues, P-
TEFb modifies the activities of both NELF and DSIF through
phosphorylation, promoting Pol II release. It would be of interest
to address whether P-TEFb also regulates the EJC in a similar
manner. Intriguingly, previous studies revealed that eIF4ATIT is
present in the nuclear cap-binding complex®®, while Y14 directly
recognizes and binds the mRNA cap structure’®7!, It is therefore
possible that this cap-binding activity confers the ability of the
EJC to bind nascent RNA. Consistent with this hypothesis, the
KD of Cap binding protein (Cbp) strongly reduced association of
Mago to chromatin (Supplementary Figure 8h). Nevertheless,
since Cbp is also required to stabilize transcripts, the reduced
Mago binding might result from this confounding effect. More-
over, other factors must be clearly involved as only a subset of
genes is bound by the pre-EJC.

SRSF2 is another splicing regulator that was previously
demonstrated to modulate Pol 1T pausing via binding to nascent
RNAs’2. In this case, SRSF2 exerts an opposite effect by facil-
itating Pol 1I release into the elongation phase. This effect occurs
via increased P-TEFb recruitment to gene promoters. Although
we have not found convincing evidence for a conserved role of
the Drosophila SRSF2 homolog in this process (unpublished
data), one may envision that the pre-E]JC counteracts the effect of
SRSF2 to stabilize Pol IT pausing. Consistent with this possibility,
EJC binding sites are often associated with RNA motifs that
resemble the binding sites for SR proteins”®, It is therefore pos-
sible that SR proteins influence pre-EJC loading to mRNA and
vice versa.

Our previous work along with studies from other groups
suggested that the EJC modulates splicing by two distinct
mechanisms?*-46. On one hand, the EJC facilitates the recogni-
tion and removal of weak introns after prior deposition to
flanking exon-exon boundaries. We proposed that EJC deposition
occurs in a splicing dependent manner after rapid removal of
bona fide introns, which are present in the same transcript. Thus,
a mixture of “strong” and “weak” introns ensures EJC’s require-
ment in helping intron definition. This function requires the
activity of the EJC splicing subunits Acinus and RnpS1, which are
likely involved in the subsequent recruitment of the splicing
machinery near the weak introns. While this model is attractive, it
does not however explain every EJC-regulated splicing event. In
particular, depletion of pre-EJC components results in a myriad
of exon-skipping events, which occur frequently on large intron-
containing transcripts (this study and refs. 4546). In contrast to
intron definition, this exon definition activity only slightly
required the EJC splicing subunits, suggesting an additional
mechanism. We now show that the pre-EJC controls exon defi-
nition at least in part by preventing premature release of Pol TT
into transcription elongation. Our results shed light on a recent
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Image). b ChIP-gPCR analysis of Ser2P occupancy level at MAPK locus in the indicated knockdowns. The primers used for the analysis are indicated in the
scheme above. Bars indicate the 95% confidence interval from the mean of two biological replicates. € Agarose gels showing RT-PCR products for MAPK
and RpL15 using RNA extracted from 52R+ cells with indicated knockdowns as template for cDNA synthesis. The primers used for the PCR 5”and 3° UTR of
MAPK are shown in the scheme above. RT-PCR products for RpL15 fram respective knockdown condition were used as loading control. d Replicate averaged
RNA-Seq track examples of MAPK in several knockdown conditions. Mago KD results in several exon skipping events, which are rescued upon
simultaneous knockdown of Cdk9. The exons skipped in Mago knockdown condition are highlighted by colored rectangles e Quantitative RT-PCR using
RNA extracts derived from S2R+ cells with the indicated knockdowns. The amplicons were obtained using the same 5° forward primer (E1) together with
the reverse primers on respective exons, as shown in the scheme above. The level of exon skipping is compared to the control treatment, with RpL49 used
for normalization. Bars indicate the 95% confidence interval from the mean of two biclogical replicates. f Box plots showing the log2 fold change in
inclusion level of alternatively spliced exons in the indicated knockdowns (rMATS was used for the analysis). g Upper panel: Staining of eye imaginal discs
from third instar larvae with indicated dsRNAs specifically expressed in the eye (using the ey-GAL4 driver). All photoreceptors are stained with anti-Elav
antibody (purple), and R8 (the first class of photoreceptor to be specified) with anti-Senseless (green). Scale bar 50 pM. Lower panel: Adult eyes of a
control fly and flies with indicated KD
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observation in human cells showing that the usage of general
transcription inhibitors improve splicing efficiency on two EJC-
mediated exon skipping events?’. Of note, two recent studies
suggested a third mechanism for splicing regulation by the
EJC that involves the repression of cryptic splice sites (PMID:
30388410, 30388411).

The notion that splicing takes place co-transcriptionally is now
a general consensus and two non-exclusive models regarding the
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Elongating state

impact of transcription on splicing have been proposed. Through
the ability of the C-terminal repeat domain (CTD) of its large
subunit, RNA Pol Il can recruit a wide range of proteins to
nascent transcripts’4~77, thereby influencing intron removal. Pol
II can influence splicing via a second mechanism referred to as
kinetic coupling. According to the model, changes of elongation
rates can alter the recognition of exons containing weak splice
sites”=80, Tn regards to pre-EJC’s activity we favor the first model.
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Fig. 7 The role of Mago on promoter proximal pausing is conserved in human. a Metagene profiles based on averaged enrichment over input from two
independent biological replicates of total Pol Il occupancies in control and Magoh-depleted Hela cells with standard error of the mean for all the Pol Il
bound genes. Log2 fold changes against input control are shown on Y-axis while X-axis depicts scaled genomic coordinates. b Metagene profiles of
averaged enrichment from two independent biclogical replicates of total Pol Il occupancies in control and Magoh-depleted Hela cells with standard error of
mean for all the Pol Il bound genes, centered at the TSS in a 1 Kb window. Log?2 fold changes against input control are shown on Y-axis while X-axis
depicts genomic coordinates. € The ECDF plot of PRR in Hela cells treated with either control or Magoh siRNA. p-value is derived from two-sample
Kolmogerov-Smirnov test. d Track examples of total Pol Il ChIP-Seq from Hela cells extracts, after either control or Magoh knockdown. The tracks are
the average of two independent biological replicates after input normalization. @ Western blots performed using antibodies against total Pal Il, Ser2P,
Ser5P, and Magoh, in Hela cells treated with either control or Magoh siRNA. Similar to Drosophila, the loss of Magoh leads to elevated level of Ser2P
without affecting Ser5P. f-h Co-immunoprecipitation of Magoh from Hela cells extracts, using antibody directed against Magoh. Western blots using Pol I,
Ser5P and Ser2P antibody reveal RNA-dependent interaction of Magoh with Pol Il and Ser5P. There was no detectable interaction of Magoh with Ser2P.
The specific bands for Pol Il are highlighted by arrowheads in f. The lane labeled with “Lad” indicates ladder. i Co-immunoprecipitation of Cdk9 using anti-
Cdk9 antibody from Hela cells extracts treated with either cantrol or Magoh siRNA. Western blot was performed with anti-Ser5P antibody. The
quantification of the intensity was performed with Imagel. j Model: The pre-EJC stabilizes Pol Il pausing by restricting P-TEFb binding at promaoter,

and possibly by sequestering Cdk12. This activity is required for proper recognition of exons

First, our genome wide studies demonstrate a global impact of the
pre-EJC on promoter proximal pausing. Second, we did not
observe substantial alteration of the average rate of transcription
elongation upon Mago depletion. We did find however some
gene-to-gene differences but they poorly correlate with the degree
of exon inclusion. Still, this effect might be a secondary con-
sequence of splicing defects, as a previous study suggested the
existence of a splicing-dependent elongation checkpoint®!, Third,
reducing the speed of Pol II or depleting the function of tran-
scription elongation factors failed to rescue Mago-splicing defects,
arguing that the positive impact of reducing P-TEFb levels on
exon definition is dependent on its function in Pol II release
rather than in regulating the elongation stage. Thus, in the light of
previous model regarding the interplay between pre-mRNA
capping and transcription, we propose that by stabilizing Pol II
pausing the EJC provides enough time for the recruitment of
additional splicing factors that play a critical role in exon
definition.

Pol II pausing is found more prominently at developmentally
regulated genes, which tend to be long and frequently regulated
by alternative splicing. We found a size dependency for Mago-
bound genes as well as for Mago-regulated gene expression,
suggesting that pre-EJC function is adapted to regulate exon
definition of large genes by enhancing their promoter proximal
pausing. Interestingly, a recent study shows that genes with long
introns tend to be spliced faster and more accurately®?. Whether
this function depends on EJC binding to nascent RNA constitutes
an interesting possibility. The next important challenge will be to
address the precise mechanisms by which promoter proximal
pausing influences pre-mRNA splicing at these developmental
genes.

Methods

Cloning. The plasmids used for chromatin immunoprecipitation (ChIP) and co-IP
assays in Drosophila S2R+ cells were constructed by cloning the corresponding
¢DNA in the pPAC vector cither with N-terminal Flag—3x HA tag or with HA-
SBP tag. The CDS were cloned in pPAC vector with N-terminal tags between
EcoRV and Notl. The lambdaN and Box-B constructs are derived from the plas-
mids described earlier™. The lambdaN constructs were made by cloning different
CDS in frame at the C-terminal, between EcoRV and Notl sites. The boxB con-
structs were made by cutting out the 3’ boxB sites, and cloning it upstream of
luciferase gene with Kpnl site. For endogenous genes, the luciferase CDS was first
removed using Spel, followed by blunting the ends. BoxB sites were reintroduced
using Notl and Stul sites, and these sites were used to clone endogenous genes.

RNA isolation and RT-PCR. RNA was extracted from cells using 'I'rizol reagent,
following the manufacturer’s protocol. For reverse transcription, cDNA was syn-
thesized using MMLV reverse transcriptase (Promega, Cat No-M1701). For semi-
quantitative RT-PCR 2 pg of RNA was reverse transcribed. Five microliter of the
cDNA was amplified using the respective primers in 50 pl PCR reaction, using One
Taq polymerase (NEB, Cat No-M0480). After 40 cycles of amplification half of the
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PCR product was loaded on 1% agarose gel to qualitatively analyze the splicing
products. For real time PCR, RpLI5 was used as an internal control. Relative
abundance of transcripts was calculated by the 28 Ct method. PCR primers used
for semi-quantitative and real time PCR are listed in Supplementary Table 1.

Cell culture, RNAI, and transfection. Drosophila S2R+ cells were cultured in
Schneider Cell's Medium (GIBCO, Cat No-21720) supplemented with 10% FBS
and 2% Penicillin/Streptomycin. The plasmids expressing various transgenes were
transfected with Effectene transfection reagent (Qiagen, Cat No-301425), following
manufacturer’s protocol. For knock down experiments, dsRNA was synthesized
overnight at 37 °C using Hi-Scribe T7 transcription kit (NEB, Cat No-E2040).
dsRNA was transfected in S2R+ cells by serum starvation for 6 h. The treatment
was repeated three times and cells were harvested 7 days after the first treatment for
Mago. For knockdown of other pre-EJC components and Btz, the treatment was
repeated two times and cells were harvested 5 days after the first treatment. The
primers used for generating dsRNA are listed on Supplementary Table 1. S2R+
cells were treated with 50 pg/ml of a-amanitin for 7 h to block transcription.
Triptolide treatment in 2R+ cells was performed at 10 uM for 6 h.

HelLa cells were cultured in standard RPMI medium supplemented with 10%
FBS and 2% Penicillin/Streptomycin. For siRNA knockdown, cells were transfected
with 10 nM of siRNA using RNAiMax (Invitrogen) according to manufacturer’s
protacol. Cells were harvested 48 h after transfection. A mixture of three siRNA
was used to deplete Magoh, two against MagohA isoform (sIRNA sequence; 1-
CGGGAAGTTAAGATATGCCAA; 2-CAGGCTGTTTGTATATTTAAT) and one
targeting MagohB isoform (siRNA sequence; GATATGCCAACAACAGCAA).

Antibodies. The following antibodies were used in this study. For total Pol 11 Ch1P,
RBP1 (Diagenode Cat No-15200004) was used. Ser2P ChIP was performed using
ab5095 (Abcam); 3E10 (Chromotek) was used for western blotting. Anti-Ser5P Pol
11 (Chromotek, Cat No-3E8) and ARNA3 (Pol 1I) antibodies (Progen, Cat No-
65123) were used for western blot assays. For immunoprecipitation experiments,
anti-Flag M2 (Sigma, Cat No-F3165) and M-280 streptavidin beads (Thermo-
Fisher, Cat No-11205) were used. A polyclonal rabbit anti-Mago antibody was
generated from Metabion (Germany). Anti-hCdk9 (Santa Cruz, Cat No-8338) was
used for immunoprecipitation from HeLa cells extracts. The Cdk9 western blot
from S2R+ cell extract was performed by anti-dCdk9 antibody, a kind gift from
Akira Nakamura.

Immunostaining. The primary antibodies used were rat anti-Elav (1:5; Develop-
mental Studies Hybridoma Bank) and guinea pig anti-Senseless (1:1000)%4. Eye
imaginal discs were dissected in 0.1 M sodium phosphate buffer (pH 7.2) and then
fixed in PEM (0.1 M PIPES at pH 7.2 mM MgSO,, 1 mM EGTA) containing 4%
formaldehyde. Washes were done in 0.1 M phosphate buffer with 0.2% Triton X-
100. Appropriate fluorescent-conjugated secondary antibodics were used (1:1000;
Jackson Immunoresearch Laboratories). Images were collected on Zeiss TCS SPS
confocal microscope

Co-IP assay and western blot analysis. For co-IP assay in S2R+ cells, cells were
plated in 10.¢cm cell culture dish, and respective transgenes were transfected using
Effectene transfection reagent, according to manufacturer’s protocol. Forty-eight
hours post transfection cells were collected, washed once with PBS and re-
suspended in swelling buffer (10mM ‘T'ris pH 7.5, 2mM MgCl,, 5 mM MgCl,,

3 mM CaCl;, and protease inhibitors). After incubating 10 min on ice, the sus-
pension was spun at 600 g for 10 min at 4 °C. After discarding the supernatant the
pellet was resuspended in lysis buffer (10 mM Tris pH 7.5, 2mM MgCl,, 5mM
MgCl,, 3mM CaCl, 0.5% NP-40, 10% glycerol and protease inhibitors) and
centrifuged for 5 min at 600 x g Nuclei were resuspended in lysis buffer (40 mM
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HEPES pH7.4, 140 mM NaCl, 10 mM MgCl,, 0.5% Triton X-100 and protease
inhibitors) and sonicated in the bioruptor plus (Diagenode) for 6 cycles with 305
“ON/OFF” at low settings. Protein concentrations were determined using Bradford
reagent (BioRad, Cat No-5000006). For TP 2 mg of proteins were incubated with
respective antibody in lysis buffer and rotated head-over-tail O/N at 4°C. The
beads were washed 3x for 10 min with lysis buffer and IP proteins were eluted by
incubation in 1x SDS buffer at 85 °C for 10 min. Immunoprecipitated and input
proteins were analyzed by western blot, after separating them on 4-15% gradient
SDS-PAGE gel (BioRad, Cat No-4561083) and transferred to PYDF membrane
[{ pore, Cat No-IPVHO0010). After blocking with 5% milk in " (0,05%
Tween in 10 mM Tris pH 7.4 and 140 mM NaCl) for O/N at 4 °C, the membrane
was incubated with respective primary antibody in blocking solution O/N at 4 °C.
The antibodies were used at following dilution: Ser2P: 1:500; SerSP: 1:500; ARNA-
3: 1:1000; HA: 1:2500; Mago: 1:2000; and Magoh: 1:1000. Membrane was washed
4 in TBST for 15 min and incubated 1h at RT with secondary antibody in
blacking solution. Blots were developed using SuperSignal™ West Pico Chemilu-
minescent Substrate (Thermo Scientific, Cat No-34080) and visualized using
BioRad Gel documentation system. Full-length blots with molecular weight stan-
dards are provided in the Supplementary Figure 11.

For co-IP assay in HeLa, cells were plated in 10 cm cell culture dish. Afterwards,
cells were collected washed once with PBS and re-suspended in swelling buffer
(10 mM Tris pH 7.5, 2mM MgCl,, 5 mM MgCl,, 3mM CaCl,, and protease
inhibitors), identical to the approach as in S2R+ cells. After incubating 10 min on
ice, the suspension was spun at 600 g for 10 min at 4 °C. After discarding the
supernatant the pellet was resuspended in lysis buffer (10 mM Tris pH 7.5, 2 mM
MgCly, 5mM MgCly, 3mM CaCls, 0.5% NP-40, 10% glycerol and protease
inhibitors) and centrifuged for 5min at 600 x g Nuclei were resuspended in lysis
buffer (40 mM HEPES pH7 4, 140 mM NaCl, 10 mM MgCl,, 0.5% Triton X-100
and protease inhibitors) and sonicated in the bioruptor plus (Diagenode) for 6
cycles with 30 s “ON/OFF” at low settings. Protein concentrations were determined
using Bradford reagent (BioRad, Cat No-5000006). For IP 2 mg of proteins were
incubated with anti-Magoh antibody in lysis buffer and rotated head-over-tail O/N
at 4 °C. The beads were washed 3x for 10 min with lysis buffer and IP proteins were
eluted by incubation in 1> 8DS buffer at 85 °C for 10 min, immunoprecipitated and
input proteins were analyzed by western blot, as described above.

RNA extraction and RNA-seq. RNA was extracted from cells using Trizol reagent,
following the manufacturer’s protocol. RNA was further cleaned for organic con-
taminants by RNeasy MinElute Spin columns (Qiagen, Cat No-74204). The pur-
ified RNA was subjected to oligodT (NEB, Cat No-$14195) selection to isolate
mRNA. The resulting mRNA was fragmented and converted into libraries using
illumina TruSeq Stranded mRNA Library Prep kit (illumina, Cat No- 20020594)
following manufacturer's protocol.

ChIP-qPCR and ChIP-Seq. $2R+- cells and Hela cells were fixed with 1% for-
maldehyde for 10 min at room temperature, and harvested in SDS buffer resus-
pended in RIPA buffer (140 mM NaCl, 10 mM Tris-HCL [pH 8.0], 1 mM EDTA,
1% Triton X-100, 0.1% SDS, 0.1% DOC), and lysed by sonication. The lysate was
cleared by centrifugation, and incubated with respective antibodies overnight at
4°C. Antibody complexes bound to protein G beads were washed once with 140
mM RIPA, four times with 500 mM RIPA, once with LiC] buffer and twice with TE
buffer for 10 min each at 4°C. DNA was recovered after reverse crosslinking and
phenol chloroform extraction. After precipitating and pelleting, DNA was dis-
solved in 30l of TE. Contrel immunoprecipitations were done in parallel with
cither tag alone or knock down controls, and processed identically. Five microliters
of immunoprecipitated DNA were used for checking enrichment with various
primer pairs (listed in Supplementary Table 1) on Applied Biosystem ViiA™ 7 real
time machine using SYBR green reagent (Life technologies, Cat No-4367659). o
cxamine whether these changes in Pol 11 distribution were widespread, we per-
formed ChIP-Seq experiments in control and Mago KD conditions. To exclude the
possibility of changes in Pol II occupancy driven by differences in immunopreci-
pitation efficiency and technical varfance during library preparation in different
knock down conditions, we used yeast chromatin as “spike-in” control (Orlando
et al#5). With this approach, we confirmed the decrease in Ser2P levels and Pol 1
at the promoter region and an increase within the gene body of MAPK. After
validating enrichment, the recovered DNA was converted into libraries using
NebNext Ultra DNA library preparation kit, following manufacturer’s protocol.
DNA libraries were multiplexed, pooled and sequenced on lllumina HiSeq 2000
platform.

DRB-4sU-Seq. S2R+ cells were grown in Schneider’s Cell Medium with 10%
bovine serum supplemented with antibiotics and maintained at 25 °C. 5,6-
dichlorobenzimidazole 1-B-d-ribofuranoside (DRB) from Sigma (D1916) was used
at a final concentration of 300 pM, dissolved in water, for 5 h. 4-thiouridine (4sU)
was purchased from Sigma (Cat No-T4509) and used at a final concentration of
100 pM. Control and Mago KID was performed as described before. All the samples
were labeled for 6 min with 4-thiouridine, and transcription was allowed to proceed
after DRB removal for 0, 2, 8, and 16 min along with one non-DRB treated control
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A total of 100-130 pg RNA was used for the biotinylation reaction. 4sU-labeled
RNA was biotinylated with EZ-Link Biotin-HPDP (Thermo Scientific, Cat No-
21341), dissolved in dimethylformamide (DMF, Sigma Cat No-D4551) at a
concentration of 1 mg/ml. Biotinylation was done in labeling buffer (10 mM Tris
pH 7.4, 1 mM EDTA) and 0.2 mg/ml Biotin-HHPDP for 2 h with rotation at room
temperature. Two rounds of chloroform extractions removed unbound Biotin-
HPDP. RNA was precipitated at 20,000xg for 20 min at 4 °C with a 1:10 volume of
5 M NaCl and an equal volume of isopropanal. The pellet was washed with 75%
ethanol and precipitated again at 20,000xg for 10 min at 4 °C. The pellet was left to
dry, followed by resuspension in 100 pl RNase-free water. Biotinylated RNA was
captured using Dynabeads MyOne Streptavidin T'1 beads (Invitrogen, Cat No-
65601). Biotinylated RNA was incubated with 50 pl Dynabeads with rotation for
15min at 25 °C. Beads were magnetically fixed and washed with 3x Dynabeads
washing buffer. RNA-4sU was eluted with 100 ul of freshly prepared 100 mM
dithiothreitol (DTT), and cleaned on RNeasy MinElute Spin columns (Qiagen, Cat
No-74204). For the untrcated 4sU-Seq version used for calculating polymerase
release ratio (PRR), an identical approach was used with following modifications.
During the period when biotinylated RNA was incubated with 50 pl Dynabeads
with rotation for 15 min at 25 °C, RNAse T1 was added in order to fragment RNA
te 100 bp. Beads were magnetically fixed and washed with 3> Dynabeads washing
buffer, as described before. RNA-4sU was eluted with 100 pl of freshly prepared
100mM DTT, and cleaned on RNeasy MinElute Spin columns (Qiagen, Cat No-
74204). Enriched nascent RNAs were converted to cDNA libraries with Drosophila
Ovation Kit (Nugen- Cat No-7102-32) with integrated ribosomal depletion
workflow. Amplified cDNA libraries were pooled, multiplexed, and sequenced on
two lanes of [llumina HiSeq 2000,

MNase-Seq. S2R+ cells were fixed with 1% formaldehyde for 10 min at RT. Cells
were harvested and 20 million nuclei were spun at 3500 g at 4 °C for 10 min.
Nuclear pellets were resuspended in 300 pl of MNase digestion buffer (0.5 mM
spermidine, 0.075% NP40, 50 mM NaCl, 10 mM Tris-HCL, pH 7.5, 5 mM MgCl,,
1 mM CaCly, 1 mM B-mercaptoethanol and complete protease inhibitors). Reac-
tion was spun at 3200 g, 4 °C for 10 min and resuspended in 50 pl of MNase
digestion buffer and digested with 30U of MNase at 37 °C for 10 min at 300 rpm in
mixing block. The MNasc digestion reaction was quenched with EDTA at 10 mM
final concentration. After 10 min on ice, the nuclei were washed once with 1 ml of
RIPA buffer (140 mM NaCl and complete protease inhibitors). Pellets were
resuspended in 300 pl of RIPA buffer (140 mM) and sonicated (3 cycles, medium
intensity, 30 s on/off intervals) and centrifuged at 18,000 x g, 4 °C for 10 min. DNA
was recovered after reverse crosslinking and phenol chloroform extraction. After
precipitating and pelleting, DNA was dissolved in 30 ul of TE and resolved on
agarose gel. The ~147 bp fragments corresponding to the mono nucleosomal
fragments were gel extracted and after library prepararion, were subjected to 50 bp
paired end sequencing on Hlumina HiSeq 2500 platform.

DamlID-Seq. pUAST- LT3- ORF1 vector (kind gift from A. Brand) was used to
clone Cdk9 as a C-terminal Dam-fusion protein. The Dam-Cdk3 itself was cloned
downstream of mcherry (as a primary ORF) separated by stop codon. This ensured
low level expression of the Dam-Cdk9 fusion protein. S2R+ cells were plated in
10 cm dish and subjected to control and Mago knockdowns using dsRNA, as
described earlier. On the sixth day of knockdown pUAST-LT3-Dam-Cdk9 was co-
transfected with pActin-Gal4 vector to induce Dam-Cdk9 expression, using
effectene transfection reagent according to manufacturer’s protocol. The Dam
alone control was similarly transfected in control and Mago depleted S2R-+ cells.
DNA was isolated from cells after 16 h of transfection and subsequent treatments
were performed as described®®. Purified and processed genomic DNA of two
biological duplicates was subjected to library preparation using the NebNext DNA
Ultra II library kit (New England Biolabs) and sequenced on a NextSeq500.

Computational analysis. RNA-Seq: The libraries were sequenced with a read
length of 71bp in paired end mode. Mapping was performed using STAR®

(v. 2.5.1b) against ENSEMBL release 84. Counts per gene were derived using htseq
count (v.0.6.1p1). Differential expression analysis was done using DESeq2%
(v.1.10.1), differential expressed genes were filtered for an FDR of 1% and a fold
change of 1.3. Splicing analysis was done using DEXSeq® (v. 1.16.10), and
rMATS? (v. 3.2.1b) with 10% FDR filtering. Genes were defined as expressed if
they had coverage above 1 rpkm in the averaged control samples.

ChIP-Seq: The libraries were sequenced on a HiSeq2500/NextSeq500 in either
paired end or single end mode. De-multiplexing and fastq file conversion was
performed using blc2fastq (v.1.8.4/v2.19.1) for all libraries save the Ser2P ChIPs.
Ser2P ChIP libraries were de-multiplexed using 6 bp front tags. After sorting, the
tags and the A-overhang base were trimmed (7 bp in total). Reads from ChIP-Seq
libraries were mapped using bowtie2®! (v. 2.2.8), and filtered for uniquely mapped
reads. The genome build and annotation used for all Drosophila samples was
BDGP6 (ensemble release 84). The genome build and annotation used for the Hela
samples was hg38 (ENSEMBL release 84). Peak calling was performed using
MACS2%? (v 2.1.1-20160309). Further processing was done using R and
Bioconductor packages. Input normalized bigwig tracks were produced using
Deeptools®®. The spike-in normalization was done according to the Orlando
et al 55, All the libraries (including input) where calibrated using a normalization
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factor; defined as the number of reads mapped to the yeast genome (used as a
reference/non-test genome) per million of reads mapped to the Drosophila genome.
Ongce the libraries were calibrated according to the respective normalization factor,
the enrichment was computed for every condition against their respective input.

To assign the target genes bound by pre-EIC components, peaks were called
using MACS2 with 2.0-fold enrichment as cut-off. The resulting peaks were
annotated with the ChlPseeker package on Bioconductor, using nearest gene to the
peak summit as assignment criteria. The intersection of genes bound by all pre-EJC
components, i.e., Mago-HA, Y14-HA, and elF4A3-HA, was defined as pre-EJC
bound.

4sU-Seq: The libraries were sequenced with a read length of 50 bp in single end
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Supplementary Figure 10

b elF4Alll elF4Alll/cdk9

— -

SEC Complex

e mago/atms mago/ctr9 mago/cde73 mago/rtf1

PAF Complex

FACT Complex

Depletion of elongation factors or slowing down RNA Pol II does not rescue Mago
photoreceptor differentiation defects (a-f)

Drosophila adult eyes in different conditions. (a) Loss of Mago in the eye results in impairment
of eye development due to lack of photoreceptor differentiation. Simultaneous depletion of
Cdk 12 restores photoreceptor differentiation. (b) Loss of eIF4AIIl in the eye results in lethality.
Simultaneous depletion of Cdk9 restores viability and photoreceptor differentiation. (¢) Slowing
down the Kinetics of Pol I1 using a slow Pol Il mutant fails to rescue Mago's effect on
photoreceptor differentiation. (d-f) Knockdowns of SEC complex components (d), PAF complex
components (¢) or the Dre4 FACT complex subunit (f), do not substantially rescue the eye
phenotype resulting from Mago depletion.
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ALS Amyotrophic lateral sclerosis
AS Alazami Syndrome

BDSC Bloomington Drosophila Stock Center
BR Basic rich region

CNS Central nervous system

CTD Carboxy-terminal domain

DPE Downstream promoter element
DRB D-ribofuranosyl benzimidazole
DSE Distal Sequence Element

DSIF DRB sensitivity-inducing factor
EJC Exon-junction complex

ENL Eleven-nineteen leukemia

GTF General Transcription factors
IIm™ Indian Institute of Technology Madras
IMB Institute of Molecular Biology
LARP La and La-related proteins

LEC Little Elongation Complex
NELF Negative elongation factor

PB Pause Button

PCR Polymerase chain reaction

PD Primordial dwarfism

PSE Proximal Sequence Element
SEC Super elongation complex

TBP TATA-binding protein

TEVC Two-Electrode Voltage Clamp
TF Transcription factors

TSS Transcription start site

VNC Ventral nerve cord

ATP Adenosine Triphosphate
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CRISPR
DAPI
DDX
DRE
DSHB
FACS
GFP
eGFP
NMJ
PBS
PBT
PFA
PVDF
RNA
UAS
UTR

clustered regularly interspaced short palindromic repeats
4’ 6-diamidino-2-phenylindole

DEAD box

Damage Responsive Elements
Developmental Studies Hybridoma Bank
Fluorescence-activated cell sorting
Green Fluorescent Protein

enhanced Green Fluorescent Protein
Neuromuscular Junction

Phosphate Buffer Saline

Phosphate Buffer Saline TritonX
Paraformaldehyde

Polyvinylidene difluorideRD
Ribonucleic acid

Upstream Activation sequence

Untranslated region
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12.Table 3: Primers used in this study

7SK - tRNA -HindIII FP

cccAAGCTTgggACTTTAAAACGCCTCGCAAA

7SK - tRNA RP - EcoRI -

cgGAATTCcgTCATATTGCAATGCTCATGGA

RP
7SK dsRNA FP taatacgactcactataggg AGTAATTCTGCCTGGCGTTG
7SK dsRNA RP taatacgactcactatagggCGCGTACATGGAAGTGTTCT

7SK FL1 CC9 FP

CTTC GTAATTCCCAAGTGCTTATT

7SK FL1 CC9 RP

AAAC AATAAGCACTTGGGAATTAC

7SK FL2 CC9 FP

CTTC GTTCGCTGCAGCAAAAGAAT

7SK FL3 CC9 RP

AAAC ATTCTTTTGCTGCAGCGAAC

7SK gSQ 2-FP ACTTTAAAACGCCTCGCAAA

7SK gSQ 2-RP TTGCAATGCTCATGGAAAAG

7SK Pol I1I- HindIII FP cccAAGCTTgggTCCCAATTTGTGTCTCAACTG

7SK qPCR 2 FP TGTGATTGTTCTGTACATTGATCG

7SK qPCR 2 RP GGAAACACAAAGGTGTGACG

7SK qPCR FP CGTCACACCTTTGTGTTTCC

7SK qPCR RP GATAACCCGTCGTCATCCAG

7SK SEQ3 FP ATCTGCTTCCCGTTACTTCG

7SK SEQ3 RP TTGCAATGCTCATGGAAAAG

7SK SP6 promo IS FP CATACGATTTAGGTGACACTATAGAAT
TTTGAAAGTGGCTGACTCG

7SK t7 promo IS FP GGATCCTAATACGACTCACTATAGGGA
GTAATTCTGCCTGGCGTTG

7SK-CC9-FP 1 CTTCGCTCGGCAATGCCGCGTACA

7SK-CC9-FP 2 CTTCGCAACGCCAGGCAGAATTAC

7SK-CC9-RP 1 AAACTGTACGCGGCATTGCCGAGC

7SK-CC9-RP 2 AAACGTAATTCTGCCTGGCGTTGC

GFP_ex1_F2 tatatcatggccgacaagca

GFP_ex2 R2 gaactccagcaggaccatgt

HuLa- qPCR1-FP AAAACAGCCAACAGGGAAGA

HuLa- qPCR1-RP TGTTTCCTGCCAGGTAGAGG

HuLa- qPCR2-FP ATTTGGGAAATGTGGCAATG

HuLa- qPCR2-RP TCAATTGCTTTTGCTGCTTG

Hu-LARP7- Kpnl RP

ctgtacaagggtacCTCAATCATATTCAGAAAATCTTATATG

Hu-LARP7- NotI FP

ctgtacaaggcggccgcaATGGAAACTGAAAGTGGAAATC

Insert Validation DRSC FP

CGCAGCTGAACAAGCTAAAC

Insert Validation DRSC RP

TAATCGTGTGTGATGCCTACC

LARP7 3UTR T7 FP taatacgactcactataggg AGTTGAGGGGTGAGTTTGGA

LARP7 3UTR T7 RP taatacgactcactataggg TTTCAATTTCAC
TAGGAAGTTTCTTTT

LARP7 SUTR qPCR FP AAAAACCAAGTGCAATATTTTATTC

LARP7 SUTR qPCR RP CTGACCCTCGCCCTTCTC

Larp7 gfptag gRNA1 FP

CTTCGACTTAGATTACTGGTTAAC
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Larp7 gfptag gRNA1 RP

AAACGTTAACCAGTAATCTAAGTC

Larp7 gfptag gRNA2 FP CTTCGGCTGCCAAGAGTATCGAGA

Larp7 gfptag gRNA2 RP AAACTCTCGATACTCTTGGCAGCC

LARP7 GR SEQ FP GGAGCGTGGGAAATAATGGT

LARP7 GR SEQ RP GCTCGATTTTTCGCCAATAG

LARP7 orf Kpnl FP CGGGGTACCGAATGGCTGCCAAGAGTATCGA
LARP7 orf Kpnl RP CGGGGTACCTCAGTCCATGGCGGCCGC

Larp7 Promoter Bglll FP AGATCTCTTGCGATGCGACTGTGATA

Larp7 Promoter Bglll RP AGATCTAACCAGTAATCTAAGTCACTCG
Larp7 Rev Kpnl HR RP cggegtaccGATGCGACGCTGTAGATTCA

LARP7-CC9-FP 1

CTTCGGCTGCCAAGAGTATCGAGA

LARP7-CC9-FP 2

CTTCGCCAGCCAAGCGTCGCAAGG

LARP7-CC9-RP 1

AAACTCTCGATACTCTTGGCAGCC

LARP7-CC9-RP 2

AAACCCTTGCGACGCTTGGCTGGC

Lig4[169] FP

ccttgttagccaccttttge

Lig4[169] RP

cggtcacattgcttgaacag

Mu -LARP7- Kpnl RP

ctgtacaagggtaccTCAGTCATACTCAGAGA
AACGGATGTGCTG

Mu -LARP7- Notl FP

tacaaggcggccgcaATGGAAACTGAAAACC
AAAAAACTATGG

U6.2/B seq Rev TACACTTTATGCTTCCGGCTCGTATGTTGT
RPL1S FP AGGATGCACTTATGGCAAGC
RPL15 RP GCGCAATCCAATACGAGTTC

Xe -LARP7- Kpnl RP

ctgtacaagggtaccTCAGAAGCCATCACTGAATC

Xe -LARP7- NotI FP

tacaaggcggccgcaATGACTGCGATTGAAACTGACACCC

Zf -LARP7- Kpnl RP

ctgtacaagggtaccT TAATCATCAAAGCGGATGTG

Zf -LARP7- Notl FP

tacaaggcggccgcaATGAAAGTGTGTCAACGC
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