
Citation: Mazina, M.Y.; Kovalenko,

E.V.; Evdokimova, A.A.; Erokhin, M.;

Chetverina, D.; Vorobyeva, N.E. RNA

Polymerase II “Pause” Prepares

Promoters for Upcoming

Transcription during Drosophila

Development. Int. J. Mol. Sci. 2022,

23, 10662. https://doi.org/10.3390/

ijms231810662

Academic Editor: Yuzuru Imai

Received: 12 August 2022

Accepted: 8 September 2022

Published: 13 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

RNA Polymerase II “Pause” Prepares Promoters for Upcoming
Transcription during Drosophila Development
Marina Yu. Mazina 1,2,†, Elena V. Kovalenko 1,†, Aleksandra A. Evdokimova 1, Maksim Erokhin 1,
Darya Chetverina 1 and Nadezhda E. Vorobyeva 1,2,*

1 Institute of Gene Biology, Russian Academy of Sciences, 119334 Moscow, Russia
2 Center for Precision Genome Editing and Genetic Technologies for Biomedicine, Institute of Gene Biology,

Russian Academy of Sciences, 119334 Moscow, Russia
* Correspondence: vorobyeva@genebiology.ru
† These authors equally contributed to this work.

Abstract: According to previous studies, during Drosophila embryogenesis, the recruitment of RNA
polymerase II precedes active gene transcription. This work is aimed at exploring whether this
mechanism is used during Drosophila metamorphosis. In addition, the composition of the RNA
polymerase II “paused” complexes associated with promoters at different developmental stages are
described in detail. For this purpose, we performed ChIP-Seq analysis using antibodies for various
modifications of RNA polymerase II (total, Pol II CTD Ser5P, and Pol II CTD Ser2P) as well as for
subunits of the NELF, DSIF, and PAF complexes and Brd4/Fs(1)h that control transcription elongation.
We found that during metamorphosis, similar to mid-embryogenesis, the promoters were bound by
RNA polymerase II in the “paused” state, preparing for activation at later stages of development.
During mid-embryogenesis, RNA polymerase II in a “pause” state was phosphorylated at Ser5 and
Ser2 of Pol II CTD and bound the NELF, DSIF, and PAF complexes, but not Brd4/Fs(1)h. During
metamorphosis, the “paused” RNA polymerase II complex included Brd4/Fs(1)h in addition to
NELF, DSIF, and PAF. The RNA polymerase II in this complex was phosphorylated at Ser5 of Pol II
CTD, but not at Ser2. These results indicate that, during mid-embryogenesis, RNA polymerase II
stalls in the “post-pause” state, being phosphorylated at Ser2 of Pol II CTD (after the stage of p-TEFb
action). During metamorphosis, the “pause” mechanism is closer to classical promoter-proximal
pausing and is characterized by a low level of Pol II CTD Ser2P.

Keywords: transcription; RNA polymerase II; Pol II pausing; Pol II stalling; poised Pol II; Drosophila;
development; transcription regulation; NELF; DSIF; PAF; Brd4/Fs(1)h

1. Introduction

The development of a multicellular organism occurs due to the timely activation of
genes in cells of a certain type, which develop in the form of “transcriptional waves” [1,2].
The transcriptional cycle of genes in multicellular organisms is under the control of both
temporal and spatial regulators. Its progression requires the clear coordination of various
regulatory systems.

The RNA polymerase II enzymatic complex contains 12 subunits that are highly con-
served from yeast to humans [3]. Metazoan (and Drosophila in particular) RNA polymerase
II contains an additional stoichiometric, tightly interacting Gdown1/POLR2M subunit [4].
The progression of RNA polymerase II through the various stages of the transcriptional
cycle is closely associated with a modification of the CTD domain of the Rpb1 subunit
(Pol II CTD) [5]. Evolutionarily conserved Pol II CTD is composed of a species-specific
number of repeats of the consensus amino acid heptad YSPTSPS (which, in Drosophila,
are represented by 45 repeats, of which only two correspond exactly to the evolutionarily
conservative consensus) [6]. An unphosphorylated state of Pol II CTD is important for
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interaction with the Mediator and the formation of the preinitiation complex (PIC) at the
promoter [7]. Phosphorylation of Pol II CTD Ser5 by TFIIH is linked to promoter escape and
mRNA capping [8,9]. Phosphorylation of Pol II CTD Ser2 by p-TEFb (consisting of cdk9
and cycT) is associated with the progression of the enzyme into the gene body, productive
elongation, and the recruitment of splicing and polyadenylation factors [10]. At all stages
of transcription, Pol II CTD acts as a platform that ensures the interaction of Pol II with a
variety of complexes necessary for transcription [11]. Recently, RNA polymerase II CTD
phosphorylation was found to play an important role in the transition of the elongating
enzyme between the phase-separated condensates responsible for transcription initiation
and RNA processing [12]. Despite the fact that Drosophila has highly divergent CTD re-
peats, they are also actively phosphorylated at Ser2 and Ser5, which makes all of the above
described information relevant [6].

The multistage nature of the transcription cycle allows its various stages to be used
for regulatory purposes. A large portion of inactive Metazoan genes are in a state of
transcriptional “pause” when RNA polymerase II is recruited to gene promoters but no
productive transcription is observed [13]. It has been suggested that this state allows genes
to be controlled simultaneously by various regulatory systems [14]. Indeed, when different
steps of the transcription cycle (e.g., initiation and elongation) are stimulated by different
regulators, efficient transcription is possible when all the types of regulators are active.
This hypothesis was confirmed using the experimental model of heat shock-activated
genes, which are controlled by both GAF and HSF1 transcription factors [15]. It was
shown that the former stimulates the recruitment of RNA polymerase II to the promoters,
while the latter stimulates the transfer of the enzyme into the gene body and productive
transcription elongation.

The most studied regulators of eukaryotic transcription “pause” are the NELF (Nega-
tive Elongation Factor) and DSIF (DRB Sensitivity Inducing Factor) complexes [16–19]. The
DSIF heterodimer, consisting of Spt4 and Spt5 subunits, is a bimodal transcriptional regu-
lator that acts negatively in the “pause” state and positively in the productive elongation
stage [20]. At the stage of transcription initiation, the DSIF factor is not able to bind RNA
polymerase II since its interaction surface is occupied by the general transcriptional factor
TFIIE [21,22]. An association between DSIF and RNA polymerase II is stimulated by the
appearance of a newly synthesized RNA [23]. The Spt4 subunit of DSIF modulates RNA
polymerase II processivity by restraining the clamp domain motility [22]. The interaction
of DSIF with RNA polymerase II stabilizes the binding of the negative transcription factor
NELF to the enzyme [24]. Similar to DSIF, the NELF complex directly interacts with a newly
synthesized RNA through at least three of its subunits [25,26]. The negative effect of NELF
on processivity is partly explained by the fact that it occupies interaction surfaces, which, in
the productive RNA polymerase II complex, are associated with positive elongation factors
PAF (RNA Polymerase II-Associated Factor) and TFIIS, thus preventing their binding [27].
The promoter state, in which RNA polymerase II is stabilized in the proximal region of the
promoter by NELF and DSIF, is called promoter proximal pausing (PrPP) [28,29].

During transcription activation, the NELF and DSIF subunits, as well as Ser2 CTD
Rpb1, are phosphorylated by the p-TEFb complex (positive Transcription Elongation Fac-
tor), releasing the PrPP state [21]. DSIF becomes a positive regulator of elongation and
passes as a part of the RNA polymerase II complex into the gene body, while NELF dis-
sociates and does not participate in further transcription elongation. The place of NELF
in the RNA polymerase II elongation complex is occupied by TFIIS, which is necessary
for the resumption of RNA synthesis, and the PAF complex, a positive regulator of elon-
gation [27]. To induce PrPP release, p-TEFb can be recruited three different ways: by
Brd4/Fs(1)h (Bromodomain protein 4/Female sterile [1] homeotic), as a complex with
7SK RNA, or as a part of the Super Elongation Complex (SEC) [30]. Brd4/Fs(1)h is a
bromodomain-containing protein capable of binding to acetylated histones and recruit-
ing the active p-TEFb [31,32]. Although Drosophila Brd4/Fs(1) is recruited to chromatin
not only through interaction with acetylated histones, treatment of Drosophila cells with
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selective BET inhibitor JQ1 (specific to Brd4/Fs(1)h) leads to a decrease in Brd4/Fs(1)h
binding, but not to the background level [33]. Drosophila Brd4/Fs(1)h is represented by
two isoforms that have an extended functionality compared with the mammalian protein
and are involved not only in the processes occurring on promoters but are also active on
insulators and PRE elements [34–36].

Promoter proximal pausing is not the only means of post-initiation transcription regu-
lation in Metazoans. Transcription can also be controlled by the poised RNA polymerase II
when the enzyme is recruited to the promoter in an inactive state (RNA synthesis is not
initiated) [37,38]. There is also a way to control transcription at the step after the action of
p-TEFb when Ser2P CTD phosphorylated RNA polymerase II stalls in the promoter region
(we call this state the “post-pause” state for brevity). Recently, acute depletion of NELF by
auxin degron revealed this distinct “post-pause” stage in mammalian cells [39]. Thus far,
there are few ideas regarding which transcription complex can stabilize this state. There
is evidence that the PAF complex, a key member of the RNA polymerase II elongation
complex involved in the repression of cryptic transcription, plays an active role in the
formation of this type of “post-pause” [40,41]. Indeed, both PAF knockdown and rapid
degradation have been shown to stimulate the redistribution of RNA polymerase II in gene
bodies, in contrast to the degradation of the NELF complex, which only shows a decrease
in the amount of RNA polymerase II stalled on promoters [28,41]. Moreover, removal of
Spt6, the recruiter of the PAF complex, leads to the same consequences [42]. At present,
key aspects of pause mechanisms other than PrPP are only beginning to be described. To
illustrate what is currently known, we prepared a scheme of the various types of RNA
polymerase II elongation control (Figure S1).

Elongation control of RNA polymerase II is meant to be a way of coordinating various
regulatory stimuli [14]. It was observed that developmental genes characterized by a syn-
chronous pattern of transcription activation, such as the tup, sog, and eve patterning genes
of early embryogenesis, carry “paused” RNA polymerase II at the promoters [43,44]. The
replacement of promoter elements in these genes, which disrupts their ability to “pause”,
leads to the heterogeneity of the transcriptional response in the cell population [45,46]. In
addition, the temporal synchrony of the transcription activation of these promoters is also
disturbed. Apparently, elongation control is used to coordinate not only spatial but also
temporal developmental signals. The latter function is the least explored.

The role of the RNA polymerase II “pause” in the coordination of developmental
temporal signals was described in most detail by Gaertner and colleagues [47]. In this
work, when studying muscle tissue at different stages of Drosophila embryogenesis, the
presence of RNA polymerase II was found on gene promoters at the developmental stages
preceding the stages of their active transcription. Interestingly, the authors of the study
found pre-recruited RNA polymerase II not only in the tissue where transcription of these
genes would be activated, but also in the other tissue where these genes would remain
silent. This suggests a model in which these genes are induced in a tissue-specific manner
by factors that release the “pause” of RNA polymerase II. This observation suggests that
temporal stimuli (such as hormones) induce RNA polymerase II recruitment in both target
and non-target tissues, while spatial stimuli (such as master regulators and morphogens)
affect the transcriptional elongation. However, this assumption is preliminary and certainly
needs further confirmation.

Recently, we demonstrated that RNA polymerase II and NELF are present on the
promoters of ecdysone-induced genes (such as dhr3, hr4, eip78c, etc.), preparing them
for the upcoming transcription during Drosophila metamorphosis [48]. In this study, we
conducted a more global analysis of the role of the RNA polymerase II “pause” during
Drosophila development by analyzing nonspecific pools of genes that dynamically change
their transcription. We obtained a new set of ChIP-Seq data at different stages of Drosophila
development. These data include ChIP-Seqs of various forms of RNA polymerase II and
regulators of transcription elongation NELF-E, Spt5, PAF1 (subunits of NELF, DSIF, and
PAF complexes, respectively), and Brd4/Fs(1)h. This allowed us to assess in detail the
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composition of the “paused” RNA polymerase II complexes formed on promoters at the
stages of development preceding the stages of their active work.

2. Results
2.1. Tissue Collection and Developmental Stage Verification Using Marker Genes Transcription

Investigations focusing on the development of organisms often encounter a problem,
namely, difficulties in obtaining material that is highly synchronized in terms of the stage
of development. That is why a comparative study of different stages of development
in all model organisms is often carried out in early and middle embryogenesis (since
embryos are relatively easy to collect). Drosophila development has an additional stage,
i.e., metamorphosis, which allows one to obtain highly synchronized material. Puparium
formation has a clear set of markers at each stage, which makes it possible to obtain specific
material. A general idea in investigations of developmental stages is to collect an organism
during the most synchronized moment, provide it time to develop, and then collect the
material. It must be noted that the more time that passes from the moment the material
was collected, the more desynchronized the obtained population becomes.

For the ChIP-Seq analysis, we obtained the material at two time points in embryogene-
sis (at 2–4 h and at 6–8 h after egg laying (AEL)). We specifically decided to study early and
middle embryogenesis in order not to move far from the point of synchronization, i.e., egg
laying. In addition, important processes of embryogenesis occur at the following stages:
at the 2–4 h stage, active transcription of the genome begins for the first time, and at the
6–8 h stage, specification and determination of cell fate occurs. This is why these embryonic
stages are often chosen by researchers [49,50]. We also collected material corresponding to
three points of metamorphosis (third instar larvae L3 PS1–3 full gut, white prepupa at 0 h,
and 10 h after puparium formation (APF)) (Figure 1). To verify the quality of the material
(its correspondence to a certain stage of development), we collected embryos, larvae, and
pupae not only at the stages of interest, but also at adjacent time points. At the stage of
embryogenesis, we collected embryos from 0 to 12 h AEL (in two-hour increments), and
at the stage of metamorphosis, we collected L3 PS1-3 full gut, L3 PS7-9 empty gut, and
prepupae at 0–10 h APF (in two-hour increments). To clarify the correspondence of the
collected material to the desired stages of development, using RT-PCR, we analyzed the
transcription of a number of genes that dynamically change at these stages and compared
the change in their levels with the earlier obtained data (the expected transcription peak for
each gene, based on previously published data, is indicated by an asterisk) (Figure 1) [51].
For the analysis of the embryos, we chose patterning genes giant, snail, thisbe, and twist. For
the analysis of the larvae and prepupae, we selected genes activated by ecdysone: early
sgs3 and br and early–late dhr3 and hr4. The pattern of changes in the gene transcription in
the analyzed tissues corresponded to the expected pattern (previously published) [51]. We
concluded that the material we collected was suitable for the planned ChIP-Seq analysis.

2.2. Genes Induced at 6–8 h of Embryogenesis Moderately Use the “Paused” RNA Polymerase II to
Prepare for the Upcoming Transcription

To double-check the previously obtained information regarding the role of the RNA
polymerase II “pause” in preparing the promoters for the upcoming transcription in
embryogenesis, we started from the analysis of various pools of genes activated at this
Drosophila developmental stage [47].

First, for the analysis, we selected a pool of genes whose transcription is induced
at the 6–8 h AEL (after eggs laying) stage by at least five times relative to the 2–4 h AEL
stage (“6–8 h genes”). The total number of selected genes was 420 (which corresponded to
1253 transcripts). The selection of this set of genes was performed using data previously
published by Graveley and colleagues (using data provided in Supplementary Table 9
of their manuscript representing the FPKM levels in the genes of various Drosophila
developmental stages, total number of genes was 15,139) [51]. We tested the quality of
our selection by calculating the average RNA-seq signal level using previously published
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raw data (Figure 2). The obtained panel clearly demonstrated that the selected gene pool
was inactive at 2–4 h AEL but was activated at 6–8 h AEL. The list of selected regions
corresponding to “6–8 h genes” is provided as Table S1.
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Figure 1. Validation and characterization of the material collected at different developmental stages of
Drosophila. (A) Scheme describing the ChIP-Seqs dataset obtained in the current study. For ChIP-Seq
analysis, we collected embryos, larvae, and prepupa at different stages of Drosophila development.
We obtained the material at two time points in embryogenesis (2–4 h and 6–8 h after egg laying
(AEL)) and at three points of metamorphosis (L3 PS1-3 full gut, white prepupa (WPP) at 0 h, and
10 h after puparium formation (APF)). To verify the quality of the material collected at the target and
adjacent time points of embryogenesis (B) and metamorphosis (C) (its correspondence to a certain
stage of development) transcriptional levels of developmental genes were assessed by qRT-PCR. The
patterning genes giant, snail, thisbe, and twist were chosen for the analysis of the embryonic material.
The ecdysone-responsive genes: early sgs1, sgs3, and br and early–late dhr3 and hr4, were chosen for
the analysis of the larvae and prepupae. The Y-axis units represent relative transcriptional level: in
relation to 0–2 h AEL stage for the embryonic material and in relation to L3 PS1-3 full gut for the
larvae and prepupae (except for sgs1 and sgs3 transcription level which is presented in relation to
WPP 6 h stage). The data are mean values from three technical experimental repeats. The expected
transcription peak for each gene, based on previously published data, is indicated by an asterisk
(data were taken from flybase.org (accessed on 10 August 2022)) [51].

We obtained the averaged binding profiles of RNA polymerase II isoforms and factors
that control the elongation on the resulting set of “6–8 h genes” (Figure 2). Our ChIP-
Seq analysis demonstrated active recruitment of RNA polymerase II to the promoters
of the “6–8 h genes” at the 6–8 h AEL stage and its phosphorylation. The regulators of
transcription elongation NELF, DSIF, and PAF were also recruited to these promoters at
the 6–8 h AEL stage. Contrary behavior at this developmental stage was demonstrated
by Brd4/Fs(1)h, which we detected on the promoters of the “6–8 h genes” at the previous
developmental stage of 2–4 h AEL, and which left the promoters in transition to the stage
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of active transcription of this gene pool. We did not detect the presence of DSIF or PAF
in the gene bodies of the “6–8 h genes” at the stage of their active transcription at 6–8 h
AEL, although they were all expected to be there. We attribute the odd behavior of factors
controlling elongation in the “6–8 h genes” to the atypical composition of the “paused”
RNA polymerase II complex (lack of Brd4/Fs(1)h).
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Rpb3 (Pol II subunit), (C) Pol II Ser5P CTD, (D) Pol II Ser2P CTD, (E) NELF-E, (F) Spt5, (G) PAF1,
and (H) Brd4/Fs(1)h across the genes induced at the 6–8 h stage of Drosophila embryogenesis by
at least five times relative to the 2–4 h AEL stage (total number genes in “6–8 h genes” set are 420
(corresponded to 1253 transcripts)). ChIP-Seqs were performed on whole embryos of 2–4 h (blue
line) and 6–8 h (red line) after eggs laying (AEL). A pool of “6–8 h AEL genes” was selected using
previously published data [51]. Protein binding levels were calculated as an enrichment (ratio of
the corresponding ChIP-Seq signal to the input DNA). Average profiles were generated using the
metagene mode (introns were ignored and gene bodies were scaled to 2 kb) and calculated as the
median of the protein binding signal. Average profiles of the RNA-seq signal were calculated as the
mean level. The standard error appears on the graphs as a lighter area around the main line of the
profiles. Abbreviations: TSS: transcription start site; TES: transcription end site.

We observed the presence of some RNA polymerase II and elongation regulators at
the 2–4 h AEL stage preceding the transcriptional activation stage of the 6–8 h AEL gene
pool. This was especially evident from the substantial enrichment of the promoters by
NELF-E at the 2–4 h AEL stage. However, it did not appear that the genes induced at
6–8 h AEL actively used the “paused” RNA polymerase II to prepare the promoters for the
upcoming transcription. It is also possible that the level of this “paused” RNA polymerase
II was rather low and it could not be easily detected on averaged profiles. The level of RNA
polymerase II on these promoters increased significantly during the transition from 2–4 h
to 6–8 h AEL.

To estimate the exact proportion of “6–8 h gene” promoters bound by RNA polymerase
II at the 2–4 h stage, we performed a cluster analysis according to the amount of Rpb3
(total RNA polymerase II). This analysis demonstrated that 20.8% of the “6–8 h gene”
promoters (corresponding to Cluster 1) possess RNA polymerase II before their activation
at the 6–8 h AEL stage (Figure S2). It important to add that all the analyzed factors, such as
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NELF-E, Spt5, PAF1, and Brd4/Fs(1)h, were also present in Cluster 1 with “paused” RNA
polymerase II, but not in Cluster 2 that lacked the enzyme.

2.3. Genes Induced at 10–12 h AEL, but Not Genes Induced at 14–16 h AEL, Possess “Paused” Pol
II on the Promoters at 6–8 h AEL

Next, we decided to test whether genes from the later stages of embryogenesis used the
RNA polymerase II “pause” to prepare for the upcoming transcription. We selected genes
whose transcription was induced at least five times at the 10–12 h AEL stage compared
with the 6–8 h stage level (“10–12 h genes”) and another set of genes that were induced at
the 14–16 h AEL stage at least five times compared with the 10–12 h AEL genes (“14–16 h
genes”). The total number of selected “10–12 h genes” was 462 (which corresponded to 1188
transcripts) and 548 for the “14–16 h genes” set (which corresponded to 1379 transcripts).
The quality of the selection was tested in the same way as was carried out for the pool of
“6–8 h genes” by obtaining the averaged profiles of the RNA-Seq signal (Figure 3). The lists
of selected regions corresponding to “10–12 h genes” and “14–16 h genes” are provided as
Tables S2 and S3, respectively.
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Figure 3. Average binding profiles of various Pol II isoforms on genes induced at the 10–12 h and
14–16 h AEL (after eggs laying) stages of Drosophila embryogenesis. Average of the (A) RNA-seq
signal and an average distribution of (B) Rpb3 (Pol II subunit), (C) Pol II Ser5P CTD, and (D) Pol
II Ser2P CTD binding across the genes induced at 10–12 h AEL (after egg laying) of Drosophila
embryogenesis (total 462 genes/1188 transcripts). Average of the (E) RNA-seq signal and an average
distribution of (F) Rpb3 (Pol II subunit), (G) Pol II Ser5P CTD, and (H) Pol II Ser2P CTD binding
across the genes induced at 14–16 h AEL (after egg laying) of Drosophila embryogenesis (total
548 genes/1379 transcripts). ChIP-Seqs were performed on whole embryos of 2–4 h (blue line) and
6–8 h (red line) after eggs laying (AEL). Pools of “10–12 h AEL genes” and “14–16 h AEL genes” were
selected according to the common rule, to be induced at least five times compared with “6–8 h AEL”
and “10–12 h AEL” stages, respectively. Protein binding levels were calculated as an enrichment
(ratio of the corresponding ChIP-Seq signal to the input DNA). Average profiles were generated using
the metagene mode (introns were ignored and gene bodies were scaled to 2 kb) and calculated as the
median of the protein binding signal. Average profiles of the RNA-seq signal were calculated as the
mean level. The standard error appears on the graphs as a lighter area around the main line of the
profiles. Abbreviations: TSS: transcription start site; TES: transcription end site.

We found the presence of a substantial amount of RNA polymerase II on the promoters
of “10–12 h genes” at the 6–8 h AEL developmental stage (Figure 3). RNA polymerase II
was not detected on “10–12 h genes” at the 2–4 h AEL stage. That is, the “10–12 h genes” use
the RNA polymerase II “pause” to prepare the promoter for transcription, but do not recruit
it there much in advance. We detected a significant amount of modified RNA polymerase II
at the developmental stage of 6–8 h AEL on “10–12 h genes”, both phosphorylated at Ser5
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and Ser2 of Rpb1 CTD. This indicates that at least partially these genes use the “post-pause”
to prepare their promoters for upcoming transcription. In support of this, we detected the
presence of NELF, DSIF, and PAF complexes together with RNA polymerase II at the 6–8 h
AEL stage on “10–12 h genes” (Figure 4). Brd4/Fs(1)h was absent on the promoters of
“10–12 h genes” at the 6–8 h AEL stage.
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the “10–12 h gene” promoters (corresponding to Cluster 1) possessed RNA polymerase II 
before their activation at the 10–12 h AEL stage (Figure S3). We found NELF-E, Spt5, and 
PAF1 present in Cluster 1 with “paused” RNA polymerase II, but not in Cluster 2 that 
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Figure 4. Average binding profiles of NELF-E (NELF), Spt5 (DSIF), PAF1 (PAF), and Bdr4/Fs(1)h on
genes induced at the 10–12 h and 14–16 h AEL (after egg laying) stages of Drosophila embryogenesis.
Average distribution of (A) NELF-E (NELF complex), (B) Spt5 (DSIF complex), (C) PAF1 (PAF
complex), and (D) Brd4/Fs(1)h binding across the genes induced at 10–12 h AEL (after egg laying)
of Drosophila embryogenesis (total 462 genes/1188 transcripts). Average distribution of (E) NELF-E
(NELF complex), (F) Spt5 (DSIF complex), (G) PAF1 (PAF complex), and (H) Brd4/Fs(1)h binding
across the genes induced at 14–16 h AEL (after egg laying) of Drosophila embryogenesis (total
548 genes/1379 transcripts). ChIP-Seqs were performed on whole embryos of 2–4 h (blue line) and
6–8 h (red line) after eggs laying (AEL). Pools of “10–12 h AEL genes” and “14–16 h AEL genes” were
selected according to the common rule, to be induced at least five times compared with “6–8 h AEL”
and “10–12 h AEL” stages, respectively. Protein binding levels were calculated as an enrichment
(ratio of the corresponding ChIP-Seq signal to the input DNA). Average profiles were generated using
the metagene mode (introns were ignored and gene bodies were scaled to 2 kb) and calculated as the
median of the protein binding signal. Average profiles of the RNA-seq signal were calculated as the
mean level. The standard error appears on the graphs as a lighter area around the main line of the
profiles. Abbreviations: TSS: transcription start site; TES: transcription end site.

To estimate the exact proportion of the “10–12 h genes” promoters bound by RNA
polymerase II at the 6–8 h stage, we performed a cluster analysis according to the amount
of Rpb3 (total RNA polymerase II) (Figure S3). This analysis demonstrated that 12.7% of
the “10–12 h gene” promoters (corresponding to Cluster 1) possessed RNA polymerase
II before their activation at the 10–12 h AEL stage (Figure S3). We found NELF-E, Spt5,
and PAF1 present in Cluster 1 with “paused” RNA polymerase II, but not in Cluster 2
that lacked the enzyme. Brd4/Fs(1)h was absent from the promoters of the entire set of
the “10–12 h genes”. We explain the relatively small percentage of promoters associated
with RNA polymerase II by the limitations of the ChIP-Seq: the whole-embryo analysis
did not make it possible to describe the state of the genes that are activated in a highly
tissue-specific manner.

The generation of averaged profiles in the region close to TSS revealed the presence of
an additional peak of RNA polymerase II, phosphorylated for both Pol II CTD Ser2 and
Pol II Ser5, within the distal part of the promoters, which cannot be correlated with the
accumulation of any analyzed elongation control factors (Figure S3).

To determine how much in advance, before transcription, developmental genes recruit
RNA polymerase II to their promoters, we analyzed the pool of “14–16 h genes” in our
datasets (lower panels of Figures 3 and 4). We did not detect a substantial binding level
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of RNA polymerase II and elongation regulators for the “14–16 h gene” promoters at the
6–8 h AEL. This result suggests that, in mid-embryogenesis, gene promoters use RNA
polymerase II pre-recruitment to prepare the promoters for transcription at later stages,
but not much in advance. It is worth noting that, at the 6–8 h AEL stage, we detected a
small amount of RNA polymerase II on genes activated at the 14–16 h AEL stage. This
small amount of RNA polymerase II was present mostly not on the promoters but in the
genes’ bodies. That is, on the promoters of this gene pool at the 6–8 h AEL stage, there was
practically no control of the transition of RNA polymerase II into the genes’ bodies (there
was no control of transcription elongation).

2.4. Brd4/Fs(1)h Protein Is Maternity Loaded and Its Expression Is Delayed until the
Mid-Embryogenesis

At this point in the study, we already analyzed three different pools of genes (induced
at 6–8 h, 10–12 h, and 14–16 h AEL). In all the analyzed pools, we observed a low level of
Brd4/Fs(1)h binding to promoters in embryogenesis (with the exception of the presence
of some Brd4/Fs(1)h on the promoters of the “6–8 h genes” at the 2–4 h AEL stage). The
generation of the Brd4/Fs(1)h binding profile for the average Drosophila gene in ChIP-Seqs
at 2–4 h and 6–8 h provided a similar result: the level of Brd4/Fs(1)h binding decreased
when moving from 2–4 h to 6–8 h AEL (Figure S4). We were interested in the reason for
the lack of Brd4/Fs(1)h binding to promoters at the developmental stage of 6–8 h AEL. We
suggested that this can be caused either by the absence of the protein itself or by the inability
of the protein to bind chromatin at this developmental stage. To differentiate between
these two possibilities, we decided to investigate Brd4/Fs(1)h expression in early and mid-
embryogenesis. To perform this, we analyzed staged embryos by Western blotting using
antibodies against Brd4/Fs(1)h (Figure S5). We found that, in a protein extract, Brd4/Fs(1)h
was present only in embryos at 0–1 h AEL and it disappeared at the later stages. Its protein
level began to recover only from 5 to 6 h AEL. A possible explanation is that Brd4/Fs(1)h is
deposited as a protein in the oocyte (its high level at the 0–1 h stage cannot be explained
by the activity of the gene since the genome is not yet active at this stage). However, the
zygotic expression of Brd4/Fs(1)h does not occur during the first wave of zygotic genome
activation (ZGA) and is delayed until mid-embryogenesis. This is why we observed a
certain level of Brd4/Fs(1)h binding at the 2–4 h stage (the chromatin-associated protein
probably disappeared a little later than the protein from the nucleosol) and a decrease in
the level of Brd4/Fs(1)h binding in the genome at the 6–8 h AEL stage. Our results show
that there is an interesting stage in Drosophila development when the Brd4/Fs(1)h regulator
of elongation is not involved in gene transcription.

2.5. Genes Induced during Metamorphosis Use Promoter-Proximal Pausing to Prepare Promoters
for Upcoming Transcription

To explore whether the RNA polymerase II “pause” is used to prepare promoters for
upcoming transcription at other developmental stages, we took advantage of Drosophila
metamorphosis and performed ChIP-Seqs on homogeneously staged L3 PS1-3 full gut,
white prepupa, and prepupa 10 h after puparium formation (APF). For analysis, we selected
two pools of genes: genes induced in wandering larvae during the puparium formation,
i.e., “WL genes” (wandering larvae (WL)), and genes activated 24 h after the formation of
the white prepupa, i.e., “WPP +24 h genes” (white prepupa (WPP)). The total number of
“WL genes” that increased their transcriptional level by at least five times at the L3 PS7-9
empty gut stage compared with the L3 PS 1-3 full gut stage was 303 (which corresponds to
852 transcripts). The total number of “WPP +24 h genes” that increased their transcriptional
level by at least five times at the WPP +24 h stage compared with WPP + 12 h stage was 62
(which corresponds to 108 transcripts). The lists of selected regions corresponding to “WL
genes” and “WPP +24 h genes” are provided as Tables S4 and S5, respectively.

First, we analyzed the state of RNA polymerase II at the promoters of the “WL genes”
at different stages of metamorphosis (Figure 5, top panels). The “WL genes” demonstrated
binding of RNA polymerase II to their promoters at the L3 PS1-3 full gut stage. The RNA
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polymerase II level did not increase during the transition to the white prepupa stage.
The degree of RNA polymerase II phosphorylation at Ser5 Rpb1 CTD also did not change.
However, we observed a significant increase in the level of Ser2 Rpb1 CTD phosphorylation,
which was probably the result of increased p-TEFb activity. That is, the “WL genes” mainly
used promoter-proximal pausing to prepare for the upcoming transcription. The ChIP-Seq
results of the elongation regulators support this conclusion (Figure 6). The promoter-bound
level of NELF and DSIF did not increase in the promoters of the “WL genes” during
the transition from the L3 PS1-3 full gut stage to the wandering stage. We observed a
significant increase in the binding level for the PAF complex. Interestingly, we detected a
significant level of Brd4/Fs(1)h on the promoters of genes active during metamorphosis.
Apparently, being expressed in mid-embryogenesis, this protein actively participates in the
transcriptional regulation. Brd4/Fs(1)h is involved both in the preparation of the promoter
for transcription and in the active transcription of “WL genes”.
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Figure 5. Average binding profiles of various Pol II isoforms on genes induced during Drosophila
puparium formation (WL: wandering larva) and 24 h after puparium formation (WPP 24 h: white
prepupa 24 h). Average of the (A) RNA-seq signal and an average distribution of (B) Rpb3 (Pol
II subunit), (C) Pol II Ser5P CTD, and (D) Pol II Ser2P CTD binding across the genes induced in
wandering larvae L3 (WL stage: wandering larva) (total 303 genes/852 transcripts). Average of the
(E) RNA-seq signal and an average distribution of (F) Rpb3 (Pol II subunit), (G) Pol II Ser5P CTD,
and (H) Pol II Ser2P CTD binding across the genes induced 24 h after puparium formation (WPP
24 h stage: white prepupa +24 h) (total 62 genes/108 transcripts). Pools of “WL genes” and “WPP
24 h genes” were selected according to the common rule, to be induced at least five times compared
with “L3 PS1-3 full gut” and “WPP 12 h APF” stages, respectively. ChIP-Seqs were performed on the
material of whole larvae of L3 PS1-3 full gut stage (blue line), prepupae 0 h after puparium formation
(WPP, red line) and prepupae 10 h after puparium formation (WPP 10 h, green line). Protein binding
levels were calculated as an enrichment (ratio of the corresponding ChIP-Seq signal to the input
DNA). Average profiles were generated using the metagene mode (introns were ignored and gene
bodies were scaled to 2 kb) and calculated as the median of the protein binding signal. Average
profiles of the RNA-seq signal were calculated as the mean level. The standard error appears on the
graphs as a lighter area around the main line of the profiles. Abbreviations: L3 PS1-3: full gut stage of
larva L3; L3 PS7-9: empty gut stage of larva L3; WPP 0 h: white prepupa; WPP 10 h, 12 h, and 24 h:
prepupa 10 h, 12 h and 24 h after puparium formation, respectively; TSS: transcription start site; TES:
transcription end site.

With active transcription of the “WL genes”, we observed a significant increase in
binding of the DSIF and PAF complexes and Brd4/Fs(1)h in the gene bodies. Certainly,
these regulators are closely associated with RNA polymerase II not only in the promoter but
also during its movement in the gene bodies. This result is in complete agreement with the
previously described behavior of these complexes during active transcription [41,52–54].
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Figure 6. Average binding profiles of NELF-E (NELF), Spt5 (DSIF), PAF1 (PAF), and Bdr4/Fs(1)h on
genes induced at Drosophila puparium formation (“WL” wandering larva) and 24 h after puparium
formation (“WPP 24 h” white prepupa 24 h). Average distribution of (A) NELF-E (NELF complex),
(B) Spt5 (DSIF complex), (C) PAF1 (PAF complex), and (D) Brd4/Fs(1)h binding across the genes
induced in wandering larvae L3 (WL stage: wandering larva) (total 303 genes/852 transcripts).
Average distribution of (E) NELF-E (NELF complex), (F) Spt5 (DSIF complex), (G) PAF1 (PAF
complex), and (H) Brd4/Fs(1)h binding across the genes induced 24 h after puparium formation
(WPP 24 h stage: white prepupa +24 h) (total 62 genes/108 transcripts). Pools of “WL genes” and
“WPP 24 h genes” were selected according to the common rule, to be induced at least five times
compared with “L3 PS1-3 full gut” and “WPP 12 h APF” stages, respectively. ChIP-Seqs were
performed on the material of whole larvae of L3 PS1-3 full gut stage (blue line), white prepupae
0 h after puparium formation (WPP, red line) and prepupae 10 h after puparium formation (WPP
10 h, green line). Protein binding levels were calculated as an enrichment (ratio of the corresponding
ChIP-Seq signal to the input DNA). Average profiles were generated using the metagene mode
(introns were ignored and gene bodies were scaled to 2 kb) and calculated as the median of the
protein binding signal. Average profiles of the RNA-seq signal were calculated as the mean level.
The standard error appears on the graphs as a lighter area around the main line of the profiles.
Abbreviations: L3 PS1-3: full gut stage of larva L3; WPP 0 h: white prepupa; TSS: transcription start
site; TES: transcription end site.

To estimate the exact proportion of the “WL gene” promoters bound by RNA poly-
merase II at the L3 PS1-3 full gut stage, we performed a cluster analysis according to the
amount of Rpb3 (total RNA polymerase II) (Figure S6). This analysis demonstrated that 26%
of the “WL gene” promoters (corresponding to Cluster 1) possessed RNA polymerase II
before their activation at the L3 PS7-9 empty gut stage (Figure S6). We found NELF-E, Spt5,
PAF1, and Brd4/Fs(1)h present in Cluster 1 with “paused” RNA polymerase II, but not in
Cluster 2 that lacked the enzyme. The generation of averaged profiles in the region close to
TSS revealed the presence of an additional peak of RNA polymerase II, phosphorylated
for both Pol II CTD Ser2 and Pol II Ser5, within the proximal part of the promoter, which
cannot be correlated with the accumulation of any analyzed elongation control factors
(Figure S6).

As in the study of embryogenesis, we decided to look at whether RNA polymerase II
is recruited to genes that are activated later in development than “WL genes”. We analyzed
the obtained ChIP-Seqs on the pool of genes activated 24 h after puparium formation,
i.e., “WPP +24 h” (bottom panels in Figures 5 and 6). We did not detect the presence of a
significant amount of RNA polymerase II or elongation regulators on the promoters of this
pool of genes. Thus, as in the course of embryogenesis, during metamorphosis, Drosophila
uses the RNA polymerase II “pause” to prepare promoters for transcription at previous
stages of development, but not too much in advance.
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2.6. The Pool of Ecdysone-Dependent Genes That Is Iteratively Induced during Development Is
Controlled by Promoter-Proximal Pausing

In the results presented above, we analyzed pools of genes selected according to the
common rules (so that the gene was activated at least five times compared with the previous
developmental stage). To control our selection scheme, we decided to analyze a pool of
genes selected according to a completely different principle. We chose a pool of genes
that were repeatedly activated in development, being induced by the 20-hydroxyecdysone
hormone (ecdysone). Since we obtained the ChIP-Seqs for the material of whole embryos,
larvae, and prepupae (but not for tissues), we chose a pool of ecdysone-inducible genes
from the study characterizing the ecdysone response in many cell lines at once (total number
of genes in this set was 68 which corresponded to 236 transcripts) [55]. The list of regions
corresponding to stably induced ecdysone-dependent genes is provided as Table S6.

First, we checked at what developmental stages a selected pool of ecdysone-inducible
genes is activated (Figure 7). As expected, we found active transcription of this pool at
10–12 h of embryogenesis and during puparium formation. The overall changes in the
level of RNA polymerase II and elongation control factors binding on ecdysone-inducible
genes were consistent with what we observed for other genes activated at the 10–12 h AEL
and wandering larva stages. Despite the low level of active transcription at the 6–8 h AEL
stage of embryogenesis, we detected active recruitment to promoters of RNA polymerase
II genes and its phosphorylation at Ser5 Rpb1 CTD and even Ser2 Rpb1 CTD (Figure 7). We
also observed recruitment of NELF-E, Spt5, and PAF1 to ecdysone-inducible promoters at
6–8 h of embryogenesis (Figure 8).
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Figure 7. Average binding profiles of various Pol II isoforms on genes induced by ecdysone during
Drosophila embryogenesis and metamorphosis average of the (A,E) RNA-seq signal and an average
distribution of (B,F) Rpb3 (Pol II subunit); (C,G) Pol II Ser5P CTD; and (D,H) Pol II Ser2P CTD
binding across the genes induced by 20-hydroxyecdysone (ecdysone) at various stages of Drosophila
development (total 68 genes/236 transcripts). A pool of ecdysone-induced genes was selected using
previously published data on the ecdysone response of various Drosophila cell lines [55]. ChIP-Seqs
were performed on whole embryos of 2–4 h (blue line at (A–D)) and 6–8 h (red line at (A–D) after
eggs laying (AEL); on whole larvae of L3 PS1-3 full gut stage (blue line on (E–H)), prepupae 0 h
after puparium formation (WPP, red line on (E–H)) and prepupae 10 h after puparium formation
(WPP 10 h, green line on (E–H)). Protein binding levels were calculated as an enrichment (ratio of
the corresponding ChIP-Seq signal to the input DNA). Average profiles were generated using the
metagene mode (introns were ignored and gene bodies were scaled to 2 kb) and calculated as the
mean of the protein binding signal. The standard error appears on the graphs as a lighter area around the
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main line of the profiles. Abbreviations: L3 PS1-3: full gut stage of larva L3; L3 PS7-9: empty gut
stage of larva L3; WPP 0 h: white prepupa; WPP 10 h, 12 h, and 24 h: prepupa 10 h, 12 h, and 24 h
after puparium formation, respectively; TSS: transcription start site; TES: transcription end site.
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Figure 8. Average binding profiles of NELF-E (NELF), Spt5 (DSIF), PAF1 (PAF), and Brd4/Fs(1)h on
genes induced by ecdysone during Drosophila embryogenesis and metamorphosis average distribution
of (A,E) NELF-E (NELF complex); (B,F) Spt5 (DSIF complex); (C,G) PAF1 (PAF complex); and
(D,H) Brd4/Fs(1)h binding across the genes induced by 20-hydroxyecdysone (ecdysone) at various
stages of Drosophila development (total 68 genes/236 transcripts). A pool of ecdysone-induced genes
was selected using previously published data on the ecdysone response of various Drosophila cell
lines [55]. ChIP-Seqs were performed on whole embryos of 2–4 h (blue line at (A–D)) and 6–8 h
(red line at (A–D) after eggs laying (AEL); on whole larvae of L3 PS1–3 full gut stage (blue line on
(E–H)), prepupae 0 h after puparium formation (WPP, red line on (E–H)). Protein binding levels were
calculated as an enrichment (ratio of the corresponding ChIP-Seq signal to the input DNA). Average
profiles were generated using the metagene mode (introns were ignored and gene bodies were scaled
to 2 kb) and calculated as the mean of the protein binding signal. The standard error appears on the
graphs as a lighter area around the main line of the profiles. Abbreviations: L3 PS1-3: full gut stage of
larva L3; WPP 0 h: white prepupa; TSS: transcription start site; TES: transcription end site.

During metamorphosis, the pool of ecdysone-inducible genes was found to be regu-
lated in the same way as the general pool of genes activated at the WL stage. We observed
the presence of RNA polymerase II on the promoters of ecdysone-inducible genes up to
the stage of their active transcription, and its level did not increase upon activation. We
detected an increase only in the degree of RNA polymerase II phosphorylation at Ser2
Rpb1 CTD (Figure 7). That is, the transcription of the ecdysone-inducible gene pool during
metamorphosis was controlled by promoter-proximal pausing. We detected the presence
of all elongation control factors on the promoters of ecdysone-inducible genes both before
and during the state of their active transcription during puparium formation (Figure 8).

3. Discussion

This study aimed to fill a gap in the knowledge regarding how Drosophila uses the
RNA polymerase II “pause” to prepare promoters for active transcription at the next stage
of development. The main purpose was to determine whether the “pause” is involved
in the preparation of genes for transcription at various stages of development. Drosophila
development provides a very convenient opportunity for this by allowing us to obtain
material that is highly synchronized in terms of developmental stages, not only during
embryogenesis but also during the metamorphosis phase.
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3.1. Genes That become Active in Mid-Embryogenesis and in the Early Stages of Metamorphosis
Use Elongation Control to Prepare Promoters for Transcription

Analyzing the pools of “6–8 h genes”, “10–12 h genes”, and “WL genes” activating
during mid-embryogenesis and metamorphosis, we observed RNA polymerase II binding
to promoters at the stages preceding the stages of their active transcription (Figure 9). The
composition and properties of the “paused” RNA polymerase II complexes were found
to differ in mid-embryogenesis and metamorphosis. The “pause” of RNA polymerase
II in mid-embryogenesis is characterized by phosphorylation of its Pol II CTD not only
by Ser5 but also by Ser2, which corresponds to the “post-pause” state, operating at the
transcriptional step after the activity of the p-TEFb complex [39,41]. In the course of meta-
morphosis, the genes use the more well-described type of RNA polymerase II “pause”, i.e.,
promoter-proximal pausing, which is characterized by a high level of Pol II CTD Ser5 phos-
phorylation and a low degree of Pol II CTD Ser2 phosphorylation [29]. The composition of
the “paused” RNA polymerase II complexes in embryogenesis and metamorphosis differs
in the number of associated elongators; the embryonic “pause” complex lacks Brd4/Fs(1)h
due to the low expression level of this protein at this stage of development. The rest of the
studied elongation regulators, namely, NELF, DSIF, and PAF, were found to be involved in
the RNA polymerase II “pause” both in embryogenesis and metamorphosis.
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Figure 9. Schematic model describing specific features of RNA polymerase II “pause” complexes
that prepare Drosophila genes induced at 10–12 h AEL of embryogenesis and during L3 PS7-9 empty
gut stage of the metamorphosis (in wandering larvae: WL) for upcoming transcription during em-
bryogenesis and metamorphosis. The “pause” of RNA polymerase II which prepares “10–12 h genes”
for the induction during mid-embryogenesis is characterized by phosphorylation of its Pol II CTD
not only by Ser5 but also by Ser2. The embryonic “pause” complex contains NELF, DSIF, and PAF
complexes but lacks Brd4/Fs(1)h due to the low expression level of this protein at this stage of
development. During metamorphosis, the genes, induced in wandering larvae (WL) use promoter-
proximal pausing, which is characterized by a high level of Pol II CTD Ser5P and a low degree of Pol
II CTD Ser2 phosphorylation. The “pause” complex contains NELF, DSIF, and PAF complexes and
Brd4/Fs(1)h protein. The figure was drawn by the authors using biorender.com software (accessed on
10 August 2022).

Everything described above regarding the RNA polymerase II “pause” both in em-
bryogenesis and metamorphosis is related to the RNA polymerase II peak formed in the
proximal part of the promoters. However, a close inspection of the distribution of RNA
polymerase II across TSS regions revealed that the “paused” promoters, both at 6–8 h of
embryogenesis and at the L3 PS 1-3 full gut stage of metamorphosis, had an additional
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downstream peak of RNA polymerase II and its isoforms Pol II CTD Ser5P and Pol II CTD
Ser2P (Figures S3 and S6). We found no presence of NELF, DSIF, PAF, or Brd4/Fs(1)h in
this distal peak. A possible force that may hold the RNA polymerase II in this position is
the structure of chromatin, as was previously suggested [39]. However, we believe that
some additional elongation control factors that have yet to be found may participate in the
formation of this distal “pause” peak. We would like the readers of our article to consider
these ideas as preliminary as the performed ChIP-Seq assays does not have sufficient
sensitivity to resolve such close peaks of RNA polymerase II at the promoters (and for these
purposes, it is better to perform ChIP-exo, or even ChIP-nexus, assays) [56].

The performed cluster analysis showed that most of the promoters were not associated
with RNA polymerase II before their activation, and our conclusions are valid only for
some of the genes preparing for transcription. We attribute this to the limitations of
ChIP-Seq. Because we analyzed the entire embryo and larva, we were not able to detect
tissue-specific binding events. Single-cell techniques may help to overcome this problem,
and the implementation of such techniques appears to be a good development for the
current work.

3.2. Elongation Regulators Are Recruited to Promoters during Drosophila Development Only
When RNA Polymerase II Is Recruited

It would seem that this is a natural conclusion, since elongation regulators directly
interact with RNA polymerase II, but this is not very obvious. The process of elongation
regulators recruitment to RNA polymerase II is very unclear and it may well be a multistage
process. Additionally, the step of this multistage process may well be the recruitment of
elongation regulators onto chromatin through interaction with DNA-binding proteins, and
not directly with RNA polymerase II. With this recruitment mechanism, even in the absence
of RNA polymerase II, we would detect binding of some elongation regulators to promoters
due to their recruitment by DNA-binding proteins. However, in all the analyzed pools of
genes that did not contain RNA polymerase II on the promoters (the pools of 14–16 h of
embryogenesis and WPP +24 h), we did not observe the binding of elongation regulators
with the promoters. Moreover, the cluster analysis showed that all the analyzed elongation
regulators fell into the cluster of genes containing RNA polymerase on the promoters. That
is, at least at the stages of Drosophila development that we analyzed, the recruitment of
elongation regulators to the promoters occurred together with the recruitment of RNA
polymerase II.

It is worth noting that, in previous studies, we detected the binding of elongation
regulators with DNA in the absence of RNA polymerase II. In our recent works, we
described that the NELF-A subunit of the NELF complex is able to bind not only promoters
but also enhancers and PRE elements containing a relatively low level of RNA polymerase
II [34,48]. The distribution profile of NELF-A in the genome indicates that this particular
NELF subunit can be recruited by DNA-binding proteins separately from other subunits
of this complex and, most importantly, separately from RNA polymerase II. Additionally,
the recruitment of this subunit may well be an early stage in the assembly of the full
NELF complex.

The Drosophila Brd4/Fs(1)h protein was previously found to be present not only in
promoters and enhancers but also in sites enriched in architectural proteins, mostly not
associated with RNA polymerase II [35]. That is, Brd4/Fs(1)h recruitment can also occur
not directly to RNA polymerase II, but through an intermediate step of its recruitment to
chromatin via DNA-binding (architectural) proteins.

It seems that some elongation regulators can indeed be recruited by DNA-binding
proteins as a preliminary step in their binding to RNA polymerase II; however, judging by
the data of this article, this does not occur on promoters.
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3.3. Release of Developmental Genes from Elongation Control

Our data suggest that, during Drosophila development, genes prepare in advance for
the upcoming transcription by pausing the RNA polymerase II at their promoters. It is
assumed that productive transcription of these genes at the appropriate stage is achieved by
resolving this “pause”. In the case of promoter-proximal pausing, this is the recruitment of
the p-TEFb complex to promoters or its activation if it is pre-recruited in an inactive HEXIM-
suppressed state [57]. In the case of a “post-pause”, the “pause” release can be induced by
the recruitment or modification of a certain subunit of the PAF complex, although it is too
early to discuss the exact mechanism for this type of pause [41].

A not entirely clear but interesting question concerns how the increase in the con-
centration of “pause-releasing” complexes on the targeted promoters is achieved. Is it
gene-specific, as in the case with heat shock genes activated by recruitment of HSF1,
which stimulates elongation [15]? Or can there be a global change in the intracellular
concentration of complexes stimulating elongation at certain stages of development? The
change in the expression level of Brd4/Fs(1)h during development that we observed in-
dicates that the second possibility may well be implemented. It is quite probable that for
some genes that form partially prepared RNA polymerase II complexes on promoters, an
increase in the concentration of Brd4/Fs(1)h in mid-embryogenesis can stimulate their
productive transcription.

The most advanced works in this area, namely, the control of gene transcription
through the intracellular level of coregulators, refers to genes controlled by poised Pol
II and released by TFIIH complex. Some time ago, it was demonstrated that a change
in the concentration of TFIIH (a general transcriptional factor stimulating DNA melting
and transcription initiation, that is, exit from the poised Pol II state) is controlled by the
level of glucose [58]. More recently, the intracellular level of TFIIH has been linked to
the transcription of genes responsible for proliferative cell potential using a single-cell
approach [59]. It would be extremely interesting to study the level of other regulators
that stimulate the release of various types of RNA polymerase “pauses” in cells during
development as well as in the case of any external stimuli or the progression of pathologies.

4. Conclusions

The transcription of developmental genes is under the control of a variety of regulatory
systems that control the timing and specificity of transcription in a particular tissue as
well as under the influence of master regulator proteins that control transcription in a
particular part of the body. It takes time to implement and coordinate all these stimuli. Not
surprisingly, developmental genes control their transcription by controlling productive
elongation. This approach helps to form a transcriptional hub in the promoter region and
ensures the specificity of all the necessary interactions with RNA polymerase II and GTFs.
The study of the dynamics of such hubs in development can help us to better understand
the mechanisms of transcription regulation in general. Drosophila’s rapid development is a
convenient experimental model for this goal.

5. Materials and Methods
5.1. Collection of the Material Corresponding to Different Drosophila Developmental Stages

The flies of Oregon-R-modENCODE stock were used (corresponds to Bloomington
stock #25211). Embryos were collected in the fly cages for 2 h using apple juice agar plates.
Then plates were incubated at the 25 ◦C for the required period of time. The time after egg
laying (AEL) was calculated starting from the moment the agar plates were placed in the
fly cages. To reduce an effect of the retention of embryos inside flies (which occurs in aging
Drosophila), only flies aged 3–5 days after eclosion were used to collect embryos.

L3 larvae, corresponding to the puff stages 1–3 full gut and puff stages 7–9 empty gut,
were collected by culturing larvae in the fly media supplemented with 0.05% bromophenol
blue to mark the guts of feeding animals. Prepupae corresponding to 0–1 h after puparium
formation (APF) were collected according to description of this developmental stage: white
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motionless prepupae starting to evert their anterior spiracles. Prepupae corresponding to
later developmental stages were collected at the stage of white prepupa and then incubated
at the 25 ◦C for the required period of time.

For the ChIP-Seq experiments embryos were dechorionized, washed and homogenized
in a buffer (60 mM KCl, 15 mM NaCl, 4 mM MgCl2, 15 mM HEPES pH7.6, 0,5% Triton X-100)
containing 0.7% of formaldehyde for 10 min and incubated for 5 min with 125 mM Glycine.
Then cells were washed for three times with homogenization buffer. The remaining ChIP
protocol was performed as described previously [60,61].

To validate our material collected from the various developmental stages we measured
transcription of various genes (these data are discussed in a first section of the Results and
provided in Figure 1).

5.2. ChIP-Seq Analysis

The chromatin immunoprecipitation (ChIP) was performed and analyzed exactly as
previously described [42,61]. ChIP-Seq libraries were obtained using the NEBNext UltraTM

II DNA library preparation kit (New England Biolabs, Ipswich, USA). Only the library
fragments of 350–500 bp were subjected to NGS sequencing. Next generation sequencing
was performed by Evrogen (evrogen.ru) with the Illumina NovaSeq6000 sequencer. For
each of the ChIP-Seq libraries approximately 3–8 millions of unique paired-end reads were
obtained. The paired-end reads in FastQ format were mapped to the Drosophila genome
assembly dm6 using HISAT2 [62] and filtered (with minimum MAPQ quality score = 5).
Deeptool2 package (Freiburg, Germany) was used for the further analysis of the obtained
data [63]. BigWig files were generated using bamCoverage 3.0.2 with scores representing
number of reads normalized by the size of the library (the protein binding levels were
normalized to the genome content, calculated as RPGC: number of reads per bin/(total
number of mapped reads * fragment length/effective genome size)) [63]. The final BigWig
files (representing the protein binding profiles) were obtained using BigWigCompare tool
as ratio of ChIP signal to input (all inputs were preliminary smoothed over a 1 kb window).
Pile-up profiles were calculated as a median level of protein binding (except for RNA-Seqs
profiles and ChIP-Seqs profiles analyzed at the ecdysone-induced set of genes, which were
calculated as median levels). Clustering analysis was performed using plotHeatmap tool of
deepTool2 package using ChIP-Seq Rpb3 (which corresponds to the total Pol II) [63]. The
ChIP-Seq data were clustered using the values at the TSS. K-means clustering algorithm
was selected and the number of clusters to compute was set to 2 (which resulted in Cluster
1, enriched with Rpb3, and Cluster 2, depleted in Rpb3).

Sets of genes induced at the specific stages of Drosophila development were selected
using information from Supplementary Table 9 of previously published study (this table
represents FPKM levels at FlyBase 5.12 Genes of various developmental stages) [51]. For
example, the set of genes induced at 6–8 h AEL were selected following these rules: to
demonstrate (1) more than five FPKM level at the 6–8 h AEL stage and (2) more than five
times increase in their transcription level in relation to 2–4 h AEL stage. For the selection
of genes induced at other stages of development, the same rules were applied (number of
selected genes and selection rules are described in the Results). All selected pools of genes
analyzed in the manuscript are provided as Supplementary tables in a “bed” format.

The set of genes induced in wandering larvae “WL genes” was selected by comparing
transcriptional levels of genes at L3 PS7-9 empty gut and L3 PS1-3 full gut stages. We had
to use L3 PS7-9 empty gut instead of white prepupa 0 h stage as the latter was absent in
analysis performed by Graveley et al. We consider this substitution to be insignificant since
the L3 PS7-9 empty gut and the white prepupa 0 h stages are separated by only a few hours
and represent a common transcriptional induction wave that is primarily a response to
ecdysone. Our data on the distribution of various forms of RNA polymerase II on this gene
set confirms this conclusion, we saw a substantial increase in the phosphorylation level of
Ser2 Rpb1 CTD at these genes during the transition between the L3 PS1-3 full gut and white
prepupa stages, indicating the active work of this gene set at the stage of white prepupa.
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To verify our selection strategy, we provided averaged profiles of RNA-Seqs at the
selected pools of genes in each figure. We used raw RNA-Seq data obtained from ModEN-
CODE web-server, which were previously used by Graveley and colleagues for the analysis
of Drosophila developmental transcriptome [51,64]. We did not use any figures or text from
the previously published manuscripts, only data deposited in free access databases.

The Galaxy-P platform (Freiburg, Germany) was used for analysis of ChIP-Seq data [65].
All obtained ChIP-Seq data were deposited into the Gene Expression Omnibus—GSE210971.

5.3. Antibodies and Western Blotting

Rabbit polyclonal antibodies against Rpb3 (1–275 aa), Spt5 (917–1117 aa), NELF E (2–
279 aa), PAF1 (1–234 aa), Fs(1)h/Brd4 (120–386 aa) were obtained and described previously
in our lab [48,66]. All antibodies were affinity purified. All of them were tested in ChIP
experiments using hsp70 gene induced by heat shock [53]. Antibodies production was
performed according to procedures outlined in the NIH (USA) Guide for the Care and Use
of Laboratory Animals. The protocol used was approved by the Committee on Bioethics
of the Institute of Gene Biology of the Russian Academy of Sciences. All procedures were
performed under conditions designed to minimize suffering.

Antibodies against RNA polymerase II CTD repeat (phospho S2) (Ab5095), and RNA
polymerase II CTD repeat (phospho S5) (Ab5131) were purchased in Abcam (Cambridge,
United Kingdom).

To obtain protein extracts for Western blotting of various embryogenesis stages, em-
bryos were collected using apple juice agar plates in the same way as was performed for the
collection of ChIP-Seq material (the only difference is 1h-increment between different time
points). For Western blotting embryos were dechorionized, washed, and homogenized by
triple sonication in a RIPA buffer (50 mM HEPES-KOH, pH 7.9; 140 mM NaCl, 1% Triton
X-100, 0.1% Na deoxycholate, and 0.1% SDS). Protein extracts were treated with DNAse I
at 37 ◦C for 15 min and centrifuged at 16,000× g for 20 min. Then supplemented with SDS
loading buffer containing DTT and loaded on a polyacrylamide gel.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms231810662/s1.

Author Contributions: E.V.K., M.Y.M., A.A.E., M.E., D.C. performed the experiments, N.E.V. and
M.Y.M. analyzed the results, N.E.V. wrote the manuscript text and prepared the figures. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation, Project No. 19-74-30026
(ChIP-Seq experiments of various RNA polymerase II isoforms at different stages of Drosophila
development, including material collection and bioinformatics analysis), Project No. 20-14-00269
(ChIP-Seq experiments of DSIF and NELF complexes at different stages of Drosophila development,
including material collection and bioinformatics analysis), grant 075-15-2019-1661 from the Ministry
of Science and Higher Education of the Russian Federation (ChIP-Seq experiments of PAF complex
and Brd4/Fs(1)h at different stages of Drosophila development, including material collection and
bioinformatics analysis). Funding for open access charge: Ministry of Science and Education of the
Russian Federation.

Institutional Review Board Statement: All the protocols used in this study were approved by the
Committee on Bioethics of the Institute of Gene Biology of the Russian Academy of Sciences. All
procedures were performed under conditions designed to minimize suffering.

Data Availability Statement: All obtained ChIP-Seq data were deposited into the Gene Expression
Omnibus—GSE210971.

Conflicts of Interest: Authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ijms231810662/s1
https://www.mdpi.com/article/10.3390/ijms231810662/s1


Int. J. Mol. Sci. 2022, 23, 10662 19 of 21

References
1. Darbo, E.; Herrmann, C.; Lecuit, T.; Thieffry, D.; van Helden, J. Transcriptional and Epigenetic Signatures of Zygotic Genome

Activation during Early Drosophila Embryogenesis. BMC Genom. 2013, 14, 226. [CrossRef] [PubMed]
2. Papatsenko, I.; Levine, M.; Papatsenko, D. Temporal Waves of Coherent Gene Expression during Drosophila Embryogenesis.

Bioinformatics 2010, 26, 2731–2736. [CrossRef] [PubMed]
3. Sainsbury, S.; Bernecky, C.; Cramer, P. Structural Basis of Transcription Initiation by RNA Polymerase II. Nat. Rev. Mol. Cell Biol.

2015, 16, 129–143. [CrossRef] [PubMed]
4. Jishage, M.; Yu, X.; Shi, Y.; Ganesan, S.J.; Chen, W.-Y.; Sali, A.; Chait, B.T.; Asturias, F.J.; Roeder, R.G. Architecture of Pol II(G) and

Molecular Mechanism of Transcription Regulation by Gdown1. Nat. Struct. Mol. Biol. 2018, 25, 859–867. [CrossRef]
5. Eick, D.; Geyer, M. The RNA Polymerase II Carboxy-Terminal Domain (CTD) Code. Chem. Rev. 2013, 113, 8456–8490. [CrossRef]
6. Mayfield, J.E.; Robinson, M.R.; Cotham, V.C.; Irani, S.; Matthews, W.L.; Ram, A.; Gilmour, D.S.; Cannon, J.R.; Zhang, Y.J.; Brodbelt,

J.S. Mapping the Phosphorylation Pattern of Drosophila Melanogaster RNA Polymerase II Carboxyl-Terminal Domain Using
Ultraviolet Photodissociation Mass Spectrometry. ACS Chem. Biol. 2017, 12, 153–162. [CrossRef]

7. Petrenko, N.; Jin, Y.; Wong, K.H.; Struhl, K. Mediator Undergoes a Compositional Change during Transcriptional Activation. Mol.
Cell 2016, 64, 443–454. [CrossRef]

8. Nilson, K.A.; Guo, J.; Turek, M.E.; Brogie, J.E.; Delaney, E.; Luse, D.S.; Price, D.H. THZ1 Reveals Roles for Cdk7 in Co-
Transcriptional Capping and Pausing. Mol. Cell 2015, 59, 576–587. [CrossRef]

9. Wong, K.H.; Jin, Y.; Struhl, K. TFIIH Phosphorylation of the Pol II CTD Stimulates Mediator Dissociation from the Preinitiation
Complex and Promoter Escape. Mol. Cell 2014, 54, 601–612. [CrossRef]

10. Buratowski, S. Progression through the RNA Polymerase II CTD Cycle. Mol. Cell 2009, 36, 541–546. [CrossRef]
11. Ebmeier, C.C.; Erickson, B.; Allen, B.L.; Allen, M.A.; Kim, H.; Fong, N.; Jacobsen, J.R.; Liang, K.; Shilatifard, A.; Dowell, R.D.;

et al. Human TFIIH Kinase CDK7 Regulates Transcription-Associated Chromatin Modifications. Cell Rep. 2017, 20, 1173–1186.
[CrossRef]

12. Guo, Y.E.; Manteiga, J.C.; Henninger, J.E.; Sabari, B.R.; Dall’Agnese, A.; Hannett, N.M.; Spille, J.-H.; Afeyan, L.K.; Zamudio, A.V.;
Shrinivas, K.; et al. Pol II Phosphorylation Regulates a Switch between Transcriptional and Splicing Condensates. Nature 2019,
572, 543–548. [CrossRef]

13. Adelman, K.; Lis, J.T. Promoter-Proximal Pausing of RNA Polymerase II: Emerging Roles in Metazoans. Nat. Rev. Genet. 2012, 13,
720–731. [CrossRef]

14. Core, L.; Adelman, K. Promoter-Proximal Pausing of RNA Polymerase II: A Nexus of Gene Regulation. Genes Dev. 2019, 33,
960–982. [CrossRef]

15. Duarte, F.M.; Fuda, N.J.; Mahat, D.B.; Core, L.J.; Guertin, M.J.; Lis, J.T. Transcription Factors GAF and HSF Act at Distinct
Regulatory Steps to Modulate Stress-Induced Gene Activation. Genes Dev. 2016, 30, 1731–1746. [CrossRef]

16. Aoi, Y.; Takahashi, Y.; Shah, A.P.; Iwanaszko, M.; Rendleman, E.J.; Khan, N.H.; Cho, B.-K.; Goo, Y.A.; Ganesan, S.; Kelleher, N.L.;
et al. SPT5 Stabilization of Promoter-Proximal RNA Polymerase II. Mol. Cell 2021, 81, 4413–4424.e5. [CrossRef]

17. Gilchrist, D.A.; Fromm, G.; dos Santos, G.; Pham, L.N.; McDaniel, I.E.; Burkholder, A.; Fargo, D.C.; Adelman, K. Regulating
the Regulators: The Pervasive Effects of Pol II Pausing on Stimulus-Responsive Gene Networks. Genes Dev. 2012, 26, 933–944.
[CrossRef]

18. Levine, M. Paused RNA Polymerase II as a Developmental Checkpoint. Cell 2011, 145, 502–511. [CrossRef]
19. Vorobyeva, N.E.; Mazina, M.Y. The Elongation Regulators and Architectural Proteins as New Participants of Eukaryotic Gene

Transcription. Russ. J. Genet. 2021, 57, 751–763. [CrossRef]
20. Wada, T.; Takagi, T.; Yamaguchi, Y.; Ferdous, A.; Imai, T.; Hirose, S.; Sugimoto, S.; Yano, K.; Hartzog, G.A.; Winston, F.; et al. DSIF,

a Novel Transcription Elongation Factor That Regulates RNA Polymerase II Processivity, Is Composed of Human Spt4 and Spt5
Homologs. Genes Dev. 1998, 12, 343–356. [CrossRef]

21. Larochelle, S.; Amat, R.; Glover-Cutter, K.; Sansó, M.; Zhang, C.; Allen, J.J.; Shokat, K.M.; Bentley, D.L.; Fisher, R.P. Cyclin-
Dependent Kinase Control of the Initiation-to-Elongation Switch of RNA Polymerase II. Nat. Struct. Mol. Biol. 2012, 19, 1108–1115.
[CrossRef]

22. Schulz, S.; Gietl, A.; Smollett, K.; Tinnefeld, P.; Werner, F.; Grohmann, D. TFE and Spt4/5 Open and Close the RNA Polymerase
Clamp during the Transcription Cycle. Proc. Natl. Acad. Sci. USA 2016, 113, E1816–E1825. [CrossRef]

23. Vos, S.M.; Farnung, L.; Urlaub, H.; Cramer, P. Structure of Paused Transcription Complex Pol II–DSIF–NELF. Nature 2018, 560,
601–606. [CrossRef]

24. Yamaguchi, Y.; Inukai, N.; Narita, T.; Wada, T.; Handa, H. Evidence That Negative Elongation Factor Represses Transcription
Elongation through Binding to a DRB Sensitivity-Inducing Factor/RNA Polymerase II Complex and RNA. Mol. Cell. Biol. 2002,
22, 2918–2927. [CrossRef]

25. Vos, S.M.; Pöllmann, D.; Caizzi, L.; Hofmann, K.B.; Rombaut, P.; Zimniak, T.; Herzog, F.; Cramer, P. Architecture and RNA
Binding of the Human Negative Elongation Factor. eLife 2016, 5, e14981. [CrossRef]

26. Yamaguchi, Y.; Takagi, T.; Wada, T.; Yano, K.; Furuya, A.; Sugimoto, S.; Hasegawa, J.; Handa, H. NELF, a Multisubunit Complex
Containing RD, Cooperates with DSIF to Repress RNA Polymerase II Elongation. Cell 1999, 97, 41–51. [CrossRef]

27. Vos, S.M.; Farnung, L.; Boehning, M.; Wigge, C.; Linden, A.; Urlaub, H.; Cramer, P. Structure of Activated Transcription Complex
Pol II–DSIF–PAF–SPT6. Nature 2018, 560, 607–612. [CrossRef]

http://doi.org/10.1186/1471-2164-14-226
http://www.ncbi.nlm.nih.gov/pubmed/23560912
http://doi.org/10.1093/bioinformatics/btq513
http://www.ncbi.nlm.nih.gov/pubmed/20819957
http://doi.org/10.1038/nrm3952
http://www.ncbi.nlm.nih.gov/pubmed/25693126
http://doi.org/10.1038/s41594-018-0118-5
http://doi.org/10.1021/cr400071f
http://doi.org/10.1021/acschembio.6b00729
http://doi.org/10.1016/j.molcel.2016.09.015
http://doi.org/10.1016/j.molcel.2015.06.032
http://doi.org/10.1016/j.molcel.2014.03.024
http://doi.org/10.1016/j.molcel.2009.10.019
http://doi.org/10.1016/j.celrep.2017.07.021
http://doi.org/10.1038/s41586-019-1464-0
http://doi.org/10.1038/nrg3293
http://doi.org/10.1101/gad.325142.119
http://doi.org/10.1101/gad.284430.116
http://doi.org/10.1016/j.molcel.2021.08.006
http://doi.org/10.1101/gad.187781.112
http://doi.org/10.1016/j.cell.2011.04.021
http://doi.org/10.1134/S1022795421060144
http://doi.org/10.1101/gad.12.3.343
http://doi.org/10.1038/nsmb.2399
http://doi.org/10.1073/pnas.1515817113
http://doi.org/10.1038/s41586-018-0442-2
http://doi.org/10.1128/MCB.22.9.2918-2927.2002
http://doi.org/10.7554/eLife.14981
http://doi.org/10.1016/S0092-8674(00)80713-8
http://doi.org/10.1038/s41586-018-0440-4


Int. J. Mol. Sci. 2022, 23, 10662 20 of 21

28. Chen, F.; Gao, X.; Shilatifard, A. Stably Paused Genes Revealed through Inhibition of Transcription Initiation by the TFIIH
Inhibitor Triptolide. Genes Dev. 2015, 29, 39–47. [CrossRef]

29. Yamaguchi, Y.; Shibata, H.; Handa, H. Transcription Elongation Factors DSIF and NELF: Promoter-Proximal Pausing and Beyond.
Biochim. Biophys. Acta (BBA)—Gene Regul. Mech. 2013, 1829, 98–104. [CrossRef]

30. Chen, F.X.; Smith, E.R.; Shilatifard, A. Born to Run: Control of Transcription Elongation by RNA Polymerase II. Nat. Rev. Mol. Cell
Biol. 2018, 19, 464–478. [CrossRef]

31. Gaub, A.; Sheikh, B.N.; Basilicata, M.F.; Vincent, M.; Nizon, M.; Colson, C.; Bird, M.J.; Bradner, J.E.; Thevenon, J.; Boutros, M.; et al.
Evolutionary Conserved NSL Complex/BRD4 Axis Controls Transcription Activation via Histone Acetylation. Nat. Commun.
2020, 11, 2243. [CrossRef] [PubMed]

32. Jang, M.K.; Mochizuki, K.; Zhou, M.; Jeong, H.-S.; Brady, J.N.; Ozato, K. The Bromodomain Protein Brd4 Is a Positive Regulatory
Component of P-TEFb and Stimulates RNA Polymerase II-Dependent Transcription. Mol. Cell 2005, 19, 523–534. [CrossRef]
[PubMed]

33. Kockmann, T.; Gerstung, M.; Schlumpf, T.; Xhinzhou, Z.; Hess, D.; Beerenwinkel, N.; Beisel, C.; Paro, R. The BET Protein FSH
Functionally Interacts with ASH1 to Orchestrate Global Gene Activity in Drosophila. Genome Biol. 2013, 14, R18. [CrossRef]
[PubMed]

34. Chetverina, D.; Vorobyeva, N.E.; Mazina, M.Y.; Fab, L.V.; Lomaev, D.; Golovnina, A.; Mogila, V.; Georgiev, P.; Ziganshin, R.H.;
Erokhin, M. Comparative Interactome Analysis of the PRE DNA-Binding Factors: Purification of the Combgap-, Zeste-, Psq-, and
Adf1-Associated Proteins. Cell. Mol. Life Sci. 2022, 79, 353. [CrossRef]

35. Cubeñas-Potts, C.; Rowley, M.J.; Lyu, X.; Li, G.; Lei, E.P.; Corces, V.G. Different Enhancer Classes in Drosophila Bind Distinct
Architectural Proteins and Mediate Unique Chromatin Interactions and 3D Architecture. Nucleic Acids Res. 2017, 45, 1714–1730.
[CrossRef]

36. Kuroda, M.I.; Kang, H.; De, S.; Kassis, J.A. Dynamic Competition of Polycomb and Trithorax in Transcriptional Programming.
Annu. Rev. Biochem. 2020, 89, 235–253. [CrossRef]

37. Kininis, M.; Isaacs, G.D.; Core, L.J.; Hah, N.; Kraus, W.L. Postrecruitment Regulation of RNA Polymerase II Directs Rapid
Signaling Responses at the Promoters of Estrogen Target Genes. Mol. Cell. Biol. 2009, 29, 1123–1133. [CrossRef]

38. Phatnani, H.P.; Greenleaf, A.L. Phosphorylation and Functions of the RNA Polymerase II CTD. Genes Dev. 2006, 20, 2922–2936.
[CrossRef]

39. Aoi, Y.; Smith, E.R.; Shah, A.P.; Rendleman, E.J.; Marshall, S.A.; Woodfin, A.R.; Chen, F.X.; Shiekhattar, R.; Shilatifard, A. NELF
Regulates a Promoter-Proximal Step Distinct from RNA Pol II Pause-Release. Mol. Cell 2020, 78, 261–274.e5. [CrossRef]

40. Smolle, M.; Workman, J.L. Transcription-Associated Histone Modifications and Cryptic Transcription. Biochim. Biophys. Acta
(BBA)—Gene Regul. Mech. 2013, 1829, 84–97. [CrossRef]

41. Wang, Z.; Song, A.; Xu, H.; Hu, S.; Tao, B.; Peng, L.; Wang, J.; Li, J.; Yu, J.; Wang, L.; et al. Coordinated Regulation of RNA
Polymerase II Pausing and Elongation Progression by PAF1. Sci. Adv. 2022, 8, eabm5504. [CrossRef]

42. Aoi, Y.; Shah, A.P.; Ganesan, S.; Soliman, S.H.A.; Cho, B.-K.; Goo, Y.A.; Kelleher, N.L.; Shilatifard, A. SPT6 Functions in
Transcriptional Pause/Release via PAF1C Recruitment. Mol. Cell 2022, in press. [CrossRef]

43. Hendrix, D.A.; Hong, J.-W.; Zeitlinger, J.; Rokhsar, D.S.; Levine, M.S. Promoter Elements Associated with RNA Pol II Stalling in
the Drosophila Embryo. Proc. Natl. Acad. Sci. USA 2008, 105, 7762–7767. [CrossRef]

44. Zeitlinger, J.; Stark, A.; Kellis, M.; Hong, J.-W.; Nechaev, S.; Adelman, K.; Levine, M.; Young, R.A. RNA Polymerase Stalling at
Developmental Control Genes in the Drosophila Melanogaster Embryo. Nat. Genet. 2007, 39, 1512–1516. [CrossRef]

45. Bothma, J.P.; Garcia, H.G.; Esposito, E.; Schlissel, G.; Gregor, T.; Levine, M. Dynamic Regulation of Eve Stripe 2 Expression
Reveals Transcriptional Bursts in Living Drosophila Embryos. Proc. Natl. Acad. Sci. USA 2014, 111, 10598–10603. [CrossRef]

46. Lagha, M.; Bothma, J.P.; Esposito, E.; Ng, S.; Stefanik, L.; Tsui, C.; Johnston, J.; Chen, K.; Gilmour, D.S.; Zeitlinger, J.; et al. Paused
Pol II Coordinates Tissue Morphogenesis in the Drosophila Embryo. Cell 2013, 153, 976–987. [CrossRef]

47. Gaertner, B.; Johnston, J.; Chen, K.; Wallaschek, N.; Paulson, A.; Garruss, A.S.; Gaudenz, K.; De Kumar, B.; Krumlauf, R.; Zeitlinger,
J. Poised RNA Polymerase II Changes over Developmental Time and Prepares Genes for Future Expression. Cell Rep. 2012, 2,
1670–1683. [CrossRef]

48. Mazina, M.Y.; Kovalenko, E.V.; Vorobyeva, N.E. The Negative Elongation Factor NELF Promotes Induced Transcriptional
Response of Drosophila Ecdysone-Dependent Genes. Sci. Rep. 2021, 11, 172. [CrossRef]

49. Ghavi-Helm, Y.; Klein, F.A.; Pakozdi, T.; Ciglar, L.; Noordermeer, D.; Huber, W.; Furlong, E.E.M. Enhancer Loops Appear Stable
during Development and Are Associated with Paused Polymerase. Nature 2014, 512, 96–100. [CrossRef]

50. McKay, D.J.; Lieb, J.D. A Common Set of DNA Regulatory Elements Shapes Drosophila Appendages. Dev. Cell 2013, 27, 306–318.
[CrossRef]

51. Graveley, B.R.; Brooks, A.N.; Carlson, J.W.; Duff, M.O.; Landolin, J.M.; Yang, L.; Artieri, C.G.; van Baren, M.J.; Boley, N.; Booth,
B.W.; et al. The Developmental Transcriptome of Drosophila Melanogaster. Nature 2011, 471, 473–479. [CrossRef]

52. Fitz, J.; Neumann, T.; Pavri, R. Regulation of RNA Polymerase II Processivity by Spt5 Is Restricted to a Narrow Window during
Elongation. EMBO J. 2018, 37, e97965. [CrossRef]

53. Mazina, M.Y.; Derevyanko, P.K.; Kocheryzhkina, E.V.; Nikolenko, Y.V.; Krasnov, A.N.; Vorobyeva, N.E. Coactivator Complexes
Participate in Different Stages of the Drosophila Melanogaster Hsp70 Gene Transcription. Russ. J. Genet. 2017, 2, 178–186.
[CrossRef]

http://doi.org/10.1101/gad.246173.114
http://doi.org/10.1016/j.bbagrm.2012.11.007
http://doi.org/10.1038/s41580-018-0010-5
http://doi.org/10.1038/s41467-020-16103-0
http://www.ncbi.nlm.nih.gov/pubmed/32382029
http://doi.org/10.1016/j.molcel.2005.06.027
http://www.ncbi.nlm.nih.gov/pubmed/16109376
http://doi.org/10.1186/gb-2013-14-2-r18
http://www.ncbi.nlm.nih.gov/pubmed/23442797
http://doi.org/10.1007/s00018-022-04383-2
http://doi.org/10.1093/nar/gkw1114
http://doi.org/10.1146/annurev-biochem-120219-103641
http://doi.org/10.1128/MCB.00841-08
http://doi.org/10.1101/gad.1477006
http://doi.org/10.1016/j.molcel.2020.02.014
http://doi.org/10.1016/j.bbagrm.2012.08.008
http://doi.org/10.1126/sciadv.abm5504
http://doi.org/10.1016/j.molcel.2022.06.037
http://doi.org/10.1073/pnas.0802406105
http://doi.org/10.1038/ng.2007.26
http://doi.org/10.1073/pnas.1410022111
http://doi.org/10.1016/j.cell.2013.04.045
http://doi.org/10.1016/j.celrep.2012.11.024
http://doi.org/10.1038/s41598-020-80650-1
http://doi.org/10.1038/nature13417
http://doi.org/10.1016/j.devcel.2013.10.009
http://doi.org/10.1038/nature09715
http://doi.org/10.15252/embj.201797965
http://doi.org/10.1134/S1022795417010094


Int. J. Mol. Sci. 2022, 23, 10662 21 of 21

54. Shetty, A.; Kallgren, S.P.; Demel, C.; Maier, K.C.; Spatt, D.; Alver, B.H.; Cramer, P.; Park, P.J.; Winston, F. Spt5 Plays Vital Roles in
the Control of Sense and Antisense Transcription Elongation. Mol. Cell 2017, 66, 77–88.e5. [CrossRef]

55. Stoiber, M.; Celniker, S.; Cherbas, L.; Brown, B.; Cherbas, P. Diverse Hormone Response Networks in 41 Independent Drosophila
Cell Lines. G3 2016, 6, 683–694. [CrossRef]

56. He, Q.; Johnston, J.; Zeitlinger, J. ChIP-Nexus Enables Improved Detection of in Vivo Transcription Factor Binding Footprints.
Nat. Biotechnol. 2015, 33, 395–401. [CrossRef]

57. Bacon, C.W.; D’Orso, I. CDK9: A Signaling Hub for Transcriptional Control. Transcription 2019, 10, 57–75. [CrossRef]
58. Merkel, P.; Khoury, N.; Bertolotto, C.; Perfetti, R. Insulin and Glucose Regulate the Expression of the DNA Repair Enzyme XPD.

Mol. Cell. Endocrinol. 2003, 201, 75–85. [CrossRef]
59. Donnio, L.-M.; Miquel, C.; Vermeulen, W.; Giglia-Mari, G.; Mari, P.-O. Cell-Type Specific Concentration Regulation of the Basal

Transcription Factor TFIIH in XPBy/y Mice Model. Cancer Cell Int. 2019, 19, 237. [CrossRef] [PubMed]
60. Vorobyeva, N.E.; Erokhin, M.; Chetverina, D.; Krasnov, A.N.; Mazina, M.Y. Su(Hw) Primes 66D and 7F Drosophila Chorion

Genes Loci for Amplification through Chromatin Decondensation. Sci. Rep. 2021, 11, 16963. [CrossRef] [PubMed]
61. Vorobyeva, N.E.; Mazina, M.U.; Golovnin, A.K.; Kopytova, D.V.; Gurskiy, D.Y.; Nabirochkina, E.N.; Georgieva, S.G.; Georgiev,

P.G.; Krasnov, A.N. Insulator Protein Su(Hw) Recruits SAGA and Brahma Complexes and Constitutes Part of Origin Recognition
Complex-Binding Sites in the Drosophila Genome. Nucleic Acids Res. 2013, 41, 5717–5730. [CrossRef]

62. Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-Based Genome Alignment and Genotyping with HISAT2 and
HISAT-Genotype. Nat. Biotechnol. 2019, 37, 907–915. [CrossRef]

63. Ramírez, F.; Ryan, D.P.; Grüning, B.; Bhardwaj, V.; Kilpert, F.; Richter, A.S.; Heyne, S.; Dündar, F.; Manke, T. DeepTools2: A next
Generation Web Server for Deep-Sequencing Data Analysis. Nucleic Acids Res. 2016, 44, W160–W165. [CrossRef]

64. Celniker, S.E.; Dillon, L.A.L.; Gerstein, M.B.; Gunsalus, K.C.; Henikoff, S.; Karpen, G.H.; Kellis, M.; Lai, E.C.; Lieb, J.D.; MacAlpine,
D.M.; et al. Unlocking the Secrets of the Genome. Nature 2009, 459, 927–930. [CrossRef]

65. Afgan, E.; Baker, D.; Batut, B.; van den Beek, M.; Bouvier, D.; Cech, M.; Chilton, J.; Clements, D.; Coraor, N.; Grüning, B.A.; et al.
The Galaxy Platform for Accessible, Reproducible and Collaborative Biomedical Analyses: 2018 Update. Nucleic Acids Res. 2018,
46, W537–W544. [CrossRef]

66. Mazina, M.Y.; Kovalenko, E.V.; Derevyanko, P.K.; Nikolenko, J.V.; Krasnov, A.N.; Vorobyeva, N.E. One Signal Stimulates Different
Transcriptional Activation Mechanisms. Biochim. Biophys. Acta (BBA)—Gene Regul. Mech. 2018, 1861, 178–189. [CrossRef]

http://doi.org/10.1016/j.molcel.2017.02.023
http://doi.org/10.1534/g3.115.023366
http://doi.org/10.1038/nbt.3121
http://doi.org/10.1080/21541264.2018.1523668
http://doi.org/10.1016/S0303-7207(02)00432-X
http://doi.org/10.1186/s12935-019-0945-4
http://www.ncbi.nlm.nih.gov/pubmed/31516394
http://doi.org/10.1038/s41598-021-96488-0
http://www.ncbi.nlm.nih.gov/pubmed/34417521
http://doi.org/10.1093/nar/gkt297
http://doi.org/10.1038/s41587-019-0201-4
http://doi.org/10.1093/nar/gkw257
http://doi.org/10.1038/459927a
http://doi.org/10.1093/nar/gky379
http://doi.org/10.1016/j.bbagrm.2018.01.016

	Introduction 
	Results 
	Tissue Collection and Developmental Stage Verification Using Marker Genes Transcription 
	Genes Induced at 6–8 h of Embryogenesis Moderately Use the “Paused” RNA Polymerase II to Prepare for the Upcoming Transcription 
	Genes Induced at 10–12 h AEL, but Not Genes Induced at 14–16 h AEL, Possess “Paused” Pol II on the Promoters at 6–8 h AEL 
	Brd4/Fs(1)h Protein Is Maternity Loaded and Its Expression Is Delayed until the Mid-Embryogenesis 
	Genes Induced during Metamorphosis Use Promoter-Proximal Pausing to Prepare Promoters for Upcoming Transcription 
	The Pool of Ecdysone-Dependent Genes That Is Iteratively Induced during Development Is Controlled by Promoter-Proximal Pausing 

	Discussion 
	Genes That become Active in Mid-Embryogenesis and in the Early Stages of Metamorphosis Use Elongation Control to Prepare Promoters for Transcription 
	Elongation Regulators Are Recruited to Promoters during Drosophila Development Only When RNA Polymerase II Is Recruited 
	Release of Developmental Genes from Elongation Control 

	Conclusions 
	Materials and Methods 
	Collection of the Material Corresponding to Different Drosophila Developmental Stages 
	ChIP-Seq Analysis 
	Antibodies and Western Blotting 

	References

