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The DHR3 and Hr4 early-late genes of the ecdysone cascade are described as models for transcriptional studies in
Drosophila cells. In a set of experiments, it became clear that these genes are a convenient and versatile system for
research into the physiological conditions upon 20-hydroxyecdysone induction. DHR3 and Hr4 gene transcription is
characterized by fast activation kinetics, which enables transcriptional studies without the influence of indirect effects.
A limited number of activated genes (only 73 genes are induced one hour after treatment) promote the selectivity of
transcriptional studies via 20-hydroxyecdysone induction. DHR3 and Hr4 gene expression is dose dependent, is
completely controlled by the hormone titer and decreases within hours of 20-hydroxyecdysone withdrawal. The DHR3
and Hr4 gene promoters become functional within 20 minutes after induction, which makes them useful tools for
investigation if the early activation process. Their transcription is controlled by the RNA polymerase II pausing
mechanism, which is widespread in the genome of Drosophila melanogaster but is still underinvestigated. Uniform
expression activation of the DHR3 and Hr4 genes in a cell population was confirmed at both the RNA and protein levels.
Homogeneity of the transcription response makes DHR3/Hr4 system valuable for investigation of the protein dynamics
during transcription induction.

Introduction

In the whole-genome sequencing era, it may appear that there
is no need to develop novel models for transcriptional investiga-
tion. Now, we have the ability to investigate every gene in the
genome rather than each gene individually. The distribution of
many transcriptional factors and coactivators was previously deter-
mined in Drosophila and mammalian genomes.1,2 However, we
unfortunately remain far from understanding the mechanisms of
their functions. Most of the investigated proteins that are involved
in transcriptional regulation are localized to the same genomic
regions or demonstrate mostly overlapping recruitment profiles.
This fact significantly complicates investigations of the interac-
tions between different transcriptional factors and coactivators.
Finding an exact mechanism of interaction between these factors
at the same site in the genome is quite a challenging goal. It is
equally important to demonstrate which of these proteins are
indeed bound to the same genomic region at the same time. We
believe that inducible transcription systems could be a priceless
tool for investigating the answers to these questions. Investigation
of the dynamics of protein recruitment during transcriptional acti-
vation would reveal real partners that are functionally connected
and dismiss unrelated. Whole-genome determination of protein
recruitment profiles at different time points after activation of
transcription remains quite expensive and labor-intensive. Thus,
verification experiments could be performed with model genes.

Drosophila melanogaster is a well-described model organism
that has been widely used in molecular biology for several deca-
des. Detailed descriptions of heat-shock activation made Dro-
sophila a popular model organism in transcriptional studies.3

Numerous Drosophila transcriptional complexes have been
described to date. The number of subunits with redundant func-
tions in these complexes is relatively small when compared with
human orthologues, thus making the mechanisms of transcrip-
tional complex functioning simpler and easier to investigate. Dro-
sophila transcripts rarely undergo alternative splicing, which is
why transcriptional factors are often expressed in a singular form
that significantly simplifies investigation of their functions. The
main drawback of Drosophila as a model organism is a restricted
number of characterized model inducible genes. We hypothesize
that this limitation arises from the excessive commitment of
investigators to perform their studies on previously characterized
models. The most popular model systems are heat shock-induc-
ible genes. 4 Investigators continue to use heat shock genes to
investigate new factors in transcription activation. 5,6 These
investigations demonstrated that this system is a useful model
and has led to a detailed description of its transcriptional pro-
cesses. A significant disadvantage of the heat shock model is the
non-physiological, stress conditions of its activation, which
involves the activation of a cell protective system against misfold-
ing and total repression of most genes. Extremely fast activation
of the heat shock genes complicates investigation of the early
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transcription activation process and requires considerable modifi-
cations of routine methods to achieve the goal.7

The hormone-dependent transcription activation process is
widely investigated both in Drosophila and mammals.8-10 The
ecdysone cascade is the most described hormone-inducible sys-
tem in Drosophila.11 Currently, transcription induction with
ecdysone is often used to investigate the dynamics of factors
influencing transcription.12,13 Recently, our group characterized
the role of the SWI/SNF chromatin remodeling complex in the
transcriptional activation of ecdysone-inducible genes.14 Tran-
scription of ftz-f1, an early-late gene, was described in detail.15

We mimicked a portion of the ecdysone cascade in Drosophila S2
Schneider cells and investigated the different stages of ftz-f1 gene
transcription together with the SWI/SNF complex functions.
However, an important limitation of the described system for
ftz-f1 activation involves its quite complex, multi-step mode of
induction. ftz-f1 gene transcription starts only after complete
removal of the ecdysone from the culture medium, which makes
the system very sensitive to the performance of this procedure.
Thus, we did not consider ftz-f1 gene activation as a robust
inducible system for the comprehensive study of transcription.

Here, we describe the DHR3 (also referred as Hr46) and Hr4
early-late genes of the ecdysone cascade as promising systems for
transcription investigation. Fast and robust induction of these
genes in Drosophila S2 Schneider cells allows them to be available
for multiple types of analysis. Here, we review a set of transcrip-
tional characteristics of these genes. We consider this primary
description to be useful for further investigation of these genes
and in particular the study of the transcriptional processes in their
dynamic action.

Results

Early-late genes of the ecdysone cascade demonstrate fast
activation kinetics in S2 Schneider cells

Previously, we demonstrated that DHR3 gene
(FBgn0000448) induction occurs by switching on the ecdysone
cascade in S2 Schneider cells.14 In the current work, we describe
the precise kinetics of DHR3 transcription activation. Transcrip-
tion of the DHR3 gene was measured in S2 Schneider cells within
several hours after the addition of 20-hydroxyecdysone (hereinaf-
ter referred as 20H-ecdysone) to the culture medium (Fig. 1A).
DHR3 gene transcription is characterized by fast activation
kinetics within the first 2 hours after induction, reaching a one
hundredfold greater level at the end of the 2 hour period. Subse-
quently, the speed of DHR3 gene activation decreases manyfold,
demonstrating an approximately fivefold activation within the
following 18 hours. We interpret the fast activation of the
DHR3 gene within the first 2 hours after induction as a result of
the direct action of primary transcription activation mechanisms.
Subsequent activation with slower kinetics is likely connected to
the process of transcription re-initiation, i.e., recycling of tran-
scriptional factors at actively transcribed loci at the end of a single
transcriptional act.16

To reinforce the described inducible system, we decided to
determine at least one additional model gene with comparable

activation kinetics. Transcriptional research performed on 2
model genes instead of one will be less sensitive to accusations of
gene-specificity of the results. Ecdysone hormone, a major con-
troller of Drosophila development, stimulates induction of ecdy-
sone-dependent genes at different stages. At the beginning of our
study, we did not have any information regarding the subset of
genes that are activated in S2 cells upon 20H-ecdysone treat-
ment. Therefore, we based our search of genes with transcrip-
tional properties similar to DHR3 on information about their
expression at different stages of Drosophila development. A list
of genes with developmental expression profile similar to the
DHR3 gene was created with www.Flybase.org on the basis of
modENCODE data.1 The Hr4 (FBgn0264562), CG11966
(FBgn0037645) and CG9416 (FBgn0034438) genes represent
the top 3 hits from the compiled list. The Hr4 gene, one of the
candidates, indeed demonstrated fast activation in S2 Schneider
cells with no further decrease in transcription level (Fig. 1B).
CG11966 and CG9416 did not demonstrate any significant acti-
vation in S2 cells upon 20H-ecdysone treatment. We suggest
that this finding is due to selective activation with substantial dif-
ferences in the protein repertoire between S2 cultured cells and
organismal cells at the particular developmental stage. Cultured
embryonic cells could express undescribed repressor proteins
whose action is not inhibited by the addition of 20H-ecdysone in
the culture medium. Another possibility is that undescribed tran-
scriptional activators, in addition to the 20H-ecdysone receptor,
may determine the activation of CG11966 and CG9416 during
appropriate developmental stages. Hr4 and DHR3 genes were
selected for further assessment as possible models of an ecdysone-
inducible system.

The primary stage of activation is of particular interest for
transcriptional research. The induction kinetics of DHR3 and
Hr4 genes in S2 Schneider cells during the initial 90 minutes
were defined (Fig. 1C). Both genes demonstrated a significant
level of activation 30 to 40 minutes after ecdysone treatment.
On the one hand, the fast course of DHR3 and Hr4 induction
protects transcriptional research performed in this model system
from indirect effects caused by serial activations events. On the
other hand, the 30-minute delay in DHR3 and Hr4 gene induc-
tion still allows investigation of this interesting preparatory stage
of transcription via conventional methods.

To support our results of the DHR3 and Hr4 transcription
induction, we analyzed their expression levels by western blotting
(Fig. 1D). Both proteins exhibited increased expression in S2
Schneider cells within hours after ecdysone treatment. This find-
ing demonstrates that DHR3 and Hr4 gene expression is regu-
lated predominantly at the transcriptional level in S2 Schneider
cells.

DHR3 and Hr4 gene transcription in S2 Schneider cells
depends on a 20H-ecdysone titer

Transcription of hormone-inducible genes can be sensitive to
a variety of different external stimuli and exhibit complex regula-
tion. For example, transcription of ecdysone cascade genes was
recently demonstrated to be regulated partially by nitric oxide
(NO) signaling.17 We have determined whether transcription of
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our model genes is primarily con-
trolled by 20H-ecdysone. The
DHR3 and Hr4 gene transcrip-
tion induction levels were deter-
mined 2 hours after treatment
with different 20H-ecdysone
concentrations (Fig. 2A). Both
genes demonstrated a similar
response to the hormone titer.
Their induction levels increased
with the increasing hormone con-
centration, reaching a plateau at
0.3 mM (this concentration was
used in all further experiments).

As mentioned above, DHR3
and Hr4 gene transcription
remains activated for many hours
after induction (Figs. 1A and B).
To study the repression kinetics
of our model genes, we removed
the 20H-ecdysone hormone from
the culture medium after
20 hours of induction and ana-
lyzed the subsequent decline in
DHR3 and Hr4 transcription lev-
els (Fig. 2B). Both genes demon-
strated similar profiles of
transcription repression. A 20%
decrease in the transcription of
DHR3 and Hr4 genes was
detected an hour after ecdysone
withdrawal. A ten-fold repression
in transcription was achieved
3 hours after ecdysone withdrawal
for each gene. The fast activation
and repression kinetics of the stud-
ied genes confirms the exclusive
dependence of their transcription
on the 20H-ecdysone hormone in
the culture medium.

20H-ecdysone induction
affects a limited number of genes
in S2 Schneider cells

To determine the genes that
exhibit altered transcription
upon 20H-ecdysone treatment,
whole-transcriptome analysis of
S2 Schneider cells was per-
formed. For this experiment,
20H-ecdysone was added to the
culture medium for one hour,
and DMSO (a hormone solvent)
was used as a negative control.
Two biological replicates were
performed to enable statistical

Figure 1. DHR3 and Hr4 gene expression is rapidly induced by ecdysone in S2 Schneider cells. Levels of DHR3
(A), Hr4, CG11966, and CG9416 (B) gene transcription in S2 Schneider cells after treatment with 20-hydroxyec-
dysone as evidenced by qPCR. The x-axis represents the time (hours) after 20-hydroxyecdysone addition, and
the y-axis represents the fold induction relative to the corresponding gene level in untreated cells. Experi-
ments were performed at least thrice. Error bars represent the standard error of the mean (SEM). (C) Levels of
DHR3 and Hr4 gene transcription in S2 Schneider cells after the addition of 20-hydroxyecdysone as evidenced
by qPCR. The x-axis represents the time (minutes) after 20-hydroxyecdysone addition, and the y-axis repre-
sents the fold induction relative to the corresponding gene level in untreated cells. Experiments were per-
formed at least thrice. Error bars represent the standard error of the mean (SEM). (D) DHR3 and Hr4 protein
levels in S2 Schneider cells after the addition of 20-hydroxyecdysone as evidenced by western blot analysis.
The membranes were treated with an anti-b-tubulin antibody for normalization of protein extract amount.

Figure 2. DHR3 and Hr4 gene induction level in S2 Schneider cells depends on the 20H-ecdysone titer and
decreases after hormone withdrawal. (A) DHR3 and Hr4 gene transcription levels in S2 Schneider cells
2 hours after treatment with different concentrations of 20-hydroxyecdysone as evidenced by qPCR. The x-
axis demonstrates the concentration of 20-hydroxyecdysone used for treatment, and the y-axis represents
the level of DHR3 or Hr4 transcription activation relative to its maximum, which was estimated at 0.3 mM
20-hydroxyecdysone treatment. (B) DHR3 and Hr4 gene transcription levels at different time points after 20-
hydroxyecdysone removal from the S2 Schneider cells after 20 hours of 20-hydroxyecdysone treatment as
evidenced by qPCR. The x-axis represents the time (hours) after 20-hydroxyecdysone removal, and the y-
axis represents the level of DHR3 and Hr4 transcription activation relative to the maximum of the corre-
sponding gene transcription, which was estimated after 20 hours of hormone treatment. Both experiments
were performed at least thrice. Error bars represent the standard error of the mean (SEM).
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verification of the results. The RNA fraction containing
PolyA was isolated with the NEBNext� UltraTM Directional
RNA Library Prep Kit and prepared for next-generation
sequencing (NGS) by Illumina. Obtained sequences were
aligned against the Drosophila melanogaster genome
(BDGP5.78 version) using TopHat2 software.18 The DHR3
and Hr4 genes demonstrated significant activation in the
RNA-Seq experiment, while constitutive actin5C gene tran-
scription remained unchanged (Supplementary fig 1). The
transcription levels in experimental samples were compared
with the Cuffdiff program and expressed as FPKM (frag-
ments per kilobase of exon per million fragments mapped)
(File_1).19 Treatment with 20H-ecdysone affected the tran-
scription level of 86 genes (File_2). Genes with insignificant
changes in transcription were excluded.

A RNA-Seq experiment demonstrated that the cellular
response to 20H-ecdysone is characterized by preferential activa-
tion of transcription. Thus, only 13 of the 86 genes with differen-
tial transcription were repressed after hormone treatment, and a
decrease of no greater than 2-fold was observed. The remainder
of the altered genes was activated. Among the 73 genes, 11
(15.1%) were previously described as ecdysone-inducible genes,
and 52 (71.2%) had expression profiles in development with a
peak during pupariation (which is controlled by an ecdysone
pulse) (FileS_2 and Fig. 3A). These data demonstrate that 20H-
ecdysone treatment has a highly selective influence on transcrip-
tion in S2 Schneider cells. We believe that the observed induction
of a small set of developmental genes upon 20H-ecdysone treat-
ment causes rather small indirect effects on the experiments per-
formed in the DHR3/Hr4 model system.

Twenty minutes is required to prepare promoters of the
DHR3 and Hr4 genes for an active transcription

To make appropriate models of the DHR3 and Hr4 gene acti-
vation, we characterized the mode of their transcription induc-
tion. The most significant difference in the transcription
induction of eukaryotic genes is determined by the time required
for RNA polymerase II to engage the promoters. Some genes do
not contain a RNA polymerase II complex on their promoters in
the resting or repressed state. Instead, these genes utilize the long
type of transcription activation, which starts from the preinitia-
tion complex formation. The promoter-proximal pausing path is
another, short type of transcription induction. This mechanism
includes pre-engagement of the RNA polymerase II complex to
the promoters of genes in their inactive state. Promoter-proximal
pausing of RNA polymerase II was recently identified as a wide-
spread mechanism of transcriptional regulation. 20

DHR3 and Hr4 genes have a complex structure and contain
multiple exon-intron junctions and several alternative promoters.
To identify the exact promoters that are activated in S2 Schneider
cells upon 20H-ecdysone treatment, we analyzed the RNA-Seq
results. As illustrated in Figure 3B and in Supplementary fig 1,
promoters of the A, F, and H transcripts of DHR3 and the C, D,
G, H, I, J, and K transcripts of Hr4 are functional in the 20H-
ecdysone-treated cells. To determine the precise start of transcrip-
tion, we performed 50 rapid amplification of cDNA ends (RACE)
analysis for each gene after activation (the results are provided in
the Materials and Methods section). Determination of the pro-
moter positions enables us to describe the properties of RNA
polymerase II recruitment during DHR3 and Hr4 gene activa-
tion. Chromatin immunoprecipitation (ChIP) analysis with

Figure 3. Ecdysone treatment activates transcription of a limited number of genes in S2 Schneider cells. (A) A set of genes exhibiting activated transcrip-
tion (more than threefold) in S2 Schneider cells one hour after 20-hydroxyecdysone treatment as revealed by RNA-seq analysis. The lines with genes
that have a peak in their expression profile during puparium formation are indicated with a gray color. The names of the genes previously described as
participants of ecdysone activation are noted in bold. (B) Transcription activation at DHR3 and Hr4 loci in S2 Schneider cells after one hour of 20-hydrox-
yecdysone treatment determined by RNA-seq analysis. The coordinates of the x-axis correspond to the BDGP5.78 version of the Drosophila genome. The
y-axis represents the read density at the corresponding genome regions.
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specific antibodies against total and elongation-specific (CTD
Ser2 phosphorylated) forms of RNA polymerase II helped us to
determine the modes of gene activation. RNA polymerase II sta-
tus on the activated promoters of DHR3 and Hr4 was deter-
mined every 10 minutes for one hour after 20H-ecdysone
treatment (Figs. 4A and B). We demonstrated that both DHR3
and Hr4 gene promoters contain a significant amount of RNA
polymerase II before transcription induction. Transcriptional
activation resulted in a doubling in the total amount of RNA
polymerase II (Pol II total) at the promoters of the investigated
genes. However, the amount of elongating form of the RNA
polymerase II (Pol II Ser2(P)) at the promoters was increased by
fivefold and sixfold for the DHR3 and Hr4 genes, respectively.
We assume that the pre-recruited RNA polymerase II that binds
the promoters of the studied genes in their inactive states exists in
the hypophosphorylated form. Phosphorylation of the CTD
Ser2 of RNA polymerase II significantly increases after DHR3
and Hr4 activation and reaches a plateau in 20 minutes. We con-
sider this time point as the termination of the initiation stage of
transcription, which leads to the formation of the RNA polymer-
ase II complex that is capable of elongation. This conclusion is
supported by the observed increase in the RNA polymerase II
level at the coding regions of the DHR3 and Hr4 genes
20 minutes after transcription activation (Figs. 4C and D).

Altogether, the DHR3 and Hr4 promoters are prepared for forth-
coming transcription and become functional 20 minutes after
ecdysone treatment.

To further clarify the RNA polymerase II status at the DHR3
and Hr4 promoters, we analyzed the CTD Ser2 phosphorylated
and total Pol II at the Hsp70 promoter in untreated S2 Schneider
cells (corresponding to the 0 min time point) (Fig. 4E). The
ratio between the CTD Ser2 phosphorylated and total forms of
RNA polymerase II at the DHR3 and Hr4 inactive promoters
were quite close to the value obtained for the inactive Hsp70 gene
promoter (Fig. 4F). As transcription of the Hsp70 gene was pre-
viously shown to be regulated through RNA polymerase II pro-
moter-proximal pausing, which is triggered by CTD Ser2
phosphorylation, we assume that transcription of our model
genes are governed by the same mechanism.

DHR3 and Hr4 gene expressions is activated uniformly in
cell population

The validity of standard techniques, such as reverse transcrip-
tion polymerase chain reaction (RT-PCR), ChIP, and chromatin
conformation capture (3C) for investigation of the transcription
activation could be questioned given the heterogeneity of these
processes in a cell population.21 Indeed, changes in the ratio of
induced/uninduced cells could significantly impair results and

Figure 4. DHR3 and Hr4 promoters are regulated via a Pol II pausing mechanism and activated 20 minutes after ecdysone treatment. ChIP analysis of the
total (A and C) and the CTD Ser2 phosphorylated (B and D) RNA polymerase II recruitment on DHR3 (dark gray) and Hr4 (light gray) promoters and cod-
ing regions after transcription induction of corresponding genes with 20-hydroxyecdysone treatment. The x-axis represents the time (minutes) after 20-
hydroxyecdysone addition, and the y-axis represents the amount of precipitated DNA, which is presented as a percentage of the input. ChIP analysis of
the total and the CTD Ser2 phosphorylated RNA polymerase II (E) recruitment on the Hsp70 promoter in untreated (corresponding to 0 min point) S2
Schneider cells. All experiments were performed at least thrice. Error bars represent the accuracy of measurement. Panel (F) graphs demonstrate the ratio
between phosphorylated and total RNA polymerase II in the untreated (corresponding to 0 min point) S2 Schneider cells, which have been calculated for
the DHR3, Hr4 and Hsp70 promoters.
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demonstrate an incorrect pattern of factor recruitment or chro-
matin restructuration.

To describe the uniformity of gene activation in our inducible
model system in a cell population, we analyzed transcription of
DHR3 and Hr4 genes using the RNA fluorescence in situ hybrid-
ization (FISH) method (Figs. 5A and B). As expected, we
detected no transcription of our model genes prior to ecdysone
treatment. Two hours after transcription induction, we observed
an accumulation of DHR3 and Hr4 transcripts in all cells of the
population. This homogeneity of the gene expression response
was also confirmed at the protein level (Fig. 6A). Indeed, DHR3
and Hr4 proteins appeared in S2 Schneider cells soon after ecdy-
sone treatment and were present in all cells of the population.

A uniform course of activation
in a cell population is an impor-
tant factor for the research of
transcriptional kinetics. Thus, the
demonstrated synchronous activa-
tion of the DHR3 and Hr4 genes
is a considerable advantage of the
described model system.

Discussion

We described a system enabling
the induction of the DHR3 and
Hr4 developmental genes in S2
Schneider cells by the hormone
20H-ecdysone. Due to the fast
activation kinetics of the genes and
the simplicity of the protocol exe-
cution, we propose these genes as a

valuable model system for transcriptional research (Fig. 6B). In
fact, 20H-ecdysone induction has quite a long history of use in
molecular biology studies in both cultured cells and tissues.22-24

However, different research groups use different timings of
induction with this hormone. We suggest that a rather short
induction time, such as that utilized in this DHR3/Hr4 model
system, offers benefits compared with other systems. Only two
hours are required for the DHR3 and Hr4 genes to achieve a
high level of activation, which is an insufficient amount of time
to complete an expression cycle for any other gene. Thus, in the
proposed system, indirect effects are significantly minimized.
Fast induction in the DHR3/Hr4 system, unlike the heat shock
model, does not require an adaptation of any common labora-

tory techniques that are used for
transcription studies. The timing
of DHR3 and Hr4 transcription
activation lies within the limits
required for usage of a wide spec-
trum of methods and corresponds
to the time periods that are com-
monly described in mammalian
models. 8,9

A high 20H-ecdysone titer
was shown to maintain DHR3
and Hr4 activated transcription
in S2 Schneider cells for a long
time. This fact demonstrates that
the DHR3 and Hr4 proteins,
which are transcriptional factors
per se, do not effect expression of
their own genes. In other words,
this model system has no nega-
tive-feedback loop, which is very
common for transcriptional regu-
lation of genes controlling devel-
opment. We demonstrated that

Figure 5. DHR3 and Hr4 genes transcription is induced uniformly in the cell population. FISH analysis of
DHR3 (A) and Hr4 (B) genes transcription in S2 Schneider cells before and after 2 hours of 20-hydroxyecdy-
sone treatment. The lower panel shows an enlarged image of the corresponding FISH analysis. Images
before and after activation were made with the same exposure settings.

Figure 6. (A) DHR3 and Hr4 genes are expressed uniformly in a cell population. DHR3 and Hr4 proteins accu-
mulation in S2 Schneider cells after 5 hours of 20-hydroxyecdysone treatment as evidenced by immunostain-
ing with corresponding specific antibodies. (B) The summary of benefits of the DHR3 and Hr4 genes as a
system for transcriptional investigation.
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transcription of the DHR3 and Hr4 model genes could be rap-
idly repressed by removal of 20H-ecdysone from the culture
medium. DHR3 and Hr4 gene transcription is induced directly
by 20H-ecdysone treatment in a dose-dependent manner. These
findings demonstrate a straightforward and relatively simple
mechanism of hormone-dependent transcriptional regulation of
the DHR3 and Hr4 genes, which facilitates its study. The rapid
course of transcription reduction upon hormone withdrawal
makes the DHR3/Hr4 system potentially valuable for transcrip-
tion repression research.

In the current manuscript, we provided a list of genes exhibit-
ing transcription that is induced one hour after 20H-ecdysone
treatment. We are enabling researchers to extend the existing
model and investigate the transcription activation/repression of
other ecdysone-dependent genes. The selectivity of the impact of
20H-ecdysone on S2 Schneider cells makes it possible to assume
that a subset of these activated genes would demonstrate features
comparable to the DHR3 and Hr4 genes. This information
makes it possible to expand our model system in a short period
of time, which will make it even more reliable.

For a long time, a complete mechanism of transcription acti-
vation, including RNA polymerase II recruitment to promoters
and transcription initiation, was considered as a preferable
method of induction for most genes. Recently, it has been dem-
onstrated that RNA polymerase II promoter-proximal pausing is
a widespread and even dominant type of transcription regula-
tion.25 Although this phenomenon was discovered 2 decades ago,
the detailed molecular mechanism of this process remains unre-
solved.26,27 RNA polymerase II pausing is certainly a composite
mechanism, which is considered to be regulated by distinct pro-
tein complexes, but only 3 participants of the process have been
described to date.28 Most of the information regarding the exact
mechanism of RNA polymerase II promoter-proximal pausing in
Drosophila was obtained in the heat-shock gene system. We
believe that our finding of DHR3 and Hr4 gene regulation by the
RNA polymerase II pausing mechanism will be useful for further
investigation of the precise mechanism of this phenomenon. The
slow kinetics of DHR3 and Hr4 gene transcription activation
(compared with the heat shock system) provides researchers with
an opportunity to determine additional protein candidates that
are responsible for the release of transcription from the paused
state.

In conclusion, we would like to highlight a few prospective
applications of the described DHR3/Hr4 model system. We pro-
pose the study of transcriptional factors recruitment as a primary
application for the characterized system. Indeed, not all the
molecular participants of the transcription cycle are defined.
Moreover, the particular order of transcription factors involve-
ment in this process is currently obscure. Despite recent break-
throughs in single-cell investigation techniques, transcription
activation kinetic studies on cell populations are still considered
relevant. Investigation of the protein dynamics on chromatin
during transcription induction is still an actively developing area
of research with a great potential for future breakthrough.21

Transcriptional studies in the DHR3/Hr4 system would also
be of use for broadening our understanding of the ecdysone

cascade molecular mechanism. Although this developmental cas-
cade was described a long time ago, it still remains underinvesti-
gated.29 Only the transcriptional activators, the key components
of the cascade, are relatively well described to date.11 The pres-
ence of specific transcriptional co-activators in the cascade is pos-
sible but mainly remains unknown. Some difficulties in
investigation in this area are associated with the short period of
time during Drosophila development when the ecdysone cascade
is active. Transcriptional studies in living tissues are complicated
and limited in the number of applicable research techniques.
Using the described DHR3/Hr4 gene system allows the investi-
gation of the ecdysone cascade activation in cultural cells. Thus,
the DHR3/Hr4 model system provides numerous opportunities
for investigation of ecdysone-dependent transcription by the
wide range of methods.

In addition to its fundamental value, the DHR3/Hr4 system
could be useful for some practical applications. Various systems
used for recombinant protein expression both in insects and
mammals utilize ecdysone-dependent inducible transcription as a
part of their processes.30 A detailed characterization of the previ-
ously undescribed DHR3 and Hr4 promoters could be used in
the construction of expression vectors. A possible spectrum of
applications for such constructs could be quite extensive, ranging
from the production of transgenic organisms to the quantitative
expression of potential drug proteins.31-33

Materials and methods
Protocols for Immunostaining,34 RT-PCR 15 and ChIP 35

analysis were previously described.

Experiments with S2 cell culture (ecdysone-dependent genes
induction)

Drosophila Schneider line 2 (S2) cells were maintained at
25�C in ecdysone-free Schneider’s insect medium (Sigma) con-
taining 10% FBS (HyClone). The cells were treated with
0.3 mM 20-hydroxyecdysone (Sigma, http://www.sigmaaldrich.
com/catalog/product/sigma/h5142) for ecdysone cascade initia-
tion. The influence of 20-hydroxyecdysone in the cell medium
on DHR3 and Hr4 genes activation was determined 2 hours after
hormone addition. For analysis of the repression dynamics, cells
were treated with 20-hydroxyecdysone overnight, subsequently
washed 3 times with 100-fold amount of fresh medium, and
then cultivated for the required periods of time.

Antibodies and western blot analysis
We used antibodies against DHR3,14 total Pol II 36 and phos-

phoS2 Pol II Ab5095 (Abcam, http://www.abcam.com/rna-poly
merase-ii-ctd-repeat-ysptsps-phospho-s2-antibody-chip-grade-
ab5095.html). Antibodies against Hr4 (1211-1518 aa. fragment
of C isoform NP_001033823.1) were raised in rabbits immu-
nized with the corresponding His6-tagged fragments in our labo-
ratory. An antibody against b-tubulin, obtained from M.
Klymkowsky (University of Colorado, Boulder), was from the
Developmental Studies Hybridoma Bank developed under the
auspices of the National Institute of Child Health and Human
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Development and maintained at the University of Iowa, Depart-
ment of Biological Sciences.

RNA-FISH
DHR3 and Hr4 probes for RNA-FISH were synthesized with

a DIG RNA Labeling Kit (Roche) according to manufacturer’s
instructions. S2 Schneider cells were fixed on glass slides with
3.7% FA for 10 min, permeabilized with 0.5% Triton X-100,
washed with PBT buffer and treated with Proteinase K (50 mg/
ml) for 4 minutes at 37�C. Then, the reaction was stopped with
a 2-minute incubation in glycine (2 mg/ml), and the cells were
postfixed in 3.7% FA for 20 minutes. After 1.5 hours of pre-
hybridization at 37�C, the cells were hybridized with the corre-
sponding pre-denatured RNA probe for 16 hours at 37�C in
buffer containing 5xSSC (saline sodium citrate), 50% formam-
ide, 0.1% Tween 20, 100 mkg/ml salmon sperm DNA,
50 mkg/ml heparin, and 1U/mkl Ribolock. The unbound probe
was washed from the cells by washing with 5xSSC and 2xSSC at
37�C, 2xSSC and 0.5xSSC at 55�C, and 0.5xSSC at RT. Then,
glass slides were treated with a blocking solution (1xPBS, 0.1%
Tween 20, 0.1% Triton X-100, and 1% bovine serum albumin
(BSA)) for one hour at room temperature (RT) and stained with
anti-DIG-rhodamine (Roche) for an hour at RT.

RNA-Seq
Drosophila Schneider line 2 (S2) cells were treated with

0.3 mM 20-hydroxyecdysone (Sigma) for one hour. Two biolog-
ical replicas were performed for both treated and control cells.
Total RNA was extracted with the TRI reagent (Ambion). The
PolyA comprising RNA fraction was isolated with the
NEBNext� UltraTM Directional RNA Library Prep Kit and sub-
jected to NGS by Illumina. Library preparation and NGS were
performed by the Evrogen JSC Company.

50-RACE
cDNA was synthesized and amplified with the Mint RACE

kit (Evrogen JSC) using RNA isolated from S2 Schneider cells
treated with 20-hydroxyecdysone for 2 hours as a matrix. Primers
located in first exon of Hr4 (50-TATCGATAATGGTGG
TGGCG) and DHR3 (50-ACACACTGGCACACACTCGC)
induced transcripts were used for amplification of 50 fragments.
The start site of the DHR3 gene transcripts, induced in S2
Schneider cells by 20-hydroxyecdysone hormone, is located 6
base pairs (b.p.) downstream of the previously described starts of
the A, F, and H transcripts. The start site of the Hr4 gene 20-

hydroxyecdysone-induced transcripts is located 20 b.p. upstream
of the previously determined starts of the C, D, G, H, I, J, and K
transcripts.

Primers
The following primers were used for quantitative PCR

(qPCR) detection in RT-PCR analysis: 50-CGGTTGCGAT-
TAACACGGTCC and 50- CTGCAAGGGATTCTTTCGAA-
GATC (DHR3 gene); 50-GTGCGTCTGCACAATGTTGG
and 50-GGAACAGTCCATCAGCTCCTCG (Hr4 gene); 50-
TCGGGATCTCTTGGCCTTGG and 50-GTGGCTATTC-
CATGCAAGCATCG (CG11966 gene); 50-GAATATGCT
CGTGTGATCCG and 50-ACAGCTATTTTGTTCCTGG
TCC (CG9416 gene).

The following primers were used for qPCR detection in ChIP
analysis: 50-CACGACGACAACGAACAGTC and 50-CTCAA-
TACGAGGTGTAGCTGAAG (DHR3 ecdysone-inducible pro-
moter); 50-AACAATCCACCACCGACTGG and 50-AGAGAA
CCCTCTCTTGAGCGC (Hr4 ecdysone-inducible promoter);
5-ATTCGGTTTTCGCTTAGATCTTAG and 5-CGATT
GGCTAATACAATTGGAACC (coding region of the DHR3
gene); 5-TTTATTTCGGCCTGGTTTCG and 5-TAGACTT-
GAGTGCTTGCATACTATGTGG (coding region of the Hr4
gene); 5-ACATACTGCTCTCGTTGGTTCG and 5-
TTGAATTGAATTGTCGCTCCGTAG (Hsp70 gene
promoter).

The following primers were used as probes for RNA-FISH:
50-CACATCGTTGATATCGCCATCC and 50-TCTTTC
GAAGATCGCAGAGCTCC (DHR3 gene); 50-GTGAACG-
GAACGATACTGAAG and 50-AGCTGCTCCATCGC-
TATCGG (Hr4 gene).
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