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The mechanisms of ecdysone-dependent expression have been studied for many decades. Initially, the activation
of individual genes under the influence of ecdysone was studied on the model of polythene chromosomes from
salivary glands of Drosophila melanogaster. These works helped to investigate the many aspects of the Drosophila
development. They also revealed plenty of valuable information regarding the fundamental mechanisms control-
ling the genes’ work. Many years ago, a model describing the process of gene activation by ecdysone, named after
the author — Ashburner model — was proposed. This model is still considered an excellent description of the ecdy-
sone cascade, which is implemented in the salivary glands during the formation of the Drosophila pupa. However,
these days there is an opinion that the response of cells to the hormone ecdysone can develop with significant
differences, depending on the type of cells. The same genes can be activated or repressed under the influence of
ecdysone in different tissues. Likely, certain DNA-binding transcription factors that are involved in the ecdysone-
dependent response together with the EcR/Usp heterodimer are responsible for cell-type specificity. A number
of transcriptional regulators involved in the ecdysone response have been described. Among them are several
complexes responsible for chromatin remodeling and modification. It has been shown by various methods that
ecdysone-dependent activation/repression of gene transcription develops with significant structural changes of
chromatin on regulatory elements. The description of the molecular mechanism of this process, in particular, the
role of individual proteins in it, as well as structural interactions between various regulatory elements is a matter
of the future. This review is aimed to discuss the available information regarding the main regulators that interact
with the ecdysone receptor. We provide a brief description of the regulator’s participation in the ecdysone response
and links to the corresponding study. We also discuss general aspects of the mechanism of ecdysone-dependent
regulation and highlight the most promising points for further research.
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MexaH13Mbl SKCMPEeCcrmM SKAN30H-3aBUCMbIX FTEHOB UCCERYIOTCA Ha MPOTAXKEHUM HECKONbKUX AecATuneTuin. Uc-
XOLHO aKTMBaLMs TPAHCKPUMLMKN OTAENbHbIX FeHOB NMoj, BO3AENCTBEM SKAM30Ha Obina UccnefoBaHa Ha MOAeNM
NONNTEHHbIX XpoMocoM Drosophila melanogaster. 311 paboTbl TOMOTIN U3YUYUTb MHOTOUMCIIEHHbIE aCNeKTbl Pa3Bu-
VA BP030dUNbI 1 BbIABUIN LLEEHHYO MHOOPMALIIO OTHOCUTENBHO GyHAAMEHTANbHBIX MEXaHWU3MOB, YNPaBAAOLLMX
paboToi reHoB. Mogenb, onucbiBaloLlas MNPoLecc akTUBaLUN reHOB SKAN30HOM, Oblfla NpeanoXeHa elle MHOro
neT Ha3aj 1 Ha3BaHa No numeHu ee aBtopa — Ashburner model. [laHHaa mopenb [o cuMx Nop cunTaeTcA npekpac-
HbIM OMMCaHNEM 3KAM30HOBOIO KacKaza, KOTOPbIV peanusyeTca B CIIOHHBIX Kene3ax Bo Bpemsa GopmrpoBaHua
KyKonku apo3odunbl. OfHAKO K HacTosALeMy BpeMeHU chopMMpPOBanocb NOHUMaHKE TOro, YTO OTBET KNEeTOK Ha
3KAM30H MOXET Pa3BrBaTbCA Pa3HbIM 06Pa3oM B 3aBUCUMOCTY OT TuMa KNeTok. o Bo3aencTBMeM 3KAN30Ha O4HM
1 Te Xe reHbl MOryT aKTMBMPOBATLCA WU PENPeccMpoBaTbCcA B KNeTKax pasfMyHoro npoucxoxaenus. Cyga no
BCEMY, 3a TaKyto TKaHecneundnyHoCTb oTBeYatoT onpegeneHHble JHK-cBA3bIBaloWMe TPAHCKPUNLMOHHbIE GpaKTo-
Pbl, KOTOPble BOBJIeUEHbl B 9KAN30H-3aBMCMMbIV OTBET BMecTe ¢ EcR/Usp retepogmmepom. Ha cerogHAWHNN fieHb
OMNMCaHO MHOXECTBO TPAHCKPUMLMOHHbIX PeryisTopoB, BOBEUEHHbIX B NMPOLECC 3KAN30HOBOro oteeta. Cpeau
HUX HECKONbKO KOMMEKCOB, OTBETCTBEHHbIX 3@ peMofennpoBaHue n MogndukaLmno xpomatHa. PasnnyHbimm me-
TofAamMm GblfIo MOKa3aHo, YTO SKAM30H-3aBUCMMas aKTBaUMA/penpeccms TPaHCKPUNLMM FeHOB NPOTEKAEeT CO 3Ha-
YNTENBbHBIMY CTPYKTYPHBIMY N3MEHEHUAMY XPOMATUHA HA PEryNATOPHbIX d1eMeHTax. OnvcaHne MONeKynspHOro
MeXaHV3Ma 3TOro NpPoLecca, B YaCTHOCTM POJIM B HEM OTAESbHbIX 6EJIKOB, a Tak»Ke CTPYKTYPHbIX B3aUMOLENCTBIN
MeXAy PasnUYHbIMU PETYNATOPHBIMY 3fIeMeHTamMK, — Aesnio byayulero. Llenblo Hawero o63opa ABnsieTcs obcyxae-
Hue nmetoLenca nHGopPMaLMy OTHOCUTENTIBHO PEryNATOPOB TPAHCKPUNLMY, B3aUMOLENCTBYIOLLMX C SKAN3OHOBLIM
peuenTopom. MprBeaeHO KpaTkoe onmcaHne MexaHv3ma yyacTus perynsatopa B dKAM30HOBOM OTBETE, a TakXke
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CCBINIKN Ha COOTBETCTBYIOLee nccnefoBaHue. ObcyxpaloTca obLye acnekTbl MexaHV3Ma 3KAW3OH-3aBUCUMON
perynaumm TpaHCKpUNummu B cBeTe NOCeAHUX UCCNIEA0BaHNI 1 BbiaeNeHbl Hanbonee NepcrnekTMBHbIE MOMEHTbI,
KOTOPbIE KaXXyTCA HAM UHTEPECHBIMU NA faNibHelLIero nyyeHus.
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nposoduna.

Introduction
For the first time, a pure hormone that controls the metamor-
phosis of insects, was isolated in 1954 (Butenandt, Karlson,
2014). Some time later its biological activity and role in the
formation of the Drosophila pupa was confirmed (Chihara et
al., 1972). Further, on the experimental model of the polytene
chromosomes of Drosophila melanogaster, the role of the ec-
dysone in the transcriptional activation of developmental genes
was discovered (Ashburner, 1971; Ashburner et al., 1974).
The studies of drosophila polytene chromosomes had led to
the description of ecdysone cascade (Zhimulev et al., 2004).
The concept of the cascade is that ecdysone action on the
cells results in the activation of a number of “early” genes
important for the process of metamorphosis. Products of
these genes in turn are transcriptional regulators that activate
subsequent target genes. Many years have been required for
researchers to uncover the genes participating in the ecdysone
cascade (Thummel, 2002). These studies have led to the fact
that currently the main transcription activators of the ecdysone
cascade genes (which are mainly nuclear receptors) have been
studied quite well. Moreover, the functions of the products of
the target genes that they induce have also been investigated.
The rather poorly studied part of ecdysone-dependent tran-
scription regulation is the molecular mechanism controlling
the activation and repression of target genes, which would
include a description of the transcriptional complexes involved
in it, as well as the specifics of RNA polymerase II functioning
during this process.

Ecdysone-binding complex

More than two decades ago, the molecular sensor of Dro-
sophila cells — EcR ecdysone receptor — was isolated and
cloned (Koelle et al., 1991). It was found that this protein is
able to bind to DNA regulatory elements that determine ec-
dysone sensitivity (EcRE, ecdysone-response elements) and
stimulate ecdysone-dependent activation of gene transcription
in reporter systems (Antoniewski et al., 1993). The expression
profile of the gene encoding ecdysone receptor during the de-
velopment of Drosophila coincides in time with the expression
ofthe ecdysone cascade genes. The ecdysone receptor belongs
to the nuclear receptors, transcription regulator proteins that
directly bind to the DNA regulatory elements of their target
genes (King-Jones, Thummel, 2005). Quickly enough after
the isolation of the gene, encoding EcR in Drosophila, it was
found that the expression of this receptor in mammalian cells
may result in the ability of these cells to support the expression
of ecdysone-dependent reporter systems (Christopherson et
al., 1992). The applying of an ecdysone receptor to control
the inducible transcription of transgenes in mammalian cells
has become quite widespread due to the high specificity of
transcription activation mechanisms. The ligand-binding part
of the ecdysone receptor served as the basis for the creation
of numerous chimeric transcription activators, whose activity
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depends on the presence of ecdysone and is insensitive to other
types of steroid hormones (No et al., 1996).

In Drosophila cells, the functional ecdysone response sen-
sor is a heterodimer formed by an ecdysone receptor with the
nuclear receptor Ultraspiracle (Usp). It has been shown that
this heterodimer, but not the ecdysone receptor itself, is able
to bind ecdysone hormone effectively (Yao et al., 1993). The
interaction of the ecdysone receptor with DNA in vivo also
occurs better if it is a part of the heterodimer. Mutations in
the gene encoding the Usp receptor lead to disruptions in the
development of Drosophila, namely the process of formation
of the pupa controlled by the ecdysone cascade (Hall, Thum-
mel, 1998). The usp gene mutants demonstrate a damage of the
larval cuticle (the formation of a bilayer cuticle due to molting
problems), as well as the problems with differentiation of the
imaginal discs and with the launch of a cell death program
for the salivary glands and the larval intestin.

Using X-ray analysis, the three-dimensional structure of
the ligand-binding domains of EcR and Usp receptors was
first established in complex with an ecdysone analogue —
ponasterone A (ponA), and then with a 20-hydroxyecdysone
(Billas et al., 2003; Browning et al., 2007). The ligand-binding
pocket for ecdysone hormone is formed entirely by the amino
acids of the EcR receptor. Probably, the stimulating role of
Usp during the interaction of the heterodimer with ecdysone
is to create the necessary stable conformation of the ligand-
binding domain of EcR.

EcR and Usp heterodimer is a highly specific sensor of
ecdysone and its active metabolite 20-hydroxyecdysone. It is
unable to bind other ecdysteroids found in insect hemolymph
(Baker et al., 2000). The ability to non-selectively bind ecdy-
steroids has been found for another nuclear receptor DHR38
(Baker et al., 2003). Interestingly, to form an active complex
with various ecdysteroids, the DHR38 receptor interacts with
Usp, a partner of the EcR receptor. The discovery of the abil-
ity of the DHR38 receptor to bind ecdysteroids explained the
presence of morphological differences between mutations of
the ecr and usp genes. Mutations of the dhr38 gene, as well
as of the usp gene, show disruption of the cuticle formation,
which is not observed in mutations of the ecr gene.

Ecdysone-dependent genes are activated repeatedly dur-
ing the development of Drosophila. Interestingly, the set of
ecdysone-induced genes at different stages of development
has some differences. Thus, the €93 gene directly induced
by ecdysone is activated in the process of metamorphosis
only at the secondary ecdysone peak several hours after the
formation of the pupa. It was shown that the activation of the
transcription of the €93 gene requires a special “competence”
of the cells — the expression of betafiz-fI early-late gene of
the ecdysone cascade. The lack of this transcription factor
in the third larval stage explains the insensitivity of the €93
gene to ecdysone in the late third larval stage (Broadus et al.,
1999). The exogenous expression of the fiz-f1 in the larvae
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restores the ability of the 93 gene to be induced by ecdysone
(Woodard et al., 1994).

Reiterative expression of ecdysone-dependent genes in
development suggests the existence of effective mechanisms
for suppressing the transcription of previously activated genes.
It is believed that the main role in this process is played by
the products of the genes of early ecdysone response. Their
activity as transcriptional repressors for EcR receptor gene and
for some other early response genes forms negative feedback
loops in the ecdysone cascade. One of these genes products,
the E75A protein, is a transcriptional repressor of the ecr and
br-c genes (Johnston et al., 2011). Interestingly, its activity
as a repressor depends on the intracellular concentration of
NO. Only heme of the E75A protein, not bound with NO, is
able to interact with SMRTER and repress the transcription
of target genes. The EcR receptor itself is also able to interact
with the SMRTER protein, which is a repressor of ecdysone
genes (ecdysone effects the ECR-SMRTER complex in the way
that leads to the removal of the repressor from the complex)
(Tsai et al., 1999). The smrter gene mutations, as well as
the ecr gene mutation, disrupting the interaction of EcR and
SMRTER, demonstrate the important role of this repressor in
regulating the ecdysone and Notch signaling pathways that
control the development of Drosophila (Heck et al., 2012).

Recently, an alternative mechanism for repression of ecdy-
sone-dependent genes transcription has been proposed. It was
shown that the dMi-2 factor can replace the Usp in the EcR-
Usp heterodimer to perform repression of the genes of ecdy-
sone response (Kreher et al., 2017). Moreover, overexpression
of dMi-2 is even able to displace Usp from its complex with
EcR. Interestingly, during activation of ecdysone-induced
genes transcription, an increase in the level of dMi-2 binding
to regions of inducible genes is observed (Kreher et al., 2017).
Perhaps repressor recruitment protects ecdysone genes from
transcription activation being too high and is needed to pre-
pare the gene for ongoing transcriptional repression. Similar
properties were found by us earlier for another protein of the
CHD group — CHD1. We showed that CHD1 is a transcrip-
tional repressor for dhr3 and hr4 ecdysone genes of early
response, but it is recruited to the promoter of these genes
in the first minutes after activation of their transcription by
ecdysone, together with transcription coactivator complexes
(Mazina et al., 2018).

General aspects of ecdysone-dependent
transcription regulation
The molecular mechanisms of ecdysone-dependent activa-
tion of transcription are still badly understood because of
the complexity of performing the experiments on individual
Drosophila tissues at different stages of development. Mecha-
nisms of gene activation are understood as the description of
regulators recruitment to the promoters and activation-induced
modifications of regulatory proteins and the main enzyme,
RNA polymerase II. The presence of a model system of poly-
tene chromosomes in Drosophila allowed researchers to study
the transcription mechanisms for individual genes long before
the appearance of whole-genome research tools ( Belyaeva et
al., 1981; Ashburner, 1990; Gonzy et al., 2002).

It was found that the puffs of ecdysone genes (in particu-
lar, br, e74, ¢75) in the active state are filled exclusively with
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phosphorylated form of RNA polymerase I and practically
do not contain the enzyme in the non-phosphorylated state
(Weeks et al., 1993). This may indicate, firstly, that the elon-
gation of transcription at the active ecdysone genes is carried
out by the fully phosphorylated form of RNA polymerase II,
and, secondly, that during the active phase of the transcrip-
tion, the non-phosphorylated enzyme is not recruited, but the
phosphorylated form is being re-utilized. The well-known
transcription timing of the ecdysone cascade genes in the
salivary glands allows it to be used as a model system for
studying the participation of proteins in various stages of
the transcription process (preparation for it or during active
transcription) (Brandt, Corces, 2008).

Unfortunately, it is difficult to investigate the detailed
mechanisms of developmental genes transcription activation
in tissues. Therefore, much of the research on the mechanisms
of ecdysone response was carried out in the experimental
system of cultured cells. An important aspect of such studies
is the fact that the response of cells to treatment with ecdy-
sone can vary significantly (depending on the presence of
additional transcriptional regulators in a particular cell type)
(Stoiber et al., 2016). These differences can be so significant
that the same gene (for example, CG9932 in the last study)
can be activated under the influence of ecdysone in some cells
and be repressed in others. This result is quite expected. The
fact is that the ecdysone cascade controls the development of
Drosophila, namely the transition between different stages.
At the same time, the ecdysone cascade can be activated
simultaneously in various tissues of the body. Obviously, the
development of different organs requires specific patterns of
gene activation, that is, the presence of different targets for the
ecdysone receptor, depending on the type of tissue.

Several years ago, information began to appear about the
possibility of ecdysone-dependent genes regulation by the
RNA polymerase II pausing mechanism. It was found that the
known factors of RNA polymerase Il pausing, NELF and GAF,
are associated with ecdysone-dependent promoters of the ecr
gene (Lee etal., 2008; Fay et al., 2011). Later our group found
that the activation of transcription of ecdysone-dependent dhr3
and /r4 genes in S2 Drosophila cells occurs by stimulating
the phosphorylation of RNA polymerase II, associated with
the promoters in their inactive state (Mazina et al., 2015).
Later, in genome-wide experiments, we showed that such an
activation mechanism is inherent to many ecdysone-dependent
genes (Mazina et al., 2018).

Of course, whole-genome research methods have brought
a lot of valuable information concerning the mechanisms of
transcription regulation of ecdysone-dependent genes. Thus,
relatively recently, the distinctive features of ecdysone-
dependent enhancers were characterized by the STARR-Seq
whole-genome method in S2 cells (Shlyueva et al., 2014). It
turned out that the functioning of these enhancers depends not
only on the binding of the heterodimer EcR-Usp, but also on
the binding of other transcription factors. It was shown that
the mutation of the Serpent binding site leads to a violation
of the ecdysone-dependent activity of a number of regulatory
elements in S2 cells, and a defect in the binding of traffic jam
interferes with the activity of enhancers in the ovarian cells.
Shlyueva and colleagues also showed that the vast majority of
ecdysone-dependent enhancers are areas of closed chromatin
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Coregulators of ecdysone-dependent transcriptional response

Mechanism

Interacts with EcR, responsible for the incorporation
of H3K4me3 modification onto ecdysone-dependent
promoters

Interacts with EcR and Usp, links EcR signaling to Hippo
pathway

Cdk8 is important for the recruitment of the EcR-Usp
complex

Interacts with EcR, mediates activation and repression
of ecdysone-dependent genes

Binds to B2 isoform of EcR specifically, activates
transcription of ecdysone-dependent eth gene

Interacts with TRR, stabilizes it and facilitates H3K4me3
incorporation at promoters

Interacts with EcR, works as histone chaperone, stimulates
incorporation of H3.3 at ecdysone dependent genes

Contributes to transcriptional memory and enhancer
looping of ecdysone-dependent genes

Contributes to transcriptional memory of ecdysone-
dependent genes

Repression of ecdysone-dependent genes, involved in Pol |l
elongation and splicing processes

Interacts with EcR in ecdysone-dependent way, promotes
Histone H3 K27 acetylation at ecdysone-dependent
genes, is important for ecdysone-dependent transcription
activation

Involved in ecdysone-dependent transcription activation
(may be not connected to its H3R2 methylation activity)

Important for ecdysone dependent transcription activation
(stimulates Pol Il CTD Ser2 phosphorylation)

Interacts with EcR (complex devoid of Usp), constrains
transcription of ecdysone-dependent genes

Name FlyBase ID References Protein
of Protein complex
TRR FBgn0023518 Sedkov et al., 2003; TRR complex
Carbonell et al.,, 2013;
Pascual-Garcia et al., 2017
Tai FBgn0041092 Bai et al,, 2000; Xie et al., 2015;
Zhang etal,, 2015
ISWI FBgn0011604 Badenhorst et al., 2005; Ables, NURF
Drummond-Barbosa, 2010
Cdk8 FBgn0015618 Xie etal., 2015; Mediator
Mazina et al., 2018 (cdk8 module)
Core Homem et al., 2014; Mediator
mediator Xie et al., 2015; complex
subunits Mazina et al.,, 2018
Crc (ATF4)  FBgn0000370 Gauthier etal., 2012
lawc FBgn262976  Brandt, Corces, 2008
Ash2 FBgn0000139 Carbonell et al., 2013 TRR complex
dDEK FBgn 0026533 Sawatsubashi et al., 2010 dDEK-dCK2
complex
Nup98 FBgn0039120 Pascual-Garcia et al., 2017 Nuclear pore
Mtor FBgn0013756 Pascual-Garcia et al., 2017 Nuclear pore
basket
Putzig FBgn0259785 Kugler et al.,, 2011 Associated
with NURF
SAYP FBgn0087008 Vorobyeva etal.,, 2011,2012  SWI/SNF
Snril FBgn0011715  Zraly et al., 2006; SWI/SNF
Zraly, Dingwall, 2012
Brm FBgn0000212 Zraly et al., 2006; SWI/SNF
Mazina et al., 2018
Neiire FBgn0261617 Kirilly et al., 2011;
(CBP/p300) Bodai et al., 2012;
Mazina et al., 2018
DART1 FBgn0037834 Mazinaetal, 2018
Antimeros  FBgn0010750 Mazina et al., 2018 PAF complex
(Paf1)
Mi2 FBgn0262519 Kreher et al., 2017 NURD
SMRTER FBgn0265523 Tsai et al., 1999; Johnston
etal., 2011; Heck et al., 2012
DOR FBgn0035542 Francis et al., 2010

in an inactive state. Thus, the process of ecdysone-dependent
activation of transcription probably involves the remodeling
of chromatin on regulatory elements. This observation was
confirmed recently by other researchers. It turned out that the
remodeling and opening of chromatin on enhancer regulatory
elements are the most important steps in controlling the start
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of transcription of at least for some ecdysone-dependent genes
(Uyehara et al., 2017). Disruption of chromatin remodeling on
enhancers can interfere with the process of gene activation, or
lead to their untimely transcription. Interestingly, many genes
involved in the ecdysone cascade are the very proteins that
control chromatin density on enhancers at different stages of
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development. It was shown that the €93 gene, a well-known
participant of the ecdysone cascade, can take part in both
the opening and closing of chromatin on enhancers of genes
expressed in wing tissue. Unfortunately, at the moment it is
not clear at what stage e93 interferes with the remodeling
process: is it the initiator of the process, or does it play a role
in its progression.

Various groups of researchers have demonstrated that the
efficiency of ecdysone activation depends on the number
of ecdysone response regulatory elements in the activated
gene (Bernardo et al., 2014; Shlyueva et al., 2014). The
3C (chromatin conformation capture) analysis reveals the
presence of interactions between ecdysone-dependent regu-
latory elements and inducible gene promoters. Probably, the
ecdysone-dependent activation of transcription proceeds as
a complex multi-component process involving transcription
proteins associated with various regulatory elements. Experi-
ments on individual genes demonstrate the involvement of the
EcR receptor in the process of remote interactions between
DNA elements (Bernardo et al., 2014). However, additional
investigations are required to establish whether this statement
extends to other ecdysone-dependent genes and what are the
additional participants of this particular process.

Coregulators of ecdysone-dependent
transcriptional response

At present, quite a lot of transcription regulator proteins
participating in ecdysone-dependent transcription has been
shown. Thorough screenings were even performed to find
the complete set of such regulators (Davis et al., 2011).
Unfortunately, there is relatively little information about the
mechanisms of participation of these regulators in the ecdy-
sone response. In a table, we collected information on the
most studied ecdysone response regulators.

Perspectives

Despite the fact that the process of ecdysone-dependent tran-
scriptional regulation has been under thorough examination
for many decades, many aspects of it still remain unclear. One
of them is the type of transcriptional regulation of ecdysone-
dependent genes. Currently, it is known that transcription
activation can be carried out by stimulating many stages of
this process: recruitment of RNA polymerase 11, initiating the
synthesis of mRNA and stimulating polymerase withdrawal
from the promoter, the phase of Pol II transition into the stage
of productive elongation. It would be extremely interesting
to establish which stages of regulation and in what propor-
tion are utilized by ecdysone-dependent genes. An equally
interesting question is whether the way of regulating the
same genes changes at different stages of development or in
different tissues.

Currently, quite a few ecdysone-dependent transcription
regulators are described. Unfortunately, for the most of them
the molecular mechanism describing their involvement in the
process is either not investigated at all or not studied in suf-
ficient detail. The most important aspect of the study of these
regulators will be a comparison of their functions on different
ecdysone-dependent genes. Already available information
demonstrates that the molecular mechanism of activation
may be different even for genes that are activated at the same
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stages of the ecdysone cascade. Probably, it is this plasticity of
the ecdysone response regulation that allows it to become the
leading element controlling the development of Drosophila.
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