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Abstract. The correct deployment of genetic programs for development and differentiation relies on finely coordi-
nated regulation of specific gene sets. Genomic regulatory elements play an exceptional role in this process. There
are few types of gene regulatory elements, including promoters, enhancers, insulators and silencers. Alterations of
gene regulatory elements may cause various pathologies, including cancer, congenital disorders and autoimmune
diseases. The development of high-throughput genomic assays has made it possible to significantly accelerate the
accumulation of information about the characteristic epigenetic properties of regulatory elements. In combination
with high-throughput studies focused on the genome-wide distribution of epigenetic marks, regulatory proteins
and the spatial structure of chromatin, this significantly expands the understanding of the principles of epigenetic
regulation of genes and allows potential regulatory elements to be searched for in silico. However, common experi-
mental approaches used to study the local characteristics of chromatin have a number of technical limitations that
may reduce the reliability of computational identification of genomic regulatory sequences. Taking into account the
variability of the functions of epigenetic determinants and complex multicomponent regulation of genomic ele-
ments activity, their functional verification is often required. A plethora of methods have been developed to study
the functional role of regulatory elements on the genome scale. Common experimental approaches for in silico iden-
tification of regulatory elements and their inherent technical limitations will be described. The present review is fo-
cused on original high-throughput methods of enhancer activity reporter analysis that are currently used to validate
predicted regulatory elements and to perform de novo searches. The methods described allow assessing the func-
tional role of the nucleotide sequence of a regulatory element, to determine its exact boundaries and to assess the
influence of the local state of chromatin on the activity of enhancers and gene expression. These approaches have
contributed substantially to the understanding of the fundamental principles of gene regulation.
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AHHOTaumA. KoppeKTHoe pa3BepTbiBaHMe reHeTUYeCckux nporpamm passutua u anddepeHUMpPOBKY onmpaeTca
Ha TOHKO KOOPAUHMPOBaHHYIO PEryNALMIO SKCNpeccun crneunduyecknx Habopos reHoB. VIcKnoumnTenbHyo ponb B
ynpasieHUN 3TUM NPOLIECCOM UTPAIOT PEFYIATOPHbBIE S/IEMEHTbI FEHOMA, K KOTOPbIM OTHOCATCA MPOMOTOPbI, SHXaH-
cepbl, UHCYNATOPbI 1 caitneHcepbl. HapyLieHna B nx pabote MOryT NpuUBOAUTL K Pa3BUTUIO Pa3fIyHbIX NAaTONOMN,
BKJ/lOYaA OHKoNornyeckne 3aboneBaHus, NOPOKN PasBUTHA U ayTOMMMYHHble 3aboneBaHusA. Pa3Butrne TexHonorui
BbICOKOMPOW3BOANTENBHOrO FTeHOMHOTO aHanM3a NMo3BONUIIO 3HAUUTENIBHO YCKOPUTL HakomnieHne nidopmaumny o
cneuneUUHbIX SMUreHETUYECKMX XapaKTePUCTMKAX PEryIATOPHbIX 371IeMEHTOB. B COBOKYMHOCTM C MOTHOF@HOMHbIMU
nccnefoBaHNAMM pacnpefeneHns SNUreHeTUYECcKX METOK, PEryNATOPHbIX GeIKOB U MPOCTPAHCTBEHHOW CTPYKTY-
bl XpOMaTUHA TaKMe AaHHble 3HAUNTENIbHO PACLLNPAIOT NPeLCTaBAeHNA O MPUHLMMNAX SNUFEHETNYECKON Perynaumum
reHOB 1 MO3BONAIT OCYLLECTBATb MONCK NOTEHLMANbHBIX PEryNATOPHBIX N1eMeHTOB in silico. BmecTe ¢ Tem OCHOB-
Hble 3KCMepUMeHTanbHble MOAXOAbI, UCMONb3yeMble AfIA UCCEAOBaHMA NOKaNbHbIX XapaKTepPUCTMK XPOMaTVHa,
MIMeIOT PAA TEXHUYECKMX OFPaHNYEHNIA, KOTOPble CHMXKAIOT JOCTOBEPHOCTb O1IOMHbOPMaTNUECKON NAeHTdUKaLN
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perynaTopHbIx obnacTeil reHoMa. B ¢BA3W € 3TnM, a TakkKe C yYeTom BapuabenbHOCTU GYHKLMIA SMMreHeTUYeCcKmnX
OETEPMUHAHT U MHOTOKOMIMOHEHTHOW peryasaumm paboTbl 31eMEeHTOB reHoMa onpefesneHmne Ux PeryasTopHon ponmv
yacTo TpebyeT GYHKLMOHaNbHOM NpoBepKu. Pa3paboTaHO MHOXECTBO METOAOB, MO3BOMAILLVX NPOBECTU UCCIe0-
BaHVvie GyHKUMOHANbHOW PO PErynAaTOPHbIX 3/1eEMEHTOB B MacluTabe reHoMa. B HacTosAwem 063ope KpaTKo onvca-
Hbl OCHOBHbIE 3KCMeprMeHTaslbHble NMOAXOAbl ANA NPOBeAeHUs NAEHTUGUKALMN PerynaTOPHbIX 3N1eMeHTOB in silico
1 MpUcyllrie UM TeXHUYECKne orpaHuyeHuns. PaccMoTpeHbl opurMHanbHble MeTObl BbICOKOMPOWU3BOANUTENBHOIO
penopTepHOro aHanr3a akTMBHOCTW SHXaHCEPOB, KOTOPbIE NCMONb3YIOT AN1A BanMAaLMmM NpeAckasaHHbIX peryns-
TOPHbIX 3NEMEHTOB 1 de novo nowvicka. OnrcaHHble METOAbI aHaNN3a JaloT BO3MOXKHOCTb OLEHUTb QYHKLMOHANbHYI0
pOosib HYKNEOTUAHOW MOCIef0BaTeNbHOCTY PETYNIATOPHOrO 3/1IeMEeHTa, ONpeenuTb ero TOUHbIe MPaHULbI, a TakKe
OLIEHUTb BAVSHME JIOKAJIbHOTO COCTOAAHMA XPOMATUHA Ha aKTUBHOCTb SHXaHCEPOB 1 SKCMPeccuto reHoB. MpumeHe-
HIie TaKUX METOA0NIOMNMYECKNX NOAXOA0B 06eCneunnio 3HaunTeNbHbI BKNaA B MOHMMaHMe byHAaMeHTanbHbIX NPYH-

LnnoB perynaynmn reHHom aKCnpeccnn.

KnioueBble croBa: PErynaTopHble€ 3N1€MEHTbl FTEHOMAa; SHXaHCEPbI; BbICOKOMNPON3BOAUTEJIbHbIE METObl aHa/ln3a.

Introduction

The progress of programs for the development and mainte-
nance of body functions is based on the expression of gene
sets specific to cells and tissues. The gene expression is
coordinated by a multilevel regulatory system that includes
genetic and epigenetic mechanisms based on the interaction
of genomic sequences, epigenetic modifications, regulatory
proteins, and specific transcription factors. Certain genomic
regions associated with the specific epigenetic determinants,
as well as serving as a site for attracting regulatory proteins,
are capable of modifying gene expression. Such regulatory
elements in the genome play a key role in the implementation
of genetic programs for development, differentiation, and
maintenance of cellular and tissue homeostasis (Phillips-
Cremins, Corces, 2013; Andersson et al., 2014; Kundaje
etal., 2015).

Dysfunction of genomic regulatory elements may lead to
the development of various pathologies, including cancer,
developmental defects and autoimmune diseases (Maurano
et al., 2012; Corradin et al., 2014; Miguel-Escalada et al.,
2015; Bradner et al., 2017; Chatterjee, Ahituv, 2017 ). The
genome wide association studies show that more than 90 %
of disease-associated single nucleotide polymorphisms are
located in non-coding genomic regions (Manolio et al., 2009;
Maurano et al., 2012). The significant part of the genomic
variants are located in regions that show epigenetic charac-
teristics of enhancers, as well as affect enhancers, specific for
the cell lines involved in the disease pathogenesis (Ernst et
al.,2011; Akhtar-Zaidi et al., 2012; Trynka et al., 2013). The
genetic variants associated with the development of type 2
diabetes (T2D), which were located in regions of putative
enhancers in pancreatic islets, can be a good example (Stitzel
et al., 2010; Pasquali et al., 2014).

Today, a lot of information is available regarding the
specific properties of the epigenetic regulatory elements
that alleviate identification of potential regulatory genomic
regions in silico (Ernst et al., 2011). However, the validation
and functional characterization of the regulatory elements
often requires direct experimental verification. The classic
methods are different modifications of reporter assays and
functional mutagenesis. With the development of massively
parallel sequencing methods, methodologies that allow

studying the activity of the regulatory elements in genome-
scale have been developed.

This review will describe the existing methodological
solutions in the high-throughput analysis of enhancers that
have significantly contributed to the understanding of the
fundamental principles of their functions.

Types of regulatory elements

Several types of genomic regulatory elements, including
promoters, enhancers, insulators, and silencers are distin-
guished.

Promoters are located near the transcription start site
and serve as a DNA site where the transcription complex
is assembled. In eukaryotes, such transcription complexes
consist of the main transcription factors, RNA polymerase,
and other regulatory proteins, including those which me-
diate the interaction with enhancers (Andersson, Sandelin,
2020).

Enhancers are nucleotide sequences in genomic DNA
that contain binding sites for transcription factors and co-
factors. As part of a protein complex, enhancers can physi-
cally interact with the promoter to activate gene expression
(Shlyueva et al., 2014). Enhancers are able to regulate target
promoters from a long distance, and regardless of mutual
spatial orientation (Pennacchio et al., 2013). For example,
the ZRS enhancer, the dominant mutation of which leads
to familial forms of polydactyly, is located approximately
1 Mb from the controlled Sonic hedgehog (Shh) gene in
the mouse genome (Lettice et al., 2014). On average, the
enhancers are mapped at 20-50 Kb from the target gene in
vertebrate genomes, and at 4-10 Kb in the genome of the
fruit fly (Furlong, Levine, 2018).

The regulatory interactions network of promoters and
enhancers can be quite complex. A separate gene can share
enhancers with other genes, might be regulated either by
several enhancers or specific enhancers in different types
of cells. The Arx gene expression, for example, is con-
trolled by four enhancers in mouse brain tissue (Dickel et
al., 2018). Regulation of a gene by specific enhancers is
also observed during the development of pathologies. For
example, the Myc proto-oncogene enhancer is located in
transcription termination sites in case of pancreatic cancer.
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In case of rectal cancer, it is detected in the 5'-region of the
gene, and in case of T-cell acute lymphoblastic leukemia, it
can be found downstream of the 3'-region of the gene (Sur,
Taipale, 2016).

Studies conducted in Drosophila melanogaster have
shown that up to 30 percent of enhancers can act as remote
regulatory elements without affecting the expression of
genes located between them and target genes (Ghavi-Helm
etal., 2014; Kvon et al., 2014). This means that there must
be fine-tuned regulatory mechanisms that address interac-
tion between the target gene promoter and specific enhancer.
Today, there are several functionally intersecting concepts
describing mechanics of the promoter-enhancer interactions,
the main of which are contact formation via protein homo-
oligomers and chromatin looping, caused by the action of
motor proteins, such as RNA polymerase Il and cohesin.

The regulatory elements — insulators — play an important
role in regulation of the chromatin spatial structure. Inter-
acting with specific proteins, insulators are able to block
enhancer-promoter interaction and prevent the distribution
of repressive chromatin marks acting as barrier elements
(Kellum, Schedl, 1991, 1992; Geyer, Corces, 1992; Cali,
Levine, 1995). With the development of modern methods
of the nuclear architecture analysis, it became apparent that
the functional impact of insulators is largely determined
by their participation in the regulation of intra- and inter-
chromosomal contacts (Yang, Corces, 2011). The insulator
proteins play a key role in the formation of topologically
associated domain (TAD) (Dixon et al., 2012). Such frag-
ments are characterized by a high frequency of internal
DNA contacts and are often flanked by the binding sites of
insulator proteins and actively transcribed genes (Phillips-
Cremins et al., 2013; Rao et al., 2014). Along with the
regulation of the nucleus spatial structure, insulators are
involved in many regulatory processes, including activation
and repression of the gene expression, alternative splicing,
and RNA polymerase pausing (Shukla et al., 2011; Paredes
et al., 2013; Phillips-Cremins, Corces, 2013).

The silencers function is to suppress the gene expression,
and such repression is mainly implemented by establishing
repressive chromatin state and competition with activating
proteins (Li et al., 2004; Srinivasan, Atchison, 2004; Har-
ris et al., 2005; Lanzuolo et al., 2007; Tiwari et al., 2008).

Identification of regulatory genomic elements
The development of modern methods of high-throughput
analysis has significantly accelerated and simplified the
search for potential regulatory elements. The assumptions
about the possible regulatory role of a genomic region are
usually based on several types of data, including: (1) DNA
accessibility for regulatory proteins, (2) presence of charac-
teristic epigenetic determinants, (3) evaluation of gene ex-
pression and (4) analysis of DNA contacts.

Active regulatory elements are associated with specific
proteins, and, hence, are free from nucleosomes. The treat-
ment of genomic DNA with DNase I (DNase-seq), micro-
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coccal nuclease (MNase-seq) and Tn5 transposase (assay
for transposase-accessible chromatin, ATAC-seq), followed
by high throughput sequencing and FAIRE-seq method, is
used to identify such nucleosome-free loci (Nagy et al.,
2003; Gaulton et al., 2010; Song, Crawford, 2010; Buen-
rostro et al., 2013). The listed methods are used for iden-
tification of putative enhancers, insulators, and silencers;
however, to determine functional class of detected regulato-
ry element, data on DNA accessibility should be combined
with other descriptive data, e. g. chromatin properties (Song
etal., 2011; Murtha et al., 2014; Huang et al., 2019).

The genomic mapping of the chromatin characteristic
factors and histone modifications is also used to identify
individual classes of regulatory elements. The basic method
for assessing the representation of such epigenetic determi-
nants in a particular genomic region is the chromatin im-
munoprecipitation followed by massive parallel sequencing
(ChIP-seq). Promoters are enriched in H3K4me3 histone
mark (Bernstein et al., 2005). Monomethylation at the same
position of the H3 histone (H3K4mel) is associated with
enhancers, and the simultaneous presence of the H3K27me3
modification indicates that the enhancer might be poised for
activation, while the H3K27ac modification indicates that the
enhancer is active (Heintzman et al., 2007; Creyghton et al.,
2010; Rada-Iglesias etal.,2011; Bonn et al., 2012; Arnold et
al.,2013). Enrichment in the p300 histone acetyltransferase
is characteristic of the enhancers (Visel et al., 2009). Map-
ping of specific transcription factors is also used to identify
enhancers. For example, DNA regions enriched by the active
enhancer histone marks, the Mediator complex proteins and
the Oct4, Sox2, Nanog, KIf4, Esrrb master regulators are
called super-enhancers and control the expression of tissue-
specific sets of genes in embryonic stem cells (Whyte et al.,
2013). To identify insulators in vertebrates, the genomic
distribution of the CTCF protein and cofactors involved in
the formation of loops, such as Rad21 and Y'Y, are analyzed
(Dixonetal.,2012,2015; Noraetal., 2017; Rao etal.,2017).
Silencers are enriched by the H3K27me3 histone modifica-
tion associated with the effect of repressive Polycomb group
proteins, as well as the H3K9me2/3 modifications related to
heterochromatin (Barski et al., 2007).

The spatial organization of the nucleus mediates the
interactions between target genomic loci and distal regula-
tory elements. The spatial chromatin structure is studied by
methods that allow to fix and analyze DNA-DNA contacts,
which originate from the 3C method (chromosome confor-
mation capture) (Dekker et al., 2002; Tolhuis et al., 2002).
The most widely used HiC method allows to build DNA
genome-wide contacts map, in contrast to earlier methods
(Gavrilov et al., 2009; Lieberman-Aiden et al., 2009).
Combinations of chromatin spatial structure analysis and
chromatin immunoprecipitation-based methods (ChIA-PET,
HiChIP, and PLAC-ChIP) make it possible to establish DNA
contacts in genomic regions which are specifically enriched
in specific chromatin proteins or histone modifications
(Fullwood, Ruan, 2009; Fang et al., 2016; Mumbach et al.,
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2016). Analysis of the DNA-DNA contacts allows identi-
fying promoter-enhancer interactions, defining borders of
the topologically associating domain and larger chromatin
compartments.

The data on the epigenetic characteristics and spatial
genomic organization of model objects are available to a
wide range of researchers in ENCODE, The Epigenome
Roadmap, FANTOM and other databases (Birney et al.,
2007; Bernstein et al., 2010; Andersson et al., 2014; For-
rest et al., 2014; Kellis et al., 2014; Kundaje et al., 2015).
These data are widely used for the prediction and research
of potential regulatory elements.

However, it must be noted that the methods of analysis
of protein-DNA and DNA-DNA interactions are capable of
detecting non-functional interaction that can result in a false
positive result. Local enrichment with characteristic epige-
netic determinants detected by ChIP-seq does not necessari-
ly indicate the presence of regulatory elements in a specific
genomic region (Kvon et al., 2012). This can be due to the
fact that implementation of the regulatory element function
might require the coordinated binding of several transcrip-
tion factors, and binding of only one of them is simply not
enough (Halfon et al., 2000; Sandmann et al., 2007).

Nonfunctional transcription factor binding events can be
transient, and caused by the general DNA-binding activity
(Hammar et al., 2012). The chromatin immunoprecipitation
method detects such transient interactions since it is based on
the fixation of chromatin with formaldehyde with the forma-
tion of covalent cross-links between DNA and associated
proteins. Modifications of the ChIP method that eliminate
the need for chromatin fixation and potentially improve
the accuracy of the method have been proposed (Skene,
Henikoff, 2017; Kaya-Okur et al., 2019). A micrococcal
nuclease fused with protein A is used in the variation of the
CUT&RUN method (Skene, Henikoff, 2017). Protein A
binds with the specific antibodies to the target protein, and
micrococcal nuclease makes DNA breaks in the region of
its binding. This allows selecting short genomic fragments,
which are rich in proteins of interest, and identifying them
with high-throughput sequencing. The Tn5 transposase is
used in the CUT&TAG method instead of nuclease, which
makes it possible to simultaneously introduce DNA adapters
for massive parallel sequencing, flanking the recognition site
of the protein of interest (Kaya-Okur et al., 2019). However,
these methods have been developed recently and have not
been widely used yet.

The false positive results in the ChIP-seq experiments may
also be due to experimental variations, such as chromatin
fragmentation mode, sequencing depth, and the threshold
values for the identification of binding sites (Rye et al., 2011;
Gomes et al., 2014; Jung et al., 2014). It is also important
to note that in the presence of high- and low-affinity protein
binding sites, the ChIP-seq method predominantly detects
high-affinity ones (Nettling et al., 2016). This feature is also a
limitation of the method, since it was shown that suboptimal
binding sites for transcription factors in enhancers are needed
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for fine regulation of gene activity during development
(Crocker et al., 2015, 2016; Farley et al., 2015).

In addition to the technical limitations of experimental
methods, it is important to note that often functional regula-
tory elements demonstrate the presence of epigenetic deter-
minants, which is generally uncharacteristic for their class.
Functionally tested silencers in the K562 and HepG2B cell
cultures, according to the ENCODE database, in addition
to being enriched with the H3K9me3 and H3K27me3 re-
pressive histone modifications, also contained H3K36me3
and H3K79me?2 active chromatin histone marks (Pang,
Snyder, 2020). Due to the experimental limitations of the
methods, the variability of the functions of epigenetic de-
terminants, and the participation of many components in
the implementation of the functions of genomic elements,
the determination of their regulatory role often requires
functional verification.

Enhancer research methods

The functional role of genomic regulatory elements is com-
monly assessed with different modifications of reporter
analysis. Pioneer work where the functional role of the ge-
nomic regulatory elements was demonstrated was devoted
to the study of the enhancer of the early gene of the SV40
virus (Banerji et al., 1981). This work showed that a DNA
fragment from the 5'-end of the early gene of the SV40
virus, consisting of two 72 bp repeats, can cause 200-fold
activation of rabbit B-globin reporter gene expression in the
HeLa cells (Banerji et al., 1981).

The standard genetic constructs used for the analysis of
enhancer activity contain a reporter gene under the control
of'a minimal promoter, which confers minimal or no expres-
sion without additional activation. The genomic sequence of
the enhancer is cloned into the construct, either upstream of
the promoter or downstream of the coding sequence of the
reporter gene. The obtained construct is used to transform
cells and the change in the expression of the reporter gene
comparing to a control construct that does not contain a
potential enhancer is analyzed.

One of the first works aimed at in vivo functional test-
ing of enhancers in genome-wide scale was based on the
principles of classical reporter analysis (Kvon et al., 2014).
Around 8,000 of the D. melanogaster lines were used,
which contained a transgenic construct consisting of po-
tential enhancer, minimal promoter, and Gal4 protein gene
integrated in the same genomic region. The Gal4 expres-
sion was assessed at different stages of embryogenesis by
in situ hybridization, and 400 embryos at different stages
of development were analyzed for each potential regulatory
element. As a result, more than three thousand enhancers
have been identified. About a quarter were located in the
vicinity of regulated genes, and a little more than a quarter
were located at a distance of 20-100 Kb. On average, they
were mapped around 10 Kb from the target genes (Kvon et
al., 2014). About one third of the detected enhancers were
located in the intergenic regions of regulated genes. Subse-
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quently, it was also functionally confirmed that enhancers
are able to regulate not only nearby genes, but also ones
located through one or two genes (Kvon et al., 2014). The
data obtained have significantly expanded the understanding
of the fundamental principles of the operation of enhancers;
however, the implementation of such projects requires a
colossal amount of time and resources.

High-throughput enhancer reporter assays

The methods of high-throughput reporter analysis have
evolved from classical approaches and allow simultaneous
interrogation of thousands of regulatory sequences. There
are two principal approaches in high-throughput reporter
assays (Fig. 1). Within the first, a reporter gene contains
a DNA barcode before the polyadenylation signal, and is
placed under the control of a genomic fragment — a poten-
tial enhancer and a minimal promoter (see Fig. 1, a). In
the case of activation of the reporter gene expression, such
DNA barcode will be contained at the 3"-end of its tran-
script. After the pooling of such constructs, high-through-
put sequencing is carried out, and unique DNA barcodes
corresponding to each of the studied genomic fragments
are determined (Fig. 2). After transformation using such
constructs, the presence of DNA barcodes is analyzed by
the transcriptome sequencing (RNA-seq). The expression
level of a particular DNA barcode allows to assess activating
ability of the corresponding specific regulatory element. This
approach is used in the methods of quantitative assessment
of'the activity of genomic fragments, called MPRA (massive
parallel reporter assay), different variations of which will
be covered in this review (Kwasnieski et al., 2012, 2014;
Melnikov et al., 2012; Kheradpour et al., 2013; Maricque
etal., 2017).

The second approach allows evaluating the qualitative
ability of the genomic fragment to exhibit the enhancers’
properties. At first, a pool of genetic constructs that contain
the genomic fragment of interest, a minimal promoter, and a
reporter gene encoding a fluorescent protein or luciferase is
prepared. At the next stage, the obtained pool of constructs is
used for transformation and cells expressing the fluorescent
protein are sorted using flow cytometry. The activation of the
reporter gene expression means that the genomic fragment
of interest demonstrates enhancer activities. The sorted cells
are subjected to DNA isolation, fragments of constructs cor-
responding to the studied genomic fragments are amplified,
and massive parallel sequencing is carried out, thus allow-
ing to identify specific genomic fragments exhibiting the
properties of enhancers. Examples of such methods include
FIREWACh and SIF-seq (Dickel et al., 2014; Murtha et al.,
2014) (see Fig. 1, b, c).

Combinations of the two approaches described above are
also used. In this case, at the first stage cells carrying con-
structs containing potential enhancers are selected by flow
cytometry. Then, the activating ability of specific genomic
fragments is quantified by analyzing the representation of
DNA barcodes by the RNA-seq method (Maricque et al.,
2018).
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MPRA methods are successfully used to study the ac-
tivating properties of the nucleotide sequence of enhanc-
ers, the functional influence of regulatory protein binding
motifs, and to search for and validate enhancers. Using this
methodology, the effect of single mutations in the compo-
sition of three enhancers — ALDOB, ECR11, and LTV1,
active in liver cells, was studied (Patwardhan et al., 2012).
In the course of this research, a DNA library containing
more than 100,000 mutated variants of the enhancers was
synthesized. Such DNA fragments were cloned into con-
structs containing the minimal promoter, luciferase gene
and transcribed DNA barcodes. The resulting DNA libra-
ries were injected into the liver of mice, and a day later the
transcriptome of liver cells was analyzed by RNA-seq (Kim,
Ahituv, 2013).

It was found that the majority of single mutations had
a weak effect on the activity of the studied enhancers. In
addition, it was shown that mutations disrupting the en-
hancer function affect the predicted binding sites of the
HNF4 and HNF1 transcription factors, which are active in
liver cells (Kel et al., 2003). It is important to note that the
experiment also showed significant discrepancies in theory
and practice. Thus, within the ECR11 enhancer, mutations
causing functional disorders were concentrated in the region
that did not contain predicted binding sites for transcription
factors, while mutations in the region containing most of
these predicted sites did not change the enhancer activity.
On the one hand, this clearly demonstrates that MPRA are
applicable to clarify the boundaries of enhancers, and on the
other hand, it emphasizes the importance of experimental
verification of predictive data.

MPRA are also used for de novo search and validation
of predicted enhancers. An elegant approach to search for
enhancers was implemented in the STARR-seq method
(Arnold et al., 2013) (see Fig. 1, d). The authors used the
ability of enhancers to activate expression regardless of the
position relative to the gene and promoter, and developed
reporter constructs, containing studied genomic fragments
cloned into open reading frame downstream from minimal
promoter. In case a genomic region exhibits an enhancer
function, this will lead to its transcription in cells. The
expression level of this fragment in the cell transcriptome
makes it possible to assess its activating function. This ap-
proach completely eliminates the need to use DNA barcodes,
since the fragments play that role themselves.

To seek for enhancers, a plasmid library containing
millions of random fragments of the fruit fly genome was
prepared. After transfection of the S2 cell culture, a high-
throughput RNA-seq transcription profile analysis was per-
formed. As a result, thousands of genomic fragments were
identified, which demonstrated the properties of enhancers.
The most active were located close to housekeeping genes
and developmental transcription factors. About a third of the
fragments demonstrating pronounced activating properties in
the S2 cell genome were located in areas of closed chromatin,
lacking H3K27ac mark of active enhancers. Thus, it seems
unlikely that such fragments are capable of performing the
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—
a
MPRA —IEnhancer I; Promoter H Reporter gene larlo' | RNA-seq Episomal
E— E—
b
FIREWACh —I LTR |—|Enhancer|~ Promoter H Reporter gene |—| pA |— Ub H HygroR H pA H LTR |— FACS Semi-quantitative
—> —
C
SIF-seq 4| Enhancer |— Promoter H Reporter gene H pA |—Hprtexon1-2|—| e':grr]g |— FACS Semi-quantitative
—
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STARR-seq —{ Promoter |—| Reporter gene HEnhancer H pA |— RNA-seq Episomal
—
e
TRIP —| 5TP |— Promoter H Reporter gene IBaI(cIe RNA-seq Low resolution

Fig. 1. Genetic constructs used for MPRA (a-d) and TRIP method (e).

pA - the polyadenylation signal; LTR — long terminal repeat; Ub — ubiquitin promoter; HygroR — hygromycin resistance gene; Hprt exon - the Hprt gene exon.
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a - at the first stage of MPRA, a pool of potential regulatory sequences is prepared. To obtain such sequences, synthesis technologies are used, or enrich-

ment by chromatin immunoprecipitation methods, etc. Then, a pool of genetic
der the control of the putative regulatory elements. Each regulatory element in
the coding sequence of the reporter gene; b — upon transfection of cells, the ex|

constructs containing a minimal promoter and a reporter gene is created un-
such constructs is associated with unique DNA barcode located at the end of
pression of the reporter gene is activated in case putative regulatory element

exhibits enhancer properties. The RNA-seq method is used to assess the expression level of unique DNA barcodes in the cell transcriptome. Normalization for
barcode representation in initial pool and defining DNA fragments corresponding to each unique barcode allows to determine enhancer activity of tested

genome region.

AKTYAJIbHbIE TEXHONTOT U / MAINSTREAM TECHNOLOGIES 349



S.E. Romanov, D.A. Kalashnikova
P.P. Laktionov

role of enhancers in the genome of the studied cells, and
this finding highlights some of the limitations of episomal
MPRA, which will be discussed below.

An interesting modification of the STARR-seq method
was used in a subsequent work on the study of enhancers
in human embryonic stem cells (Barakat et al., 2018). In
the original work, DNA libraries were obtained by ultra-
sonic fragmentation of the D. melanogaster genomic DNA
and subsequent mass cloning of the obtained fragments
(Arnold et al., 2013). However, this approach is poorly
applicable to larger genomes, since a sufficient representa-
tion of regulatory elements in the resulting DNA libraries
is an extremely difficult task to achieve. Indeed, the use of
the original STARR-seq method to study the regulatory
elements of the mouse genome will require the creation
of more than 200 million unique constructs (Murtha et al.,
2014). Experimental verification showed that the use of a
plasmid library containing 1.3 million unique fragments
of the human genome made it possible to identify only six
enhancers (Murtha et al., 2014).

To overcome this limitation, the ChIP-STARR-seq
method was proposed. In the original paper, the chromatin
immunoprecipitation was used to isolate genomic fragments
enriched with the OCT4, NANOG transcription factors, as
well as the H3K4mel and H3K27ac histone modifications
(Barakat et al., 2018). Obtained DNA fragments were then
cloned into DNA libraries similar to those used in the origi-
nal method. It was found that only a part of the genomic
fragments that demonstrate enrichment by these factors in
genome exhibited enhancer activity. Only about 25 % of the
fragments bound by OCT4 showed enhancer properties. For
the fragments enriched in NANOG and the H3K4mel and
H3K27 histone modifications, the results were 15, 9, and
10 %, respectively. It has been shown that neither individual
factors nor their combinations are capable of unambiguously
predicting enhancers. In addition, a group of enhancers as-
sociated with the regulation of general cellular processes,
which had not previously been found in ESCs, were found.
It turned out that such enhancers demonstrate a rather
weak enrichment in TF OCT4 and NANOG, as well as in
the histone modification H3K4mel, and, most likely, for
this reason they were not previously detected in prospect-
ing studies based on the chromatin immunoprecipitation
method.

Data on chromatin accessibility and the genomic dis-
tribution of histone modifications and regulatory proteins
deposited in open repositories allow to predict regulatory
elements. Using MPRA, the activity of regulatory elements
in the K562 cells and the E1 human embryonic stem cells,
identified on the basis of chromatin structure analysis and
annotated in ENCODE, was studied (Kwasnieski et al.,
2014). It turned out that only about a quarter of them had an
effect on gene expression, which underlines the importance
of such experimental verification (Kwasnieski et al., 2014).
At the same time, this effect may be due to the experimental
limitations of the described MPRA. Indeed, the methods
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described above are episomal, which means that reporter
constructs are not integrated into the genome, hence the ac-
tivity of enhancers is assessed outside the chromatin context.
Significant differences in the activity of enhancers analyzed
in episomal manner and upon integration into the genome
were also confirmed experimentally (Inoue et al., 2017).

This experimental discrepancy looks logical, because
the observation of the effect of chromatin structure on
gene regulation was demonstrated in classical genetic ex-
periments long ago (Muller, 1930). The use of an original
high-throughput reporter analysis method, combined with
MPRA-approaches, made it possible to characterize the local
effects of chromatin on gene expression in mouse embryonic
stem cells (Akhtar et al., 2013) (see Fig. 1, ¢). Within the
framework of this study, using the PiggyBac transposase-
based genomic integration system, reporter constructs con-
taining unique DNA barcodes at the 3’-end of the reporter
gene were randomly inserted into the cell genome.

In the next step, such insertions were mapped and each
DNA barcode was associated with a specific genomic locus.
In total, more than 17 thousand of such inserts were received.
Then, the expression level of DNA barcodes was analyzed
using the RNA-seq method, which made it possible to as-
sess the transcriptional activity of each insertion as well as
the effect of the local chromatin structure on it. Reporter
constructs integrated into regions of compacted chromatin
and regions of domains associated with the nuclear lamina,
as expected, showed a reduced level of expression. Reporter
constructions located within 200 Kb from active genes were
more actively transcribed. It is interesting to mention that
an increased frequency of enhancers was observed within
approximately the same range. Enhancers had an activating
effect on the expression of reporter constructs at a distance
of up to 20 Kb. It is important to note that in this case a
linear distance is considered, and the spatial structure of
chromatin is not taken into account. It was assumed that the
formation of extended, actively transcribed regions is based
on the action of several enhancers. This emphasizes the
need to study regulatory elements in conditions close to na-
tive ones.

The effect of chromatin on the function of regulatory
elements is to some extent taken into account in MPRA,
which are based on the genomic integration of the reporter
construct (Dickel et al., 2014; Murtha et al., 2014; Maricque
etal.,2017,2018). These FIREWACh and SIF-seq methods
were used to identify enhancers in mouse ESCs, but did not
allow quantitative assessment of the activity of regulatory
elements (see the general description of approaches above)
(Dickel et al., 2014; Murtha et al., 2014).

The FIREWACh method is based on genomic integra-
tion of reporter constructs using lentiviral transduction
(see Fig. 1, b). This method of genomic integration ensures
the insertion of the construct into random regions of the
genome (Yang et al., 2008). Thus, an adequate comparison
of the activity of various regulatory elements seems to be
difficult, because it is highly likely that reporter constructs
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will be integrated into different genomic regions, with an
unpredictable effect of the local chromatin environment.

The SIF-seq method avoided such a drawback, since
the integration of reporter constructs is carried out in the
same region of the genome located in the region of the
Hprt gene (Dickel et al., 2014) (see Fig. 1, ). However, this
might serve as a disadvantage, since the correct operation
of an enhancer is determined by a specific set of chromatin
factors, and it is highly likely that it will become non-func-
tional when transferred to a non-identical chromatin envi-
ronment.

The approaches described above did not allow answer-
ing one of the fundamental questions of understanding the
principles of enhancers’ activity, namely, to what extent is it
determined by the DNA sequence, and to what extent — by
the properties of the surrounding chromatin? A systematic
study of this issue was carried out in the research on the
influence of different chromatin environments on the com-
parative activity of enhancers (Maricque et al., 2018). Within
the framework of this study, 15 lines of the K562 cells were
prepared, containing single insertions of reporter constructs
located in different chromatin environments and contain-
ing the Cre-recombinase (/oxP) recognition sites, allowing
targeted insertion of transgenes. Such insertions contained
a DNA barcode and a polyadenylation signal outside of the
fragment flanked by /oxP-sites, with a single unique DNA
barcode corresponding to each line.

The described lines were pooled together, and Cre-me-
diated integration was used to integrate reporter constructs,
that contained a reporter gene ending with a DNA barcode
under the control of the minimal promoter and the genomic
fragment of interest. As such fragments, 300 synthesized
regulatory elements were used, which were previously
studied by episomal MPRA and ranked according to the
level of activity (Kwasnieski et al., 2014). For each genomic
fragment, the corresponding unique DNA barcodes had been
previously established. In case of successful integration, the
original loxP cassette was replaced with a reporter construct
containing the putative enhancers. Moreover, in the case of
activation of the reporter gene, two DNA barcodes will be
transcribed in its composition. Deciphering barcodes allows
to identify which fragment was analyzed in which cell line.

The analysis of the representation of combinations of
DNA barcodes in the transcriptome of cells made it pos-
sible to assess the level of activity of the studied regulatory
elements in different chromatin environments. It was found
that the chromatin environment has pronounced effect on
the activity of cis-elements. However, being placed in the
same chromatin environment, regulatory elements save their
relative activity. It was also demonstrated that the activity of
the promoter affects the expression of reporter constructs, but
at the same time does not affect the comparative activity of
regulatory elements. The results obtained support the model
according to which the nucleotide sequence of the enhancer
determines its overall activity, which is already modulated
by the structure of the chromatin environment.
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Conclusion

MPRA methods allow to perform detailed study of the
regulatory potential of the genomic fragments, and it is a
convenient tool for studying the effect of variations in the
nucleotide sequence on their function. However, it is neces-
sary to note the limitations of the methods, which should be
taken into account when interpreting the results obtained.
The common drawback of MPRA is the need to use a mini-
mal promoter that is unable to activate the expression of
the reporter gene in the absence of an enhancer, since the
presence of basal activity can significantly distort the results.
At the same time, the selected promoter can significantly
influence the activity of a particular enhancer ( Zabidi et
al., 2015; Maricque et al., 2018). In this sense, the analysis
of the activity of enhancers in combination with various
promoters seems to be an ideal experiment. However, such
work seems to be extremely difficult and time-consuming.

The synthesis of DNA fragments used as studied regula-
tory elements imposes restrictions on the total length of such
a fragment. Usually, the length of the studied fragments is
limited to about 200 bp, which often complicates the analysis
of the influence of the rest of the enhancer regions falling
outside these limits (Kwasnieski et al., 2014). MPRA me-
thods based on episomal constructs do not take into account
the possible influence of the chromatin environment on the
regulatory element; therefore, they can be used to study the
direct activating ability of a DNA sequence. MPRA based
on the genomic integration of reporter constructs make it
possible to overcome this limitation to some extent. How-
ever, random or site-specific integration still does not allow
the analysis of the activity of a regulatory element in native
genomic environment. The impossibility of studying the
enhancers function in native environment is a serious MPRA
limitation, since the function of the regulatory genomic ele-
ment depends on the structure of the surrounding chromatin
and the spatial organization of the locus.

Modern methods of high-throughput CRISPR/Cas9
mutagenesis, as well as methods of directed expression
modulation based on the use of an inactivated form of the
Cas9 endonuclease (dCas9) fused with activator or repressor
proteins, make it possible to study regulatory elements in
native genomic environment (Chavez et al., 2015; Sanjana
etal.,2016; Canveretal.,2017; Liet al., 2020). While there
are obvious advantages, such methods also have potential
drawbacks. For example, point mutations produced by
the targeted mutagenesis may not be sufficient to disrupt
enhancer function. In addition, directed mutagenesis is
associated with errors in the recognition of target genome
regions (off-targets), which can lead to the generation of
experimental noise.

It is important to note that the KRAB repressor protein,
which is widely used for the targeted inactivation of enhan-
cers, is capable of initiating the formation of heterochro-
matin regions of 1-2 Kb in length (Gasperini et al., 2019).
This feature can reduce the resolution of the method and
complicate the identification of specific functional fragments
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of the enhancer, as well as increase unwanted side effects
in the case of the presence of erroneous dCas9 recognition
sites. In addition to possible technical difficulties, in the
case of a successful disruption of the enhancer function,
phenotypic manifestations can be restored rather quickly
due to the presumable existence of duplicate enhancers
(Diao et al., 2016).

Thus, MPRA and high-performance methods based on
the CRISPR/Cas9 system are quite complementary and
make it possible to characterize in detail the regulatory
functions of the studied genomic fragments. Coupled with
vast amounts of accumulated data on the chromatin structure
and spatial organization in various cells and tissues, the use
of such methods makes it possible to significantly advance
in the understanding of the mechanisms of precise regula-
tion of gene expression during development and in various
pathologies. Altogether, this allows hoping that in the near
future modern genomics will be able to move from a de-
tailed functional description of regulatory elements to the
creation of quantitative biological models for the regulation
of gene expression.
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