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Letter from the Editors

ear readers of Acta Naturae,
DWe are delighted to bring you the 17
issue of our journal.

The research section of the journal has a
conventional structure: it consists of reviews
and research articles that embrace a broad
range of problems of modern medicine and
biology. It is worth mentioning that two pub-
lications (A.L. Shevchenko et al. and A.V. Pan-
ova et al.) are devoted to different aspects of
X chromosome inactivation. They can be re-
garded as our “response” to the masculinity
crisis that is being widely debated in the mass
media.

The review by N.A. Orlova et al. is devot-
ed to one of the most successful examples of
the application of fundamental science and
biotechnology to practical medicine: hemo-
philia A, an almost incurable disease, can be
controlled to a significant extent through the

extensive use of recombinant factor VIIL. The
review by T.D. Lebedev et al. focuses on an
approach that also has a potential to signifi-
cantly contribute to medicine.

Three out of five research articles in this
issue are also devoted to the scientific foun-
dations of medicine. The range of approaches
used is rather broad, which dovetails smooth-
ly into existing trends.

The final article was penned by Ukrain-
ian authors. We are glad to welcome these
new authors and hope that our scientific ties,
which used to be so strong, will grow stronger
again. We are elated that the share of articles
written by foreign authors in our journal con-
sistently increases. We hope that this is the
result of our efforts to a great extent.

We will keep doing our best.®

Sincerely, Editorial Board
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FORUM

FEDERATION OF EUROPEAN
BIOCHEMICAL SOCIETIES
CONGRESS 2013
Mechanisms in Biology

ummer is coming, and FEBS-
S 38, this year’s biggest scien-
tific forum in the field of life
sciences, will be here soon. In the
previous issue of Acta Naturae, we
announced the Congress program,
the main plenary lecturers (among
whom there are 11 Nobel Prize win-
ners in chemistry and biology), and
the themes of 37 symposia. Abstract
submission ends on May 1, 2013, so
some preliminary results about par-
ticipant registrations can already be
summarized. A total of about 2,800
participants have registered thus
far. Delegates from many countries
are going to attend the Congress.
Although this will be the Euro-
pean Congress, many representa-
tives of the USA are going to at-
tend (96 participants). There are
also researchers from Japan, China,
Egypt, and India. Of course, most
participants will come from Euro-
pean countries. The United King-
dom, France, and Germany are the
leading countries. About 1,000 del-
egates from Russia are expected to
attend the Congress. The program
of Congress bursaries (a total of
170 winners) was not supposed to
cover the participation expenses of
Russian young scientists. However,
the Organizing Committee has re-
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cently managed to agree with the
Ministry of Education and Science
of the Russian Federation upon
supporting 150—170 young Rus-
sian scientists. Registration of this
group of delegates is almost com-
plete. As we mentioned previously,
the Congress will be immediately
preceded by the FEBS Young Sci-
entists’ Forum that will be held in
the historic building of the Russian
Academy of Sciences. The main ac-
tivities of the Congress will be held
in the Lenexpo exhibition complex,
the Opening Ceremony will be held
in Grand Concert Hall “Oktyabr-
sky.” It is obvious now that the
Congress will be accompanied by
a rather extensive exhibition of
reagents, materials and equipment
for research, where scientific pub-
lishing companies will also be rep-
resented. The Ministry of Industry
and Trade of the Russian Federa-
tion recently decided to ensure the
presence of representatives of Rus-
sian institutes and companies that
work at implementing the Pharma
2020 program and are ready to
share the results of the research
conducted within the framework
of the program. Thus, there will
be a unique opportunity to evalu-
ate the stages of implementation of

the program, together with world
leaders in the field of biopharma-
ceuticals and the leading scientists
in novel approaches to the therapy
of cancer, autoimmune, and neu-
rodegenerative diseases, as well as
infections.

The initiative of the Ministry of
Education and Science of the Rus-
sian Federation for presenting the
achievements of the leading higher
education institutions at the Con-
gress in order to attract foreign
experts and to provide participa-
tion of our PhD and undergraduate
students in international projects is
currently being discussed. But the
most stimulating activity will be
the participation of Russian young
scientists in the Congress. There is a
clear trend of inviting young scien-
tists who submitted interesting ab-
stracts to present short (15 min) lec-
tures at the end of the symposium
sessions. Public discussions of these
lectures will be vivid and memora-
ble events that will be interesting
both to the audience and the young
scientists. It will be a powerful in-
centive for the career advancement
of a young scientist.

The Organizing Committee has
to solve a number of social prob-
lems facing the Congress, including
the problem of budget accommo-
dation for young scientists. Avail-
able dormitories have been found
thanks to the effort of the students
of St. Petersburg Academic Univer-
sity of the Russian Academy of Sci-
ences. The Organizing Committee
will provide this information on the
Congress’ website. The unique so-
cial program, which includes a clas-
sical ballet program at the Opening
Ceremony after the Nobel Prize
winner Jules Hoffmann delivers his
lecture and excursion to the Her-
mitage, will be an incentive for the
participants to work productively.

We look forward to welcoming
you in Saint Petersburg on July
6—11. The program promises to be
very interesting. ®
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ABSTRACT RNA interference is a convenient tool for modulating gene expression. The widespread application of
RNA interference is made difficult because of the imperfections of the methods used for efficient target cell de-
livery of whatever genes are under study. One of the most convenient and efficient gene transfer and expression
systems is based on the use of lentiviral vectors, which direct the synthesis of small hairpin RNAs (shRNAs), the
precursors of siRNAs. The application of these systems enables one to achieve sustainable and long-term shRNA
expression in cells. This review considers the adaptation of the processing of artificial ShRNA to the mechanisms
used by cellular microRNAs and simultaneous expression of several shRNAs as potential approaches for produc-
ing lentiviral vectors that direct shRNA synthesis. Approaches to using RNA interference for the treatment of
cancer, as well as hereditary and viral diseases, are under active development today. The improvement made to
the methods for constructing lentiviral vectors and the investigation into the mechanisms of processing of small
interfering RNA allow one to now consider lentiviral vectors that direct shRNA synthesis as one of the most
promising tools for delivering small interfering RNAs.

KEYWORDS lentiviral vectors; shRNA; RNA interference.

ABBREVIATIONS siRNA — small interfering RNA; miRNA — microRNA; RISC — RNA-induced silencing complex;
shRNA — small hairpin RNA; dsRNA — double-stranded RNA; HIV-1 — human immunodeficiency virus type I;
VSV-G — G protein of vesicular stomatitis virus; CMV — cytomegalovirus; H1, U6 — DNA polymerase III promot-

ers.

INTRODUCTION

RNA interference is commonly used to inhibit gene ex-
pression. The advantages of this method include its sim-
plicity, the possibility of quickly and significantly reduc-
ing the expression of any gene of interest, and the high
specificity of the action. These properties render RNA
interference a useful tool for investigating the role of
specific genes in various cellular processes. For this pur-
pose, entire libraries of siRNAs directed against a large
number of genes have been created. Methods for apply-
ing RNA interference to the treatment of hereditary
diseases, various neurodegenerative diseases, cancer,
and as an antiviral therapy agent are currently under
development. The search for new targets, the influence
on which is efficient for treating a variety of diseases, is
yet another application for RNA interference.

RNA INTERFERANCE

RNA interference is a sequence-specific mechanism of
suppressing gene expression, which is induced by the
presence of exogenous or endogenous double-stranded

RNA (dsRNA) in a cell [1]. This evolutionarily conserved
mechanism functions in virtually all eukaryotic organ-
isms. The sources of exogenous dsRNA include viruses
or artificially introduced dsRNA. Endogenous dsRNA
is formed as a result of the transcription of a cell’s own
genes and often performs regulatory functions. The
cleavage of long dsRNA by the Dicer protein, which
belongs to the RNase type III family (Fig. 1), result-
ing in the formation of small 21- to 25-nucleotide-long
siRNA duplexes is the shared stage of all types of RNA
interference. The duplex contains a pair of unpaired
nucleotides and a pair of hydroxyl groups at the 3’-ends
and monophosphates at the 5’-ends (Fig. 1). This struc-
ture of RNA duplexes enables their normal process-
ing by a protein belonging to the Ago family, which
plays a key role in the formation of the RISC complex
(RNA-induced silencing complex) [2]. The RNA frag-
ments formed as a result of Dicer-mediated cleavage
of dsRNA are included in the structure of a RLC com-
plex (RISC-loading complex) containing Dicer and TR
BP proteins. During the next phase, the formation of a

VOL.5 Ne2(17) 2013 | ACTA NATURAE |7
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pre-RISC complex (complex preceding RISC) occurs.
The structure of this complex includes the Ago-2 pro-
tein, which cleaves the RNA duplex, so that only the
guide strand is retained in the complex [3]. This strand
determines the specificity of expression suppression,
while the other strand (known as the passenger strand)
is removed from the complex [4]. The selection of the
guide strand is independent of the prospective target;
the strand whose 5’-end is characterized by a lower
thermodynamic stability becomes the guide strand [5].
During the next phase, the guide strand forms a part
of the RISC complex and binds to the site of the target
mRNA according to the principle of complementarity
(Fig. 1). The process of mRNA destruction involves two
stages. First, a primary gap appears in the mRNA mol-
ecule, which is attributed to the endonuclease activity
of the PIWI-domain of the Ago protein. This is followed
by the destruction (degradation) of the target mRNA
by cellular exonucleases [6]. If the complementarity of
siRNA and mRNA is incomplete, the primary gap is not
formed; hence, mRNA is not subjected to degradation.
It is important to mention that even if the complemen-
tarity between the guide strand and mRNA is incom-
plete, suppression of gene expression can occur at the
translation stage in a similar fashion to miRNA [7]. An
alternative mechanism of siRNA action is associated

8| ACTANATURAE| VOL.5 Ne2 (17) 2013

Fig. 1. Cellular processing of small inter-
fering RNAs. pri-miRNAs are transcribed
by RNA polymerase Il; the resulting
transcripts undergo capping and poly-
adenylation. After these processes,
pre-miRNAs are spliced out under the in-
fluence of Drosha (RNase type Ill). shRNA
is transcribed by RNA polymerase lll to
form shRNA with a triphosphate at its 5'-
end. Both hairpin structures (pre-miRNA
and shRNA) are transported from the
nucleus to the cytoplasm by the Expor-
tin-5 protein. In the cytoplasm, the Dicer
protein splices out the sequences of fu-
ture miRNAs and siRNAs from the hairpin
structures and exogenous double-strand-
ed RNAs. As a result of the processing
by the Dicer protein, 21- to 25-bp-long
RNA duplexes having a pair of unpaired
nucleotides at their 3'-ends, OH-groups
at their 3"-ends, and monophosphates
at their 5'-ends are formed. The guide
strand is loaded into the RISC protein
complex, which binds to the mRNA that
is complementary to the sequence of the
guide strand. Meanwhile, the passenger
strand is removed from the complex

siRNA

with the formation of the RITS (RNA-induced tran-
scriptional silencing) complex, which includes the Ago-
1 protein. The target mRNA is recognized by the RITS
complex due to its interaction with RNA polymerase
IT during transcription [8]. During the next phase, the
histone methyltransferases that methylate histones can
become a part of the RITS complex, resulting in chro-
matin compaction and inhibition of the expression at
the epigenetic level.

MicroRNAs differ from siRNAs by their mechanism
of action and some features of their processing. Tran-
scription of miRNAs is carried out by RNA polymerase
II. The resulting RN As undergo capping and polyade-
nylation [9]. Certain miRNAs are encoded by individual
genes, while others are encoded by entire gene clusters.
miRNAs can be transcribed together with mRNAs; the
sequence encoding miRNA is located in the intron of a
protein-coding gene [7]. As a result of the transcription,
pri-miRNA (miRNA precursor) is formed. Its structure
includes a sequence of the future miRNA, the termi-
nating loop, and flanking sequences [10]. Processing of
pri-miRNAs occurs in the nucleus with assistance from
a complex consisting of two types of RNase III, Drosha
and DGCRS8 (in mammals). Approximately 65-bp-long
hairpin-like miRNA precursors are formed as a result
of the processing (Fig. 1) [11]. Transport of pre-miRNAs
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Fig. 2. Schematic representations of the vectors that direct shRNA synthesis. A — The expression cassette is inserted
between two LTR-sequences of the lentiviral vector. The expression of shRNA is directed by the H1 promoter. Tran-
scription is initiated from the sequence of future siRNA (sense), followed by the “loops,"” the inverted sequence, which
is complementary to siRNA (a-sense), and termination sequence (thymines). The puromycin-resistance (puro) gene

is also present in the vector; it enables the selection to be carried out [47]. B — The expression cassette is cloned into
the 3'-LTR sequence. The cassette is doubled during reverse transcription; two copies of the expression cassette are
formed following the integration of the provirus. A marker gene (e.g., green fluorescent protein (GFP) gene) under the
control of the CMV promoter can also be cloned using this vector [45]. C — The expression cassette encoding shRNA
fused with tRNA (S4tRNALys3-shRNA). After the transcription, the chimeric RNA undergoes processing in a similar fash-

ion to normal tRNA, resulting in shRNA release [52]

to the cytoplasm is facilitated by the Exportin-5 protein
(Fig. 1). In the cytoplasm, pre-miRNAs are cleaved by
the Dicer protein, resulting in the formation of an ap-
proximately 22-bp-long duplex [12]. Unlike the siRNA
duplex, the miRNA duplex typically contains unpaired
nucleotides in the middle. The miRNA is subsequently
included in the RISC complex in a similar fashion to
siRNA [13].

In contrast to siRNA, miRNA is usually fully comple-
mentary only to a small fragment of the mRNA (sev-
eral nucleotides long). The miRNA fragment, which is
completely complementary to mRNA, most frequently
comprises the nucleotides 2—8 from its 5’-end and is
known as a “seed region.” The “seed region” determines
specific miRNA targets [14]. miRNA usually binds to
the mRNA site, which is located in the 3’-untranslat-
ed region and is represented by multiple copies of the
same mRNA. Since the length of the region that must
be fully complementary is rather small, several differ-
ent mRNAs can act as targets for a single miRNA. It
is presumed that full complementarity of miRNA and
target mRNA can lead to mRNA degradation, while
partial complementary binding of miRNA to mRNA
can disrupt translation [7, 15].

The introduction of long dsRNAs to mammalian cells
induces interferon response; hence, short chemically
synthesized siRNAs are used. Their structure is similar
to that of natural siRNAs [16]. However, the effect of
synthetic siRNAs is short-term (only a few days), which
is attributed to their degradation by cellular nucleases.
Moreover, the concentration of these siRNAs decreases
during cell division. These drawbacks can be avoided
if one uses vectors that direct the synthesis of siRNA
precursors: small hairpin RNAs (shRNAa). shRNAs
contain the sequence of the siRNA guide strand (21—-29
bp long), followed by a loop consisting of approximately
9 nucleotides, and a sequence that is complementary to
the siRNA guide strand (Fig. 24). The use of this struc-
ture enables to achieve long-term suppression of gene
expression [17].

Lentiviral vectors are optimal tools for the delivery
of shRNAs into cells. An important feature of the life
cycle of lentiviruses consists in their ability to integrate
their genomes (in combination with proviral DNA) into
cellular DNA. In addition, lentiviruses, as opposed to
simple retroviruses, are capable of infecting nondivid-
ing cells. Despite the fact that such lentiviruses as the
equine infectious anemia virus, feline immunodeficien-
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cy virus and the bovine immunodeficiency virus are
used as templates for lentiviral vectors, the human im-
munodeficiency virus type 1 (HIV-1) remains the most
commonly used virus for vector production. This is as-
sociated with the fact that the life cycle of this virus is
better understood than those of the other viruses [18,
19].

LENTIVIRAL VECTORS

Replication-incompetent systems based on lentivi-
ruses are used for gene transfer and expression [20].
These systems enable the integration of the encoding
target gene into the genome of the target cell’s DNA
(transgene). A typical lentiviral vector contains cis-el-
ements of the viral genome, which are required for the
assembly and integration of the viral particle and the
sequence encoding the target gene. All trans-elements
of the viral genome are removed from the vector. Co-
transfection of a vector and the plasmids encoding viral
proteins is the main approach used for obtaining lenti-
viral vectors [19]. In order to reduce the risk of occur-
rence of replication-competent particles due to recom-
bination, the components of the viral genome required
for the assembly of lentiviral vectors are typically di-
vided into three or four plasmids: one or two packag-
ing plasmids, the vector plasmid, and the plasmid en-
coding the viral envelope protein. Constructs with all
cis-elements (except for RRE and the splice donor site
that is required for post-transcriptional processing of
mRNA) removed are used today in third generation
packaging systems. A heterologous promoter (usually
CMYV) and the polyadenylation signal of the SV40 virus
are used instead of a long terminal repeat (LTR). The
rev and gag /pol genes are integrated into the cells us-
ing various expression cassettes. Humanization of the
gag/pol genes is also employed, which enables their
expression independently of rev. This also renders RRE
removal from the packaging system possible [21]. It is
important that such significant modifications of the
packaging system do not affect the efficiency of the
transduction by the lentiviral vector and significantly
reduce the risk of occurrence of replication-competent
particles due to homologous recombination. In order to
reduce the risk of a nonhomologous recombination, a
trans-lentiviral packaging system has been developed
where the coding region of the gag,/pol is divided into
two parts and is incorporated into the structure of two
different expression plasmids [22].

Pseudotyping of lentiviral vectors

In order to increase the tropism of lentiviral particles,
the HIV-1 envelope protein is frequently replaced with
the G protein of the vesicular stomatitis virus (VSV).
These pseudotyped lentiviral particles enable the trans-
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duction of virtually all cell types. This modification not
only expands the tropism of viral particles, but also in-
creases their stability. Another important property of
VSV-G is its ability to facilitate the penetration of the
vector into the cell via endocytosis, thus reducing the
need for auxiliary membrane proteins [23]. The main
drawback of VSV-G pseudotyped lentiviral particles
consists in their rapid elimination by the components of
the immune system from the circulatory system [24].

One of the major problems encountered during the
use of small interfering RNAs is the insufficient spe-
cificity of their delivery into the target cells. In addition
to VSV-G, heterologous glycoproteins of lyssaviruses,
the lymphocytic choriomeningitis virus, alphavirus and
baculoviruses can also be used to carry out pseudotyp-
ing [25]. The transduction efficiency of liver cells is in-
creased with the use of the hepatitis C virus or baculo-
virus envelope proteins [26]. Pseudotyping of lentiviral
particles by the envelope proteins of the Rabies virus
enables the lentiviruses to infect the cells of the central
nervous system in vivo [27]. The envelope proteins of
other viruses are frequently used to ensure more ef-
ficient tissue-specific transduction.

Methods that enable the presentation of various cel-
lular receptors and their corresponding antibodies on
the surface of viral particles are becoming more com-
mon [28—30]. The general principle in this approach is
to create a fusion protein which can be successfully
integrated into the envelope of the vector particles to
ensure a relative stability of these particles, on the one
hand. On the other hand, this protein carries a frag-
ment of the ligand required for binding to the recep-
tor. Most frequently, this chimeric protein is based on
a glycoprotein of the amphotropic murine leukemia vi-
rus (A-MLV) and the hemagglutinins of the influenza
and measles viruses. These viral envelope proteins are
modified in such a way that they can no longer recog-
nize their natural receptors, thus avoiding nonspecific
infection. Lentiviral vectors containing the epidermal
growth factor (EGF) or an anti-CD20 single-chain vari-
able antibody fragment (scFv) on their surface, which
are fused with the hemagglutinin of the measles virus
and intended for infecting B cells, have been produced
based on this scheme [31]. Another approach consists in
producing lentiviral particles containing the glycopro-
tein A-MLV fused with anti-CD3 scFv or with inter-
leukin-7 (IL-7), presented on their surface [32, 33]. This
system enables the infection of T cells. Two ligands can
be simultaneously used for pseudotyping: the stem cell
factor (SCF) fused with the A-MLV glycoprotein and
thrombopoietin (TPO) conjugated to the hemagglutinin
of the influenza virus. Transduction of CD34" cells with
lentiviral particles carrying either thrombopoietin, or
SCF, or both ligands on their surface, has proved sig-
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nificantly more efficient than the use of VSV-G as an
envelope protein [34].

Utilization of viral surface envelope proteins is not
the only way of presenting cell receptor ligands on
the surface of viral particles. In this case, the utilized
protein must contain a transmembrane domain; the
surface of the viral vector must contain an envelope
protein that can facilitate the fusion of the virus with
the cell. Modified envelope proteins of the Sindbis virus
or VSV-G, which have lost the ability to bind to their
“native” receptor, are used for this purpose. The Sind-
bis virus has two surface envelope proteins, E1 and E2.
The E1 protein is responsible for fusion with the cell,
and E2 is responsible for binding to the receptor. The
E1 protein functions independently of E2. A lentiviral
vector containing the transmembrane form of SCF and
a modified envelope protein of the Sindbis virus was
produced according to this principle [35]. In the absence
of the transmembrane domain, which is necessary for
localization on the surface of lentiviral particles, the
protein is attached to the transmembrane domain of
VSV-G or human leukocyte antigen (HLA) [36]. For
pseudotyping of lentiviral particles with antibodies, the
packaging system must contain not only genes encod-
ing light and heavy chains of antibodies, but also genes
encoding Iga and Igf proteins which are, required for
antibody exposure on lentiviral particle surface.

This scheme was used to obtain lentiviral particles
with surfaces containing anti-surface protein (CD20,
DS-SIGN and CD3) antibodies [37—39].

Sindbis virus envelope proteins are also used for the
pseudotyping of lentiviral particles by antibodies. For
this purpose, the E2 protein is modified by incorporat-
ing the Fe-binding domain of protein A (ZZ-domain),
which binds to immunoglobulin IgG, into its structure.
Transduction using these lentiviral particles is only
possible in the presence of monoclonal antibodies. The
selection of antibodies determines the tropism of the
lentivirus, enabling one to design viral particles that
are specific with respect to cells of various origins with-
out modifying the packaging system [40]. The disad-
vantages of Sindbis viral envelope proteins include the
dependence of the protein E1 activity on pH (the pH
value must lie within the range of 4.5-5.0). The reduced
stability of these chimeric proteins during the pseudo-
typing of lentiviral particles can also be regarded as a
drawback. The reduced efficiency of target cell infec-
tion using these lentiviral particles (which, however,
can be compensated for by high specificity) should also
be mentioned here.

Another approach that can provide specific infec-
tion of cells is the use of proteins as a component of
the viral envelope, whose binding to a specific surface
receptor results in a significant reduction in the effi-

ciency of the transduction of those cells, the introduc-
tion of a transgene into which is undesirable [29]. This
contamination-preventing protein can be bound to a
viral glycoprotein using an amino acid sequence that
is sensitive to certain proteases. The infection in this
case involves two stages: first, the ligand on the viral
surface binds to the cell receptor, and then cleavage
of the peptide insertion occurs under the influence of
certain proteases. After the insertion is cleaved, the
glycoprotein can bind to its specific receptor on the
cell surface. This approach enables to infect cells in
the presence of specific proteases.

The use of tissue-specific promoters
Nonspecific cellular transduction, and therefore, trans-
gene expression in these cells can cause a variety of
adverse effects. In particular, transgene expression in
antigen-presenting cells (APC) can result in the devel-
opment of an immune response and T cell activation
[41]. Tissue-specific promoters are used to reduce the
effect of the nonspecific infection. Pseudotyping and
the use of tissue-specific promoters enable to achieve
transgene expression exclusively in the desired cells.
However, tissue-specific promoters can be quite weak,
and the level of expression of the target gene may be
insufficient. The enhancers of stronger promoters can
be used to strengthen these promoters. The enhancer of
the CMV promoter used in combination with a variety of
tissue-specific promoters provides a multifold increase
in the expression of the target gene without decreas-
ing the promoter specificity [42]. The site of transgene
incorporation into the genome of the target cell is deter-
mined randomly; however, the incorporation takes place
preferentially in the transcriptionally active regions. It
is important to make an allowance for the fact that the
incorporated transgene can accidentally come under the
control of a strong promoter. In this case, its expression
will be independent of the tissue specificity of the pro-
moter. Insulators that block the effects of the neighbor-
ing enhancers are used to avoid this effect [28].
Transgene expression can be regulated at the post-
transcriptional level. The mechanism underlying this
regulation is based on RNA interference. Over 200
miRNAs exhibiting tissue-specific expression have
been identified thus far. It has been demonstrated that
the introduction of four sites recognized by miR-142
miRNA, which is expressed mainly in hematopoietic
cells, into the gene encoding the green fluorescent pro-
tein (GFP) reduces the level of fluorescence exclusive-
ly in these cells [28, 43]. Taking into account the fact
that new miRNA expression patterns are continuously
identified in various cells, it can be assumed that this
method is of significant interest for precise control of
the expression of the introduced genes.

VOL.5 Ne2(17) 2013 | ACTA NATURAE |11



REVIEWS

Small hairpin RNAs

shRNAs are siRNA precursors. They are typically ex-
pressed using U6 or H1 RNA polymerase III promot-
ers (mouse or human) [43]. These promoters are small
in size (about 400 bp long); transcription is initiated at
the +1 position, and in the case of the U6 promoter it is
desirable for the transcription to be initiated with gua-
nine [44]. A sequence of 5—6 thymine residues acts as a
transcription termination signal, resulting in the for-
mation of double-stranded shRNA containing an un-
paired 3’-end, which is essential for further processing
by the Dicer protein. U6 and H1 promoters provide a
stable and a relatively high level of shRNA expression
in all cell types. shRNAs obtained as a result of RNA
polymerase ITI-mediated transcription have neither 5’-
caps nor 3’-poly (A) sequences; they are not processed
by the Drosha protein. Their transport to the cytoplasm
is carried out by the Exportin-5 protein [12]. The use
of the RNA polymerase III promoter during the pro-
duction of lentiviral vectors that direct the synthesis
of shRNA allows one to attain a high level of sShRNA
expression in virtually all cell types. There are ap-
proaches in which the cassettes expressing shRNA are
cloned into the 3’-L'TR region of a lentiviral vector [45].
During the synthesis of a provirus, 3’-LTR is used as
a template for 5’-LTR. As a result, two copies of the
expression cassette are incorporated into the proviral
insertion (Fig. 2B).

The lentiviral vector frequently includes marker
genes. Genes encoding fluorescent proteins or antibiotic
resistance genes are typically employed. The presence
of marker genes in a vector enables the selection of
transduced cells and evaluation of the transduction ef-
ficiency. Lentiviral vectors that direct the synthesis of
shRNA were used in the production of cell lines charac-
terized by a stable suppression of the expression of the
activated oncogenes detected in acute myeloid leuke-
mias. The puromycin resistance gene was introduced
into the vector as a marker gene (Fig. 24) [46, 47].

When constructing the vectors that direct the shR-
NA synthesis, it is important to take into account the
fact that the increased level of shRNA expression in
cells may have adverse consequences. It was demon-
strated that transduction of mouse hepatocytes using
an adeno-associated virus-based vector, the shRNA
transcription in which is controlled by the U6 promoter,
results in liver lesions in 50% of cases [48]. A total of 49
different vectors, each encoding a unique shRNA, were
used in the study [48]. The toxic effect of these vectors
is associated with the competition between shRNAs
and cellular miRNAs for interaction with the Dicer and
Exportin-5 proteins involved in the processing of both
types of small RNAs. It is of significance that the result-
ing sShRNA contains triphosphate at its 5’-end, which
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can cause an interferon response and stop the transla-
tion of cellular proteins. The presence of two unpaired
nucleotides at the 3’-end of the sShRNA stem is essen-
tial for efficient operation of the processing proteins
(Exportin-5 and Dicer). An increase in the number of
unpaired nucleotides significantly reduces the func-
tional activity of these shRNAs [49—51]. The formation
of triphosphate at the 5’-end can be avoided using an
approach characterized by simultaneous transcription
of shRNA and tRNA [52]. The chimeric RNA processed
by cellular endonucleases is synthesized, resulting in
the formation of ShRNA containing monophosphate at
its 5’-end (F'ig. 2C). The use of tRNA promoters allows
one to prevent the emergence of nonspecific responses;
the expression level of shRNAs is considerably lower
than when Polymerase III promoters are used.

If the first 2—8 nucleotides of the siRNA guide strand
are complementary to the “seed region” of a particular
miRNA molecule, then this siRNA molecule can func-
tion as a miRNA. This can trigger a nonspecific action
from siRNA. The ability of siRNA to act as miRNA can
be used to suppress the expression of certain genes
(e.g., the CCR5 gene) [53]. siRNA, which is specific
with respect to the CCR5 gene, is complementary to
the “seed region” located in the 3’-UTR of mRNA. This
siRNA caused the degradation of mRNA and resulted
in disruption of translation in a fashion similar to the
action of miRNA. When selecting shRNA sequences,
one should bear in mind that the 5’-end of the guide
strand of the duplex formed as a result of processing
must be characterized by a lower thermodynamic sta-
bility. Inconsistency with these rules can result in the
following: the passenger strand will become part of the
RISC complex, instead of the guide strand, leading to a
reduced specificity of the shRNA action. It is assumed
that the H1 promoter is better suited for in vivo ap-
plication as compared to the U6 promoter, since the
H1 promoter is less toxic despite its lower efficiency
[54]. Successful application of lentiviral vectors guiding
the shRNA synthesis was demonstrated using animal
models of various diseases [565—57]. In particular, the
expression of ShRNA persisted for 9 months following
the injection of lentiviral particles, and suppression of
the reporter gene expression in mouse brain cells was
maintained [58].

The adverse effects associated with the use of shR-
NAs (interferon response, competition with cellular
miRNAs, nonspecific action) can be avoided by employ-
ing various approaches. Several of them are based on
the adaptation of the artificial shRNA processing to the
mechanisms used by cellular miRNAs [59]. To achieve
this objective, the sequence of the guide strand of the
future miRNA can be replaced with an artificial se-
quence, while conserving the structure of miRNA pre-
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cursors. miRNAs are transcribed by Polymerase II,
thus, it is preferable to use the promoters of this enzyme
when constructing the vector. It was demonstrated that
expression of shRNA under the control of the U6 pro-
moter in an adeno-associated virus-based vector is 10
times more efficient than the expression of miR-30 un-
der the control of the same promoter. However, the sup-
pression level of the reporter gene was approximately
the same, while the toxic effect of the construct con-
taining miR-30 was much lower [60, 61]. The fact that
the Dicer protein can select both strands of the miRNA
duplex is a drawback of miR-30-based systems. Cell
transduction with lentiviral vectors carrying the gene
for the nerve growth factor receptor (NGFR), whose
first intron contains an integrated sequence encoding
pri-miR-223 (200 bp) under the control of the integrat-
ed EFla promoter, results in stable expression of the
NGFR gene and miRNA (Fig. 3A). The sequence of the
guide strand in the “stem” of miRNA can be replaced
by other guide strand sequences from other miRNAs or
siRNAs [62]. An approach enabling one to achieve stable
expression of the mouse BIC gene and its miR-155 prod-
uct characterized by an altered sequence of the guide
strand has also been developed (Fig. 3B) [63]. The vector
containing a fragment of the BIC gene (including the
sequence of miR-155) directed the successful expression
of both the source miRNA and miRNA with an altered
sequence of the guide strand (Fig. 3B) [63]. General rules
for constructing artificial miRN As have yet to be devel-
oped, which is primarily due to insufficient knowledge
with regard to their processing.

Simultaneous synthesis of several

small interfering RNAs

In some cases, the simultaneous expression of multiple
siRNAs is preferable (e.g., during antiviral therapy).

CMV

B Fig. 3. Schematic repre-
sentations of the vectors

MRNA  that direct the synthesis of
the modified miRNAs: A —
miRNA is cloned under the
action of the EF1’ promoter

exon 3

in such a manner that it is
expressed along with a frag-
ment of the NGFR(ALNGFR)
gene in the first intron and

is cut out by splicing. SD —
splice donor site; SA — splice
acceptor site [62]. B — miR-
NA is expressed as a com-
ponent of exon 3 of the BIC
gene, where it was originally
present [63]

of the BIC gene

This is attributed to the fact that some viruses mutate
at a high rate, and the probability of developing resist-
ance to specific siRNA among them is high. The use of
multiplex constructs enabling the synthesis of several
siRNAs significantly reduces the probability of emer-
gence of resistant forms of the virus.

Therefore, a lentiviral vector that directs the synthe-
sis of long hairpin RNAs (lIhRNAs) containing the “loop-
stem” structure was constructed. Processing of these
lhRNAs occurs with assistance from the Dicer protein;
several sSiRNAs are formed under the influence of the
latter. The IhnRNA (the precursor of siRNA) nucleotide
sequence is selected according to the same principle
as per shRNA selection process. Suppression of HIV-1
replication was achieved with assistance from the 50-
to 80-bp-long IhnRNA, which acts as a precursor for 2—3
siRNAs against various parts of the general region of
tat /rev genes, (Fig. 4A) [64]. A similar approach was
used to suppress the replication of the hepatitis Band C
viruses [65, 66]. The efficiency of IhnRNA processing by
the Dicer protein decreases as the siRNA sequence ap-
proaches the “loop,” resulting in the formation of vari-
ous amounts of siRNA and a nonuniform suppression of
target gene expression.

Since the promoters of RNA polymerase III are rela-
tively small (200—400 bp), a single vector can incorpo-
rate several siRNA sequences, each controlled by its
own promoter. Different RNA polymerase III promot-
ers (U6, H1 and 7SK) are used in this case, since the
utilization of identical promoters may induce recom-
bination between their sequences and deletion of one
or several expression cassettes in 80% of the cases [67].
A vector ensuring the synthesis of four shRNAs under
the control of the mouse U6, H1 and human U6, 7SK
promoters has been constructed. In this case, the mouse
H1 and human U6 promoters were fused into a single
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A
siRNA1 siRNA2 siRNA3
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T ) A
mUé shRNA1 ° Link1 * shRNA2 hué
C
CMV
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mH1 shRNA3 % Link2 ° shRNA4 75K

pPA

Fig. 4. Various approaches to the multiplex expression of small interfering RNAs. A — long-hairpin RNAs (IhRNAs) contain
sequences of several siRNAs (highlighted in red), which are subsequently spliced out by the Dicer protein [64]. B —
Expression of four shRNAs from a single vector under the influence of various promoters of RNA polymerase lll [68]. C —
Expression of several miRNAs using mir-17-92 polycistron. miRNAs with altered sequences of the guide strands (high-
lighted in red) were integrated into the base of mir-17-92 polycistron [69]

bidirectional promoter (Fig. 4B). Suppression of the ex-
pression of four different genes was achieved using this
vector [68].

Clusters encoding polycistronic miRNAs, which form
several pre-miRNAs, can be used for simultaneous ex-
pression of multiple sSiRNAs. Transcription of the miR-
17-92 gene cluster gives rise to double-stranded pri-
miRNAs approximately 1 kbp in length. The latter are
precursors of six different pre-miRNAs. The mir-17-92
gene cluster was used to create lentiviral vectors that
direct the synthesis of four HIV1-specific miRNAs. Se-
quences encoding pre-miRNAs and containing 40 nu-
cleotides on each side of the “loop-stem” structure were
obtained from the gene cluster and were incorporated
into the vector. Sequences of the guide strands of the
future miRNAs were replaced with segments specific
with respect to HIV-1 (Fig. 4C) [69]. Due consideration
was given to such features of the original structure of
miRNAs as mismatches and thermodynamic stability
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during the replacement of the sequences of the guide
strand.

The use of small interfering RNA

Approaches for the clinical application of small inter-
fering RNAs are currently being developed. Dozens of
siRNA-based medicinal agents designed to treat differ-
ent kinds of diseases are currently undergoing clinical
trials. Only one drug, which is based on the lentiviral
delivery of sShRNA, has been tested thus far. The use of
lentiviral vectors directing the synthesis of sShRNAs is
constrained by the fact that they are relatively unsafe.
This is attributed to possible nonspecific responses,
which can be caused by sShRNA expression in cells and
the probable insertional mutagenesis. However, the use
of lentiviral vectors for siRNA delivery has a number
of significant advantages. They can be used to achieve
stable and prolonged shRNA synthesis in dividing
and nondividing cells, making their application rather
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promising for the treatment of chronic diseases.

The mechanism of RNA interference is a component
of the antiviral defense system of the organism; there-
fore, the use of RNA interference in chronic viral infec-
tions [59, 70, 71] (including the diseases caused by the
hepatitis B and C and HIV-1 viruses) is of considerable
interest. However, the use of RNA interference may
result in the emergence of resistant forms of the virus,
which limits the application of this method [72]. Con-
temporary methods enable the creation of lentiviral
vectors that can simultaneously encode three or four
shRNAs which are specific with respect to various vi-
ral genes. This can significantly reduce the probability
of emergence of resistant forms of the virus. Existing
methods of siRNA delivery to T cells and macrophages
(HIV-1 targets) are inefficient. The use of lentiviral
vectors can be an efficient approach to introducing siR-
NAs into cells targeted by HIV-1. However, in the case
of lentiviral vectors directing the synthesis of shRNAs,
which are specific with respect to viral genes, reduction
in the efficiency of lentiviral particles and their titer is
possible [73]. Thus, point mutations that do not affect
the synthesis of the proteins required for the assem-
bly of viral particles are introduced into the genes used
in the packaging system. Selection of these mutations
complicates the process of vector construction, espe-
cially if ShRNAs are selected for the conserved HIV-1
sites. After the infection with HIV-1, the viral envelope
protein binds to the CD4* receptor exposed on the sur-
face of the target cells; the virus uses the CCR5 cell re-
ceptor as a co-receptor. It has been demonstrated that
homozygous deletion of the human CCR5 gene renders
cells resistant to the HIV-1 infection, and the mutation
apparently has almost no effect on the normal function-
ing of the cells [74]. It was demonstrated that shRNA-
mediated suppression of the CCR5 receptor expression
also renders cells resistant to infection by the virus in
vitro and in vivo [75—78]. Several proteins whose func-
tions are not essential to T cells or macrophages and
which play an important role in the life cycle of HIV-1
have been identified [79].

The optimal approach is to obtain HIV-1-resistant
T cells and macrophages from their common progeni-
tors. To achieve this objective, transduction of early
hematopoietic precursor cells was carried out using
lentiviral vectors that direct the synthesis of shRNAs
that are specific with respect to the CCR5 or CXCR-4
gene. The descendants of these cells (T cells and macro-
phages) acquired resistance to the virus [80—82]. There
is an approach that enables the expression of sShRNA,
along with the other genes. The lentiviral vector that
was successfully used to provide the synthesis of a false
target for the viral TAT protein in addition to the ex-
pression of shRNA specific with respect to the general

Fig. 5. Ex vivo transduction of bone marrow cells. During
autologous transplantation bone marrow cells are trans-
duced with lentiviral vectors that direct the synthesis of
shRNAs. Transduced cells are then administered to the
patient following radiation therapy [84]

region of the tat/rev genes is an example of the lat-
ter concept. This false target impedes the action of the
TAT protein and synthesis of ribozyme, which is spe-
cific with respect to the CCR 5 receptor [83, 84]. The
efficiency of this vector was tested on humanized mice;
stable inhibition of HIV-1 at different stages of the life
cycle was achieved using this vector [85]. Clinical trials
demonstrated the safety of using this vector in autolo-
gous bone marrow transplants in patients with HIV-
1 and lymphoma. The patients with lymphoma at the
remission stage, which resulted from a conventional
treatment regimen, exhibited no side effects associated
with the introduction of shRNAs. A detectable level of
shRNA expression persisted in patients for 24 months.

Malignant tumors develop as a result of mutations
leading to an abnormal expression of the genes that
stimulate cell proliferation and impairing apoptosis.
RNA interference is a useful tool for modulating gene
expression. It is considered that methods based on
the principle of RNA interference can be of consider-
able interest in the treatment of tumors. The classical
approaches to the therapy of malignant diseases are
characterized by a number of significant deficiencies
associated with the nonspecificity of their action. The
use of RNA interference enables to exert a specific ef-
fect on oncogenes at a relatively low cost. A total of 10
siRNA-based drugs are currently undergoing clini-
cal trials. The main obstacle associated with the use of
RNA interference in treating malignant diseases is the
imperfections of the methods for siRNA delivery to tu-
mor cells. One of the most convenient and efficient gene
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transfer systems is based on the use of lentiviral vec-
tors. These systems enable a highly specific integration
of sequences encoding shRNA into the target cell’s ge-
nome. Methods for pseudotyping lentiviral particles are
being developed and tissue-specific promoters are used
in order to achieve this objective. Systems with multi-
plex sShRNA expression show promise as well. Multi-
plex shRNA expression enables specific inhibition of
multiple genes involved in tumor development. The use
of multiple shRNAs specific to different regions of the
same activated oncogene makes it possible to improve
the efficiency of these systems [86].

Many human miRNAs are capable of inhibiting the
growth of malignant tumors [87, 88]. Thereby, some
of the research teams are working on the use of miR-
NAs for treating malignant tumors whose cells are
characterized by a lower expression of oncosuppres-
sor miRNAs. It was demonstrated that restoration of
the expression of oncosuppressor miRNA decreases
cell growth in patients suffering from non-small-cell
lung carcinoma, breast cancer, liver cancer, and chron-
ic lymphocytic leukemia [89—92]. However, the inef-
ficiency of in vivo transduction still remains the ma-
jor problem when using lentiviral vectors as the main
form of therapy. Leukemia therapy is considered to
be the most suitable area for the use of lentiviral vec-
tors that direct shRNA synthesis (Fig. 5). Autologous
transplantation of hematopoietic cells transduced with
a lentiviral vector which is specific with respect to one
or several activated oncogenes can also be promising.
The safety of this approach was demonstrated using
lentiviral vectors that direct the synthesis of ShRNAs
capable of inhibiting HIV-1 [93].

The search for new target genes that are involved in
tumor development is also regarded as a promising ap-

plication for shRNAs. Nowadays, gene expression pro-
files in cancer cells are being actively studied. This has
already enabled the discovery of several genes whose
increased expression is associated with specific types of
tumors. Vast libraries of lentiviral shRNA-based vectors
enabling the search for the genes that are considered
promising for the development of novel chemothera-
peutic agents have been created [94, 95]. The shRNA-
induced inhibition of oncogene expression allows one
to assess the contribution of these genes to the main-
tenance of the malignant status of tumor cells. A simi-
lar approach was used to transduce cells derived from
a patient with acute myeloid leukemia using lentiviral
vectors that direct shRNA synthesis, which are specific
for c-kit and AMLI1-ETO oncogenes. The system was
successfully used to investigate the inhibitory action of
binase on the tyrosine kinase KIT receptor [96].

It is thought that shRNA can be successfully used in
the gene therapy of neurodegenerative diseases, such
as the Alzheimer’s, Parkinson’s and Huntington’s dis-
eases. Their application is considered to be extremely
promising, since lentiviruses are capable of overcom-
ing the blood-brain barrier and infecting cells of the
central nervous system (CNS). Lentiviral vectors en-
able to achieve a stable shRNA synthesis, which can be
extremely important in the treatment of these chronic
diseases. Pseudotyping of lentiviral vectors using the
rabies virus envelope protein can increase efficiency in
the infection of CNS cells. ®
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ABSTRACT Recombinant blood clotting factor VIII is one of the most complex proteins for industrial manu-
facturing due to the low efficiency of its gene transcription, massive intracellular loss of its proprotein during
post-translational processing, and the instability of the secreted protein. Improvement in hemophilia A therapy
requires a steady increase in the production of factor VIII drugs despite tightening standards of product qual-
ity and viral safety. More efficient systems for heterologous expression of factor VIII can be created on the
basis of the discovered properties of its gene transcription, post-translational processing, and behavior in the
bloodstream. The present review describes the deletion variants of factor VIII protein with increased secretion
efficiency and the prospects for the pharmaceutical development of longer acting variants and derivatives of
factor VIIL

KEYWORDS blood clotting factor VIII; hemophilia A; heterologous protein expression systems.

ABBREVIATIONS FVIII — blood clotting factor VIII; BDD — B domain deleted; IU — international unit; FVIII:Ag —
concentration of FVIII antigen; FVIII:C — procoagulant activity of FVIII; vVWF — von Willebrand factor. Addition

of “a” to the number of the corresponding clotting factor denotes the activated factor.

INTRODUCTION

Blood clotting factor VIII (FVIII) is the nonenzymat-
ic cofactor to the activated clotting factor IX (FIXa),
which, when proteolytically activated, interacts with
FIXa to form a tight noncovalent complex that binds
to and activates factor X (FX). FVIII gene defects may
cause hemophilia A, the X-linked recessive genetic
disorder with an incidence rate of ~ 1 case per 5,000
males. Approximately half of all hemophilia A cases are
caused by inversions in intron 22 of the FVIII gene [1];
an additional 5% are caused by intron 1 inversions. By
November 2012, a total of 2,107 various mutations in
the FVIII gene with the hemophilia A phenotype had
been described in the HAMSTeRS (The Hemophilia A
Mutation, Structure, Test and Resource Site) database
[2]. By July 2012, a total of 2,537 such mutations had
been listed in the CHAMP (The CDC Hemophilia A
Mutation Project) database [3].

Continuous substitution therapy using FVIII drugs is
the only efficient treatment for hemophilia A. The con-
ventional source of FVIII is donated blood plasma, its
supply being limited. Even after a thorough screening

of the prepared plasma units and numerous procedures
of viral inactivation, the risk of transmission of viral [4,
5] and prion infections [6] remains when plasma is used
as a source for production of therapeutic proteins. Re-
combinant human factor VIII for hemophilia A treat-
ment can be produced using cultured mammalian cells
or the milk from transgenic animals.

FUNCTIONS OF FACTOR VIl IN THE

HEMOSTATIC SYSTEM

The tight noncovalent FVIIIa—FIXa complex is formed
on the phospholipid membrane surface and addition-
ally binds the FX molecule, which is subsequently ac-
tivated by FIXa. The activated FX leaves the complex
and, in turn, triggers the conversion of prothrombin
to thrombin (FII to FIla), which directly converts fi-
brinogen to fibrin, the major component of blood clots
(Fig. 1). The ternary complex of clotting factors FIXa,
FVIIla, and FX, bound to the phospholipid mem-
brane, usually is referred to as X-ase or tenase, and
is the main element of the positive feedback loop in
the blood clotting cascade. A complex that is function-
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ally similar to tenase can be described for the extrinsic
clotting pathway (FIII, FVIIa, FIX, FX); however, its
enzymatic efficiency is considerably lower than that
of “intrinsic” tenase. The unique feature of the tenase
complex is the high degree of enhancing the catalytic
activity (by approximately five orders of magnitude)
of low-activity proteinase FIXa by the FVIIIa [7]. This
enhancement occurs due to the changes in the active
site conformation in FIXa as it binds to FVIIIa [8]. Fac-
tor V, homologous to factor VIII, potentiates the activ-

Extrinsic Intrinsic
Tenase Tenase
x Vla VIIIHC
1]
x IXa
Activation
of FIX
I
Activation Xa VIILC
of FX
Activation
of FX

Prothrombinase

Fig. 1. Tenase complex assembly on the cell membrane.
Intact proenzymes of coagulation factors are denoted by
Roman numerals, activated enzymatic factors are denoted
by the letter “a". Blood clotting factors are bound to the
membrane surface, Factor lllis the integral membrane
protein. VIIHC — heavy chain of Factor VI, VIILC — light
chain of Factor VIIl, domains A1, A2, A3, C1, C2 of Factor
VIl are denoted by white letters. VHC — heavy chain of
Factor V, VLC — light chain of Factor V. The thickness of
the reaction arrows corresponds to the reaction rates

ity of FXa within the prothrombinase complex with
the coefficient of enhancement of catalytic activity
x240.

The functional activity of FVIII is measured in vit-
ro by determination of the clotting time of the blood
plasma sample with depleted endogenous FVIII and
added FVIII in the solution under study. FVIII stability
in the bloodstream was studied in model animals with
a defective or deleted FVIII gene. The animal models of
hemophilia A were discussed in review [9].

STRUCTURE OF THE F VIl GENE AND

ITS EXPRESSION FEATURES

The FVIII gene localized on the long arm of the X chro-
mosome occupies a region approximately 186 kbp long
and consists of 26 exons (69—3,106 bp) and introns (from
207 bp to 32.4 kbp). The total length of the coding se-
quence of this gene is 9 kbp [10, 11] (Fig. 2). Expres-
sion of the FVIII gene is tissue-specific and is mostly
observed in liver cells [12—14]. The highest level of the
mRNA and FVIII proteins has been detected in liver
sinusoidal cells [15, 16]; significant amounts of FVIII are
also present in hepatocytes and in Kupffer cells (resi-
dent macrophages of liver sinusoids).

DOMAIN STRUCTURE

The mature factor VIII polypeptide consists of 2,332
amino acid residues (the maximum length) and includes
the A1-A2—-B—-A3—-C1-C2 structural domains [17, 18]
(Fig. 2). Three acidic subdomains, which are denoted
asal—a3 — Al(al)—A2(a2)-B—(a3)A3—C1—C2, localize
at the boundaries of A domains and play a significant
role in the interaction between FVIII and other proteins
(in particular, with thrombin). Mutations in these sub-
domains reduce the level of factor VIII activation by
thrombin [19, 20]. There currently is some controversy
regarding the accurate definition of the boundaries of
FVIII domains; the most common versions are listed in
Table 1.

Table 1. Domain architecture of factor VIl with indication of the domain borders

Al al A2 a2 B a3 A3 C1 C2 Reference
1-329 331-372 380-711 700-740 741-1648 | 1649-1689 | 1649-2019 | 2020-2172 | 2173-2332 [21]
1-336 337-372 372-710 711-740 | 741-1648 | 1649-1689 | 1690-2019 | 2020-2172 | 2173-2332 [22]
1-336 372-710 741-1648 1896-2019 | 2020-2172 | 2173-2332 [23]
1-336 337-374 375-719 720-740 1649-1690 | 1691-2025 [24]
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A 20K 40K 60K 80K 100K 120K 140K 160K 180K
NM_000132.3
NP_000123.1
exon2 exon7 exon14 exonl5 exon23 exon24 exon27
B PRONB—OZXHZ;
70 INTR; 200;
Syn SSC LSC NS MS FR 8%
LDD; 101;
60
C
50
40
30
20
10
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Al A2 B A3 Ci1 C2

Fig. 2. FVIIl gene structure and frequencies of the mutations causing hemophilia A.

Panel A: FVIIl gene on the X chromosome, NCBI reference sequence number: NG_011403.1. Transcribed are two prod-
ucts of alternative splicing. Functional protein FVIll is coded by the transcription variant 1, reference number of mMRNA
NM_000132.3, reference number of the protein NP_000123.1.

Panel B: Variants of mutations in FVIIl gene exons according to [3]. The number of different recorded mutations per 100
bp of the coding sequence is shown. Abbreviations: NS — nonsense mutation; MS — missense; FR — frameshift; SSC —
small structural change (in-frame, <50 bp); LSC — large structural change (>50 bp). Numbers of histogram columns cor-
respond to the exon numbers, names of protein domains are stated below the exon numbers. Length of exon 1 in mRNA
is 314 b; the only coding part of this exon (including the signal peptide), 143 b, was included in the calculations; length
of exon 26 in mRNA is 1965 b, the only coding part of this exon — 156 b — was used in the calculations. The lengths of the
other exons are as follows: 2 —-122b,3-123b,4-213b,5-69b,6-117b,7-222b,8-262b,9-172b, 10-94
b,11-215b,12-151b, 13-210b, 14-3106 b, 15-154b, 16 =213 b, 17 —=229b, 18- 183 b, 19-117 b, 20-72
b,21-86b,22-156b,23-145b,24-149b, 25-177 b.

Panel C: Variants of mutations in the FVIIl gene. Abbreviations: LDD — large deletions and duplications in one or multiple
domains of FVIII; INTR — distortions in the splice sites; PROM-EX — promoter area mutations and deletions in the promot-
er area plus the exon; EX — mutations in the exons. Primary data taken from [3], extracted July 18, 2012

The FVIII A domains show 30% homology with each
other, the A domains of factor V, and the copper-bind-
ing protein of human plasma, ceruloplasmin (Fig. 3).
The FVIII A1 domain coordinates a copper ion [17,
25—27] (Fig. 4). The region 558—565 of the A2 domain
determines the binding of factor IXa and its confor-
mational rearrangement within tenase [28] (Fig. 5).

The C1 and C2 domains in the light chain of ma-
ture FVIII are homologous to the C1 and C2 domains

of FV [29], the C-terminal domains of the MFGES8
protein (milk fat globule-EGF factor 8, lactadherin)
[30, 31], and the discoidin I fragment [32] (Fig. 3).
These domains are capable of binding glycoconju-
gates and acidic phospholipids [33]. The C2 domain
in FVIII is also required for binding to the von Wil-
lebrand factor (vWF) and ensuring selective interac-
tion with phosphatidylserine in cell membranes [34]
(Fig. 5).
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Ceruloplasmin Discoidin |
A A A
~35% ~20%
heavy chain FVIII light chain
A1 A2 A3
~43%
~35% MFGES8 ~45%
~38%
heavy chain FV light chain
A1 A2 A3

Fig. 3. Domain structure of FVIIl homologues. Numbers
represent the homology level of amino acids for domain
groups. Discoidin | was obtained from D. discoideum; all
other proteins were obtained from H. sapiens

The B-domain encoded by a single long exon is par-
tially removed from the mature protein. The B-domain
contains 25 potential N-glycosylation sites, 16—19 of
which are occupied and exhibit a significant level of
microheterogeneity. The homology of FVIII B-domains
in humans and mice is low; however, these domains are
highly glycosylated in both species, which can attest to
the significance of this modification for post-transla-
tional processing of a protein [35].

Proceeding from the significant homology of the fac-
tors V and VIII, a hypothesis has been put forward that
the evolutionary origin of the FVIII gene is connected
with duplication. Interestingly, the functional A and
C domains of these proteins are conserved, while the
similarity between the B-domains is limited to a high
degree of glycosylation, which also attests to the func-
tional significance of the high density of oligosaccharide
groups in the FVIII B-domain [17, 25—27].

The highly glycosylated B-domain can participate in
the intracellular transport of the FVIII precursor and
its processing. However, abundant experimental data
have demonstrated that deletion of the B-domain re-
gion enhances the secretion of functionally active FVIII
[36, 37].

COORDINATED METAL IONS

The interaction between the FVIII polypeptide chain
and metal ions determines the structural integrity of
the mature protein and its cofactor function. The pres-
ence of copper ions within FVIII has been demonstrat-
ed by atomic adsorption spectrometry; dissociation
of the FVIII chains results in complete dissociation of

22| ACTANATURAE| VOL.5 Ne2 (17) 2013

Fig. 4. 3D structure of the FVIIl deletion variant according
to [42]. Core residues of N-linked glycans are shown in
red, FVIIl heavy chain is shown in blue, light chain is shown
in green

copper ions [38]. In turn, the reassociation of the split
FVIII chains is possible only in the presence of copper
salts [39]. It has been established by electron paramag-
netic resonance (EPR) that the coordinated copper ions
within FVIII are reduced to the state of +1 (Cu*) [40].
The presence of two coordinated copper ions in direct
contacts with the H267, C310, H315 and H1954, C2000,
and H2005 residues (i.e., two valid type I binding sites of
the copper ion) has been detected in crystals of the de-
letion FVIII variant (BDD SQ variant) [41] (Fig. 4). Both
copper ion binding pockets localize near the contact
surface of the Al and A3 domains; however, they do
not directly participate in the formation of noncovalent
bonds between the domains. Simultaneously, evidence
of functional significance has been obtained only for
the binding site of copper ions in the A1 domain both
via point substitution of cysteine residues [40] and by
direct monitoring of the coordination of copper ions by
FRET [39]. The C310F mutation in the FVIII gene [2]
causing a severe form of hemophilia A is an additional
argument in favor of the physiological significance of
the copper-binding site in the A1 domain.
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Fig. 5. Post-translational modifications and functional sites
of FVIIl. N-glycosylation sites are denoted by circles.
Filled black circles — occupied sites, half-filled circle — par-
tially occupied site, filled gray circle — presumably occu-
pied site, red circles — unoccupied sites. Disulphide bonds
are denoted by brackets, gray bracket — presumably
existing disulphide bond. Red vertical lines — reduced Cys
residues, the actual state of Cys residues in the B domain
is unknown. S inside a circle — sulfated Tyr residues. Light
blue marks the areas of interaction with corresponding
clotting factors, phospholipids (PIl), von Willebrand factor
(VWEF), and copper ions (Cut). SP — signal peptide and
propeptide

Both copper ions and calcium or manganese ions are
required to recover the procoagulant activity of FVIII
during chain dissociation—re-association [43, 44]. Calci-
um or manganese ions do not affect chain dimerization,
but they ensure that the heterodimer FVIII molecule
has an active conformation [39] as they bind to the sites
located on both protein chains [45, 46]. The major Ca*"-
binding site localizes in the A1 domain (region 108—124)
[45] and is homologous to the corresponding site in the
FV molecule [47]. It has been ascertained by alanine
scanning that Ca*" binding is mediated by the D116,
E122, D125, and D126 residues, while the interaction
with Mn?* is mediated by the D116 and D125 residues
[48].

POST-TRANSLATIONAL PROCESSING OF
THE FVIII PRECURSOR PROTEIN
FVIII is synthesized in the liver, which has been sup-
ported by the fact that liver transplantation can cure
hemophilia A. When isolating and purifying liver cell
populations, it has been ascertained that secretion of
significant amounts of FVIII (0.07 IU /million cells/day)
is observed in primary cultures of liver sinusoidal en-
dothelial cells [15]. No successful attempts to immor-
talize cultured liver sinusoidal endothelial cells have
been documented thus far; hence, all the experimental
data on the features of FVIII biosynthesis have been
obtained using heterologous expression systems that
are usually characterized by artificially increased pro-
ductivity [49].

Translocation of the growing FVIII polypeptide
chain to the lumen of the endoplasmic reticulum (ER),

processing of the signal 19-amino-acid-long peptide,
and the primary events of disulfide bond formation and
attachment of the high-mannose nuclei of N-linked oli-
gosaccharides to the FVIII chain seem not to limit the
total rate of its biosynthesis and have been thoroughly
described in [47]. Meanwhile, the subsequent events of
modifying oligosaccharide chains, disulfide isomeriza-
tion, and folding of FVIII molecules may overload the
corresponding enzyme groups in the cell and activate
the systems responsible for retention of the incorrectly
processed proteins in ER or the recycling systems for
these proteins. The total rate of FVIII secretion is be-
lieved to be limited by translocation of the FVIII pre-
cursor from the ER to the Golgi apparatus; the FVIII
polypeptide can remain in the ER for 15 min to several
days.

N-GLYCOSYLATION
After the primary N-glycosylation of the FVIII chain
and cleavage of the two first glucose residues from
oligosaccharide groups by glucosidases I and II (GTI,
GTII), polypeptide FVIII binds to the lectins calnexin
(CNX) and calreticulin (CRT), which prevent the secre-
tion of an immature protein [50] (Fig. 6). After the third
glucose residue is eliminated, the protein is normally
released from its complex with CNX and CRT and is
transferred to the Golgi apparatus. Meanwhile, the un-
folded or incorrectly folded FVIII remains in the ER,
where it undergoes re-glucosylation by the UGT en-
zyme (UDP-glucose:glycoprotein glucosyltransferase)
[51]. Next, it binds to CNX and CRT and undergoes
shortening of GTII again (the so-called calnexin cycle).
The incorrectly folded FVIII molecules, along with
the other proteins, are transferred from the ER to cy-
tosolic proteasomes via the ERAD (ER-associated deg-
radation) pathway; the elimination of the polypeptide
from the calnexin cycle is mediated by the specialized
EDEM protein [28]. Indeed, it has been demonstrated
in pulse-chase experiments with proteasomes inacti-
vated by lactacystin [50] that a significant portion of
FVIII undergoes degradation via the ERAD pathway
instead of being translocated to the Golgi apparatus;
however, in those experiments proteasome inactivation
increased the amount of intracellular FVIII but not its
concentration in the culture medium. Thus, the ERAD
pathway alone does not eliminate significant amounts
of FVIII from the lumen of the ER and cannot be the
reason for the limited transfer of FVIII from the ER
to the Golgi apparatus. Since the major fraction of N-
linked oligosaccharides in the FVIII molecule is local-
ized in the B-domain, the deletion FVIII variants are
less susceptible to retention in the ER during the cal-
nexin cycle, which partially explains their increased
level of secretion.

VOL.5 Ne2(17) 2013 | ACTA NATURAE |23



REVIEWS

DISULFIDE BOND FORMATION

According to results of 3D modeling of FVIII and the
results of most experimental studies, the FVIII mol-
ecule contains eight disulfide bonds: two in each A
domain, one in each C domain, and three reduced
Cys residues, one each in the Al, A2, and A3 domains
(Fig. 5). There are no conclusive data on the state of the
cysteine residues in the B-domain. Seven out of eight
disulfide bonds localize within a polypeptide globule,
while the C1899—-C1903 bond (A3 domain) is exposed
on the surface. When conducting a series of substitu-
tions of cysteine residues by serine or glycine residues,
S.W. Pipe et al. found that all the seven non-exposed
disulfide bonds are required to maintain the structural
integrity of the FVIII molecule, while the removal of
the 1899—1903 bond improves secretion of FVIII two-
folds without affecting its functional activity [52]. It is
rather possible that the removal of the only exposed
disulfide bond results in suppression of FVIII reten-
tion in the ER occurring due to the translocation control
by the disulfide isomerases [53]. However, the specific
mechanism of such control with respect to FVIII and
the participating proteins has hardly been studied.

FOLDING AND INTERACTION WITH ER CHAPERONES
Factor VIII in the lumen of the ER forms a strong com-
plex with the major ER chaperone GRP78 (glucose-
regulated protein MW 78.000), which is also known as
BiP (immunoglobulin-binding protein) [54] and is one
of the key components of the UPR (unfolded protein
response) signaling pathway. BiP synthesis is typically
induced when cells experience glucose starvation, dur-
ing N-glycosylation inhibition, and in the presence of
incorrectly folded proteins in the ER [55] (in particular,
during FVIII overexpression) [56]. It should be men-
tioned that overexpression of human FVIII in cultured
cells results in total activation of UPR, which manifests
itself not only as a positive regulation of BiP, but also
as activation of the ERSE gene and an increase in the
level of splicing of XBP1 mRNA [57]. Thus, there can
be other chaperones (in addition to BiP) that initiate
the activation of UPR when large amounts of FVIII are
transported into the lumen of the ER.

The BiP—polypeptide complex exhibits ATPase ac-
tivity; hydrolysis of ATP is required to ensure disinte-
gration of the complex. The isolation of FVIII from BiP
and secretion require exceptionally high ATP expen-
ditures [58].

Unlike FVIII, its homologue factor V does not inter-
act with BiP. The site of FVIII binding to BiP (a hy-
drophobic B-sheet within the A1 domain lying near
the C310 residue, which is a component of the type I
copper-ion binding site) was identified using a series of
chimeric FVIII-FV proteins [40, 59]. BiP forms direct
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contacts with hydrophobic amino acids, and the point
mutation F309S inside this 3-sheet results in a three-
fold increase in FVIII secretion, which correlates with
reduced ATP expenditure [59]. Since the F309 residue
is adjacent to C310, the key residue in the copper-co-
ordination site in the A1l domain, one can assume that
BiP interacts in the attachment of copper ions to FVIII
as well.

Approximately one-third of FVIII molecules in the
ER are aggregated to noncovalent multimers. The re-
placement of the region 227—-336 of FVIII by the ho-
mologous region of FV reduces its degree of aggrega-
tion and affinity to BiP, as well as increases secretion
[60]. The functional value of the FVIII-BiP complex
presumably consists in the retention of FVIII in the ER,
rather than in ensuring efficient FVIII folding prior to
its translocation to the Golgi apparatus.

TRANSPORT OF FVIIIFROM ER TO

THE GOLGI APPARATUS

Transport of the FVIII polypeptide from the ER to the
Golgi apparatus occurs via the ER-Golgi intermediate
compartment (ERGIC) (Fig. 6). FVIII and FV are re-
cruited to this compartment by binding to the trans-
membrane protein (cargo receptor) ERGIC-53, which is
also known as LMANI1 (lectin, mannose-binding, 1) and
ensures mannose-selective, calcium-dependent binding
and transport of glycoproteins from the ER to the Golgi
apparatus [61].

The mutations resulting in the loss of LMAN1 func-
tion or disturbing the interaction between LMAN1 and
the component of the transport complex MCFD2 (mul-
tiple coagulation factor deficiency protein 2) cause in-
herited coagulopathy, a combined deficiency of factor
V and factor VIII [62—64]. The FVIII level in the plasma
of patients with mutant LMAN1 decreases to 5—30% of
its normal level [65].

The transport of four proteins (FV, FVIII and the
lysosomal proteins, the cathepsins catC and catZ)
through the intermediate compartment with the par-
ticipation of the LMAN1—-MCFD2 has been confirmed
by the cross-linking method [66, 67]. A number of other
proteins interact with LMAN1, but not with MCFD2, as
they are transported [68]. It has been detected by cross-
linking that 5—20% of the total intracellular FVIII local-
izes in the complex with LMAN1 and MCFD2 [69]. Cal-
cium ions are required for the FVIII complex with both
partners to form; meanwhile, the FVIII-MCFD2 can be
formed independently of LMANI. It remains unclear
whether direct interaction between FVIII and LMAN1
(which has been observed for the cathepsins catC and
catZ [70]) is possible, or whether the FVIII-LMAN1
complex forms only with the participation of MCFD2.
The specific FVIII motif, which can be recognized by
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the cargo receptor, has not been identified. This motif
is supposed to contain a conformational epitope and a
carbohydrate moiety (to ensure that only the correctly
folded and post-translationally modified proteins can
be transported). The binding motif of LMAN1 has been
experimentally identified in the catZ proenzyme mol-
ecule; it contains several adjacent N-glycans [37]; how-
ever, there are no regions homologous to it in FVIII and
FV.

FV and FVIII have similar domain structures, includ-
ing B domains, which are non-homologous but contain
numerous N-glycosylation sites in both cases. Since the
B-domain-deleted FVIII is characterized by reduced
efficiency in the binding to the LMAN1-MCFD2 com-
plex, a hypothesis has been put forward that LMAN1
predominantly interacts with the B domains [71]. Mean-
while, the blockage of N-glycosylation does not stop the
formation of the FVIII—cargo receptor complex [69]; i.e.,
it is not only the carbohydrate moiety of the molecule,
but also the polypeptide chain that participate in the
interaction between FVIII and the cargo protein.

The LMAN1-MCFD2 complex specifically recruits
FVIII and FV from the ER to COPII (coat protein II)
vesicles, which are separated from the ER to sub-
sequently bind to ERGIC (Fig. 6). The mechanism of
release of the FVIII polypeptide from the LMAN1-
MCFD2 complex during its transport has not been elu-
cidated. It is thought to be released due to the change
in the local pH value and calcium concentration [71].
The COPII proteins return to the ER outside the vesi-

cles; the ERGIC complexes are subjected to retrograde
transport within the COPI vesicles. FVIII seems to be
further transported inside vesicles of unknown compo-
sition or via transport containers associated with micro-
tubules. FVIII molecules emerge in the Golgi apparatus
via the formation of new cis-Golgi cisterns [71—73].

PROCESSING OF FVIII IN THE GOLGI APPARATUS

High-mannose N-glycans of the FVIII molecule are
modified in the Golgi apparatus; O-glycosylation and
sulfation of tyrosine residues occurs in the trans-Gol-
gi. Six active sites of sulfation of tyrosine residues at
positions 346, 718, 719, 723, 1664, and 1680 have been
detected in human FVIII; they predominantly localize
near the acidic subdomains al, a2, a3 and surround the
points where FVIII is cleaved by thrombin. All the six
sulfation sites are required to ensure the full activity
of factor VIII; the inhibition of sulfation has resulted in
a fivefold decrease in the functional activity of FVIII
[74]. It has also been demonstrated that sulfation of the
Y1680 residue is required to ensure efficient interac-
tion between FVIII and the von Willebrand factor. The
natural mutation of Y1680F manifests itself as moder-
ate hemophilia A. In patients carrying this mutation,
FVIII retains its normal activity level but is character-
ized by a decreased half-life value [75]. R.J. Kaufman et
al. [76] employed site-directed mutagenesis to demon-
strate that the presence of sulfated residues at positions
346 and 1664 increases the rate of FVIII activation by
thrombin, while sulfation of residues 718, 719, and 723
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increases the specific activity of FVIIIa in the tenase
complex. The necessity of sulfating residue 1680 so that
the complex with the von Willebrand can form has also
been confirmed in [76].

The final stage of FVIII processing in the trans-Gol-
gi prior to the secretion involves limited proteolysis
of the single-chain precursor at residues R1313 and
R1648, giving rise to a light and a heavy chain [22].
Both sites of proteolytic processing correspond to the
Arg-X-X-Arg motif, which can be cleaved by pro-
tease furin/PACE (paired basic amino acid cleavage
enzyme); however, it remains unclear what particular
signaling protease of the PACE family is responsible
for FVIII processing.

FACTOR VIl IN THE BLOODSTREAM

Mature natural FVIII, which can occur in one of sev-
eral forms with a molecular weight of 170—280 kDa, is
present in the blood plasma at a concentration of 0.1—-0.2
pg/ml[77]. Almost all the FVIII in plasma is complexed
with a chaperone, the von Willebrand factor, which is
secreted by vascular endothelial cells. The FVIII re-
gions responsible for binding to this chaperone have
been mapped in the light chain: in the acidic subdomain
a3 [78], domains C2 [34, 79] and C1 [80]. The von Will-
ebrand factor stabilizes FVIII in the blood stream and
is its key regulator as it allows thrombin to activate the
bound FVIII [36, 81, 82] and impedes cleavage of the
molecules of nonactivated FVIII by the proteases FXa
[83] and activated protein C (APC) [84—86]. Further-
more, vVWF prevents the nonspecific binding of FVIII
to the membranes of vascular endothelial cells [61] and
platelets [87]. It has been demonstrated in in vitro ex-
periments that vWTF facilitates the association of FVIII
chains and the retention of procoagulant activity in the
conditioned medium of cells producing FVIII [44, 49].
Similar data have been obtained for re-association of
FVIII chains in solution [43, 44]. The dissociation con-
stant of the vVWF—=FVIII complex is 0.2—0.4 nM; practi-
cal equilibrium during the in vitro complex formation
is attained within seconds [61, 88, 89].

In a significant number of hemophilia A patients,
inhibitors of injected exogenous FVIII emerge in the
bloodstream, blocking its procoagulation activity [90].
Cases of development of acquired hemophilia A with
the normal FVIII gene due to the emergence of an-
tibodies against autologous FVIII have also been re-
ported [91]. The etiology of emergence of inhibitory
antibodies has not been elucidated; some particular
correlations between the emergence of inhibitory an-
tibodies and the HLA haplotype [92] or the nature of
the mutation of the factor VIII gene [93] were recently
found. IgG antibodies are the predominant class of in-
hibitory antibodies [94]. Alloantibodies have been found
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to bind predominantly to the A2 or C2 domains of fac-
tor VIII, thus impeding its interaction with factor FIX,
whereas autoantibodies are likely to bind to the FVIII
C2 domain, which presumably results in blockage of its
interaction with phospholipids and vWF [95]. Moreover,
it has been demonstrated that anti-factor VIII antibod-
ies can specifically hydrolyze FVIII [96], the proteolytic
activity of alloantibodies being in direct proportion to
the level of the FVIII inhibitor [97].

INTERACTION OF FVIIl WITH FIXA,

FX, AND PHOSPHOLIPIDS

The protein—protein interactions between FVIII (or
FVIIIa) and FIXa within tenase are ensured by two dif-
ferent regions; the main contacting surface localizing
on the FVIII light chain (Fig. 1). The affinity of the free
light chain to FIXa is similar to that of the full-length
FVIII (K, 14-50 nM [67, 98], while K of the full-length
FVIII is ~ 2—20 nM [99, 100]). The main site of FVIII
—FIXa interaction is a short peptide 1803—1810 [101];
the second site of FVIII-FIXa interaction is the 558—
565 region [67]. The area of direct interaction between
FVIII and FX has been found in the acidic C-terminal
subdomain of the Al domain (337—372) [71, 77]; how-
ever, this interaction most probably has no significant
effect on the function of the tenase complex. The pres-
ence of phospholipids is required for FVIII to perform
its cofactor function [7, 102, 103]. FVIII interacts in vivo
with the phospholipids of activated platelets and dam-
aged endothelial cells. Both non-enzymatic cofactors
of the coagulation system, FVIII and FV, have been
shown to bind to phosphatidylserine [38, 104]. Fac-
tor VIII predominantly binds to micelles containing
15—25% of phosphatidylserine, with the dissociation
constant reaching 2—4 nM [89, 99, 102]. Platelet activa-
tion can increase the phosphatidylserine content in the
platelet membrane from 2 to 13%, thus attracting FVIIL
FVIII activation increases its affinity to phospholipids
by 10 times [105]. The binding site of phospholipids lo-
calizes in the FVIII light chain within the C2 domain
[106] (F1ig. 5).

FVIIl ACTIVATION AND FVIIA INACTIVATION

In vivo activation of FVIII is induced by thrombin or
FXa (Fig. 7) and involves the introduction of proteo-
lytic breakdowns at several points. When activating
FVIII by thrombin, the breakdowns are introduced at
positions R372, R740, and R1689 [107] and result in re-
moval of the B domain, in cleavage of the heavy chain
into the Al and A2 domains that remain noncovalently
bound, and in elimination of the short acidic region a3
preceding the A3 domain. In a number of publications,
the region a3 is referred to as the FVIII activation pep-
tide; however, efficient activation of FVIII cannot be
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Fig. 7. Proteolytic processing of FVIII. Black triangles —
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green triangles — sites of processing during activation; red
triangles — sites of processing during inactivation; and the
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reduced simply to elimination of region a3 from the
molecule. FVIII activation by FXa results in cleavage of
the FVIII polypeptide chain at the sites specified above
and in two or three additional breakdowns at positions
R1721,R336, and K36 [63, 107]. Efficient interaction be-
tween FVIII and thrombin is mediated by sulfated ty-
rosine residues in FVIII, while FVIII activation by fac-
tor FXa is almost insensitive to the Y = F substitution at
sulfation sites [76]. FVIIIa activated by FXa forms te-
nase that is considerably less productive as compared to
that formed by thrombin-activated FVIIIa[108]. Thus,
FVIII activation by FXa can be regarded as a side proc-
ess of FVIIIa inactivation.

FVIIIa inactivation can occur spontaneously and
be reduced to the dissociation of the A2 domain of the
heavy chain (which is not covalently bound to the re-
maining FVIII domains) from the FVIIIa molecule [109,
110]. Two specific inactivators of FVIIIa are currently
distinguished: APC and FXa. APC cleaves FVIIIa at
positions R562 and R336 [71], disintegrating the region
of interaction between FVIII and FIX and destabilizing
the interaction between the Al and A2 domains. FXa-
induced inactivation of FVIIIa seems to occur in vivo
more rapidly than the APC-induced inactivation does.
It involves the introduction of breakdowns at positions
R336 and K36 [73], resulting in destabilization of the
Al domain and in the accelerated dissociation of the
unbound A2 domain.

ELIMINATION OF FVIIl FROM THE BLOODSTREAM
The FVIII-vWF complex is mainly eliminated from the
bloodstream by the specialized clearance receptor LRP

(low-density lipoprotein receptor-related protein) that
localizes on the hepatocyte membrane [111-113]. A 3.3-
fold increase in the half-life of FVIII was observed in
in vivo experiments in mice when blocking LRP by the
receptor-associated 39 kDa protein (RAP) that binds
to LRP with high affinity [111]. Three sites take part in
the interaction between the FVIII and LRP: the ones
in the C2 domain [112], in the A3 domain (1804—1834)
[101], and in the A2 domain (484—509) [111]. Multiple
sites of FVIII-LRP interaction ensure efficient elimi-
nation of unbound chains and the cleaved A2 domain
from the bloodstream. The presence of vWF in complex
with FVIII within the C2 domain prevents interaction
between this domain and LRP, which reduces affinity
to LRP by 90% [112]. The in vivo interaction of FVIII
and its fragments with LRP is mediated by heparin
sulfate proteoglycans (HSPG), which interact with the
region 558—565 in the A2 domain [114].

RECOMBINANT FVIIl FOR HEMOPHILIA TREATMENT
Pharmaceuticals based on recombinant full-length
FVIII were developed almost simultaneously by the
biotechnology companies Genetics Institute and Ge-
nentech using the FVIII gene expression systems in
CHO and BHK cells [66, 115] and were approved to be
marketed in 1992—1993 with the international nonpro-
prietary name “octocog alfa.” The recombinant FVIII
secreted by CHO cells along with the recombinant vWF
[49, 77] was produced under the trade names Recom-
binate® and Bioclate®. The recombinant FVIII secreted
by BHK cells into a culture medium containing natural
vWF [115] is known under the trade names Kogenate®
and Helixate® (Table 2).

Today, there are three generations of pharmaceuti-
cals based on recombinant blood-clotting factors [68]:
the first-generation drugs contain human serum al-
bumin and contact with animal-derived compounds
during the production process; the excipients list of the
second-generation drugs contains no albumin; in the
third-generation drugs, contact with animal-derived
compounds and components of the donated plasma is
ruled out during the entire production process. The
minimization of the use of plasma components and an-
imal-derived proteins can potentially reduce the risk
of transmission of viral and prion infections [116]. No
confirmed evidence of transmission of infectious agents
when using the first- and second-generation drugs
based on recombinant FVIII has been documented thus
far.

The production process of full-length recombinant
FVIII comprises several stages of ion-exchange chro-
matography, affinity chromatography using immobi-
lized monoclonal antibodies, and viral inactivation by
solvent/detergent treatment or via pasteurization in
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Table 2. Drugs based on recombinant FVIII

Bayer Healthcare

Manufacturer

Market approval
in USA

Heterologous
genes

Immunoaffinity "
chromatography

Viral
inactivation

SD Pasteurization SD SD

Pfizer

Baxter

FVIII, v WF FVIII BDD SQ

+ + -

SD, NF

Note. HSA — human serum albumin, BSA — bovine serum albumine, SD — treatment with a solvent and a detergent ,

NF — nanofiltration.

the presence of a detergent [67, 117]. The recombinant
FVIII drugs inevitably contain trace amounts of pro-
teins from the producer cells and murine IgG; thus,
the emergence of antibodies against these impurities
in patients and the effect of these antibodies on the ef-
fectiveness of therapy have been studied during clini-
cal trials. The antibodies formed in most patients; how-
ever, the relationship between the immune response to
impurity proteins and the effectiveness of therapy has
not been elucidated [68].

B-DOMAIN DELETED RECOMBINANT FVIII

The natural FVIII circulating in the bloodstream con-
tains multiple forms of the truncated B domain, which
are formed by proteolysis of a full-length two-chain
molecule. The procoagulant properties of these FVIII
variants have no significant differences [118]; thus, vari-
ants of the recombinant FVIII with targeted deletion of
the B domain have been obtained and characterized in a
number of studies. The region encoding the amino acid
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residues 760—1639 (i.e., virtually the entire B domain)
was deleted from FVIII cDNA in [118] (Table 3).

The procoagulant activity level of FVIII in a condi-
tioned medium for COS-1 cells transfected with a plas-
mid with ¢cDNA of the deleted FVIII form (LA-VIII
variant) was approximately tenfold higher than that
of the control cell line transfected with a similar plas-
mid coding the full-length FVIIIL It was ascertained in
further studies that the LA-VIII variant is similar to
the natural FVIII in terms of its biochemical proper-
ties except for the increased sensitivity of the LA-VIII
light chain to thrombin cleavage [36]. In more efficient
cell lines producing FVIII, B-domain deletion (LA-VIII
variant) resulted in a 17-fold increase in the level of
FVIII mRNA; however, the concentration of the se-
creted product increased by only 30% [37]. Similar data
were obtained for a FVIII delta II variant, which con-
tained a deletion of the amino acids 771 to 1666 [121];
the level of FVIII secretion in BHK cells reached 0.6
IU/ml, while the secreted product mostly contained
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Table 3. Deletion variants of FVIII

Variant | Deletion
Sequence . Source
name r'eglon
{ 1 1* Nz_itural
EPRSFSQNSRHPSTRQKGFNATTI PENDI EKTD..SQNPPVLKRHQRE! TRTTLQSDGEEI DYDDTI .| S8l - (11]
Natural 7419—
..EPR- COOH( ?) NH2- E TRTTLQSDQEE! DYDDTI ...| 90+80, | ‘i g [119]
seq.1
Natural 7417—
.EPR- COOH( ?) NH2- LQSDQEE! DYDDTI ... 90+80, | oy | [119,120]
seq.2
. EPRSFSQNSRHPSTRQKQFNA- - < < < < = << << - - NPPVLKRHQRE! TRTTLQSDQEE! DYDDTI ...| LA-VIII | 120 | [118]
. EPRSFSQNSRHPSTRQKQENATTI PENDI EKTD- - - - < - < < < < << < m o e o e e e oo e e e DTl ...| deltall | TLL° [121]
d74l- | 741-
WEPRC = < - = o e e e e El TRTTLQSDQEE! DYDDTI ...| ot (64a [74]
EPRSFSQNSRHPSTRQKGFNATTI . LLR- - - DPL. QNPPVLKRHQRE! TRTTLQSDQEEI DYDDTI ...| 90-142-80 | 190 | [122]
..[EPRSFSQN- COCH NH2- DPL ..QNPPVLKRHQRE! TRTTLQSDQEEI DYDDTI ...| - mes | 23
VEPRSFSQN- - - < - = = w o e e PPVLKRHQREI TRTTLQSDGEEI DYDDTI ...| BDDSQ | g0 | [119]
EPRSFSQNSRHPS- - < - < = << c oo oo oo QPPVLKRHQRE! TRTTLQSDQEE! DYDDTI ...| NO,N8 | [0 | [124,125]
EPRSFSQNS- - < < << - - - - QAYRYRR: - < - << <o oo QREI TRTTLQSDQEE! DYDDTI ...| human-cl | [G00 |  [126]
. EPRSFSQNSRHPSTRQKQFNATTI . .SST- - - = < <= <= oo - - REI TRTTLQSDQEE! DYDDTI ...| 226aa/N6 | 900 | [127]

Note: sign | marks the sites of FVIIl processing, cleavage occurs after the amino acid pointed with an arrow; * — minor

I; * %

processing site of natural FVII

the single-stranded 170 kDa form and two addition-
al forms of the heavy chain (120 and 90 kDa) [128]. A
similar predominant accumulation of the single-chain
FVIII form was also detected in the cases of deletion
of regions 741-1648, 741-1668, and 741—-1689 [74]. The
partial deletion of the amino acid residues 797 to 1562
in the B domain (90-142-80 variant) gave rise to a fully
active FVIII [122]; however, this variant when injected
into rabbits caused the emergence of specific antibod-
ies against the protein linker region [129], which could
potentially have increased the frequency of formation
of inhibitory antibodies when used in therapy.

A several-fold increase in the product secretion level
as compared to the full-length FVIII has been observed
in most heterologous expression systems of B-domain-
deleted FVIII Such change has not been observed for
the deletion of the 741—1668 region; however, when the
producing CHO cell line was replaced by SK-HEP-1
cells, the secretion level of the deletion FVIII variant
increased to 3.5 IU /million cells/day [130]. It is interest-

— region 1641—-1647 is replaced by an artificial region.

ing to note that individual expression of the genes cod-
ing the truncated heavy and the full-length light FVIII
chains with signal peptides of the heavy chain in CHO
cells allows one to attain an expression level of 15 IU/
million cells/day [123]. Contamination of the product
with the nonprocessed form of the light chain (90 kDa),
which seems to carry the C-terminal fragment of the B
domain, remains the only (but unavoidable) limitation
of this FVIII expression system.

In order to design a recombinant FVIII that would
carry neither the B domain nor a non-natural linker
region between the heavy and light chains, it is nec-
essary to determine the points of deletion onset and
termination, which would make it possible to preserve
the availability of the dominant processing sites of
natural FVIII for its “minimal” two-chain form (R740
and R1648). When conducting a systematic, exhaus-
tive search, P. Lind et al. [119] found that a high level
of processing of a single-stranded FVIII precursor at
these sites was attained when the amino acid residues
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746—1639 were deleted (BDD SQ variant). Meanwhile,
no significant proteolytic chain cleavage at other sites
has been observed. In this deletion variant, the link-
ing point between the polypeptides of the heavy and
light FVIII chains lay in the middle of the separating
14-residue-long linker peptide. The predominant cleav-
age of the precursor after residues R1648 and S1657
(i-e., the coincidence of the N-terminal light chain re-
gion and the natural sequence) was confirmed by N-
terminal sequencing of the light chain of the secreted
FVIII BDD SQ. The heavy chain of FVIII BDD SQ car-
ried the C-terminal 729—740 region and, partially, the
linker peptide [120]. Thus, the BDD SQ variant allows
one to reconstruct most accurately the “minimal” two-
chain FVIII variant that is present in the bloodstream.
Variants of the pharmaceutical compositions of the pu-
rified FVIII BDD SQ (a solution with a high saccharide
content [131] and albumin-free lyophilizate [132]) have
been obtained. The lyophilized form of BDD SQ was
stable for two years [133] and was used in subsequent
clinical trials, which demonstrated its pharmacological
effectiveness and safety [134]. Meanwhile, the half-life
time of the deletion variant FVIII BDD SQ (interna-
tional nonproprietary name “moroctocog alfa”) in the
bloodstream was slightly lower as compared to the full-
length FVIII obtained from donor plasma.

The original version of the industrial production
process of pharmaceutical-grade FVIII BDD SQ (trade
name ReFacto®) comprised the cultivation of producer
cells based on CHO in perfusion bioreactors and the
purification of the target protein by five chromatog-
raphy steps [135]. Viral inactivation was performed
by the solvent/detergent treatment of the interme-
diate product. There are no data on the productivity
of the industrially used clonal cell line secreting FVI-
II BDD SQ. The productivity of a similar cell line based
on CHO cells, which had been obtained independently,
was 0.5—2.0 IU/ml when grown in a serum-free me-
dium without any induction [136] and up to 10 IU/ml
when the product expression was induced by sodium
propionate or sodium butyrate. The industrial process
of FVIII BDD SQ production was subsequently modi-
fied: immunoaffinity chromatography on monoclonal
antibodies was replaced by a safer stage comprising af-
finity purification on an immobilized short peptide [137]
(trade names Xyntha®, ReFacto AF®) (Table 2).

The effectiveness and safety of FVIII BDD SQ drugs
has been confirmed by clinical trials [138—140]; howev-
er, the subsequent meta-analysis of the data of numer-
ous post-marketing studies has cast doubt. R.A. Gruppo
et al. [141] have demonstrated that prophylactic use of
FVIII BDD SQ instead of the full-length FVIII results
in a statistically significant increase in the risk of bleed-
ing under prophylaxis. The resistance to slight varia-
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tions in the initial data (robustness) of the employed
meta-analysis method has been discussed in a separate
publication and has been confirmed for a wide range
of coefficients for recalculating the number of cases of
bleeding observed in different studies [142]. The inac-
curately measured level of FVIII activity in patients’
plasma as a result of using different coagulometry
techniques and standards of procoagulant activity of
FVIII [143] could have been one of the reasons for the
reduced effectiveness of FVIII BDD SQ in preventive
treatment. The reduced half-life time of FVIII BDD SQ
[144] as a result of accelerated inactivation of activated
FVIII BDD SQ by the activated proteins C and FXa can
be presumably considered to be another reason [145].

As for another important safety indicator of FVIII
drugs—the risk of emergence of inhibitors—the data for
FVIII BDD SQ were rather inconsistent. In some stud-
ies, the frequency of emergence of inhibitors was simi-
lar for all the variants of recombinant FVIII [146—148],
while in other studies an increased risk of inhibitor
emergence was observed for FVIII BDD SQ [149]. Since
the probability of emergence of inhibitors varies wide-
ly depending on the mutation type that caused hemo-
philia, certain HLA genotypes, and specific features of
the substitution therapy, the data obtained in differ-
ent medical centers may differ to a significant extent
[150].

A variant similar to the BDD SQ variant of FVIII
with the deleted residues 751—1637 (variant N8, Table
3) was obtained via expression in CHO cells [125] and
used in clinical trials, which have shown the biocequiv-
alence of N8 to the comparator drug, the full-length
recombinant FVIII, after a single administration in a
group consisting of 23 individuals [151]. Another indus-
trially applicable gene expression system of the deletion
FVIII variant was created using a human HEK293F cell
line; the FVIII gene contained not the direct deletion of
a region in the B domain but a substitution of the 747~
1648 region by the “non-natural” peptide QAYRYR-
RQ [126] (variant human-cl, Table 3). A hypothesis has
been put forward that the presence of the processing
sites of proteinase Kex2/furin in the artificial linker
peptide will allow one to increase the level of process-
ing of the single-chain FVIII. However, the degrees of
processing of the single-chain form for BDD SQ and
human-cl variants turned out to be almost identical.
The expression system of the deletion FVIII variant,
which seemed to exhibit the highest efficiency at that
moment, was obtained using special hybrid human cells
HKBI11. The specific productivity of clonal lines for the
FVIII variant with the 90-142-80 deletion (Table 3) was
equal to 5—10 IU /million cells/day [88, 152].

The investigation of the gene expression levels in
FVIII variants with the deletion of only the C-terminal
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fragments of the B domain has demonstrated that the
FVIII variant carrying the first 226 amino acids of the
B domain and six N-glycosylation sites (variant 226aa/
N6) is secreted by CHO cells fivefold more efficiently
as compared with FVIII with the deletion of the full-
length B domain. This is attributable to the improved
transport of the precursor protein from the ER to the
Golgi apparatus [127] (as compared with the full-length
form) and to a decrease in adsorption of the secreted
FVIII onto the membrane surface of producer cells
[124] (as compared with the regular deletion variants).
The productivity of the cells producing the 226/N6
variant based on CHO cells reached 11 IU/ml without
inducing target gene expression and 15.7 IU/ml when
using a serum-containing medium [52].

FACTORS LIMITING THE EFFICIENCY OF THE
HETEROLOGOUS EXPRESSION SYSTEMS FOR FVIII

A significant decrease in the transcription level of hy-
brid genes containing an open reading frame (ORF) of
FVIII were first described in studies devoted to the cul-
tivation of retroviral vectors [153, 154]. The presence
of the ORF of FVIII did not affect the level of tran-
scription initiation; however, a 1.2 kbp ORF fragment
reduced the efficiency of transcription elongation by
30—100 times. The observed effect depended on ori-
entation and, to a significant extent, on the position. It
was delocalized as the removal of different parts of the
ORF fragment under study resulted in partial recovery
of the transcription elongation level. An orientation-
independent 305-bp-long transcriptional silencer was
later detected in another region of FVIII ORF [155];
its activity was suppressed by sodium butyrate [156],
which made it possible to enhance the level of FVIII
secretion in the cell culture approximately sixfold. The
presence of this controllable element for regulating the
transcription level in FVIII ORF impedes the produc-
tion of effective therapeutic viral vectors but has some
advantages during FVIII biosynthesis in cell cultures.
Stress induced by processing of the FVIII precursor
can be limited by suppression of FVIII gene transcrip-
tion in the dividing culture, while only the dense non-
dividing cell culture is exposed to stress during subse-
quent induction of FVIII expression by adding sodium
butyrate.

The codon optimization of the coding region of FVIII
mRNA was studied in [157]. The replacement of some
codons by ones characterized by the highest frequen-
cy for H. sapiens and the simultaneous elimination of
internal TATA-boxes, CHI sites, ribosomal binding
sites, cryptic splice sites, etc. from the encoding mRNA
region increased the FVIII:C level by 7—30 times. An
increase in the ratio between the level of FVIII anti-
gen and its procoagulant activity (the ratio between

FVIII:Ag and FVIIL:C) from 1.27+ 0.3 to 2.35 = 0.49
was simultaneously observed for the deletion variant
FVIII BDD SQ, which can attest to the fact that the
practical threshold of productivity of cell line 293 was
reached and the nonfunctional protein had appeared in
the culture medium.

The FVIII precursor in the lumen of ER forms a sta-
ble complex with BiP, the major chaperone [54] and one
of the key participants in the UPR signaling pathway.
Overexpression of the FVIII gene induces transcrip-
tion of the BiP gene [56]; the intracellular level of BiP is
proportional to the level of factor FVIII secretion with-
in an appreciably wide range [13, 158]. The suppres-
sion of BiP expression by short hairpin RNAs (shRNAs)
increased the secretion level of human FVIII [159] by
~ 2 times, while the number of copies of FVIII mRNA
simultaneously decreased by ~ 65%. A similar effect
was observed for the overexpression of the XBP1 gene,
whose product also participates in UPR.

The overexpression of the chaperone Hsp70 was
found to reduce induction of apoptosis in a dense cul-
ture of FVIII-producing BHK cells and to increase
the level of FVIII secretion [160]. Similar data were
obtained for overexpression of the anti-apoptotic
genes Aven and E1B-19K [72]. Meanwhile, no signifi-
cant changes in the level of Hsp70 expression and the
anti-apoptotic genes Bel-2 and Bel-xL among clones
with different levels of FVIII secretion have been ob-
served for the FVIII-producing human hybrid cell line
HKBI11 [152]. These data attest to the fact that this
pathway of anti-apoptosis re-engineering of FVIII
producers can be efficient only for a super-dense BHK
cell culture.

The suppression of oxidative stress in the ER (as
well as the UPR and apoptosis induced by it) in CHO
cells overexpressing FVIII by antioxidants was dem-
onstrated in [51]. The addition of the antioxidant
butylated hydroxyanisole to the culture medium si-
multaneously with sodium butyrate (an agent induc-
ing FVIII gene expression) enabled a fourfold increase
in the secretion level of the full-length FVIII. Manifes-
tations of oxidative stress were also observed for the
FVIII with a fully deleted B-domain but not for the
variant 226 /N6.

The increase in FVIII secretion by suppressing the
intensity of UPR, oxidative stress, and apoptosis of the
producer cells may be associated with the changes in
the level of FVIII adsorption onto the outer cell mem-
brane. In CHO cells secreting the full-length FVIII,
FVIII concentration in a serum-free supernatant in-
creased by a factor of 4 after porcine vWF had been
added to the culture medium [77]; i.e,, at least three
quarters of the total FVIII secreted in the absence of
vWF remained bound to the cell membrane. FVIII
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predominantly binds to phospholipid membranes con-
taining phosphatidylserine. For the membranes of ac-
tivated platelets, the dissociation constants of FVIII,
FVIII BDD SQ, and FVIIIa are equal to 104, 5.1, and 1.7
nM, respectively [161]. An increase in FVIII adsorption
on the membrane of apoptotic cells (which also contains
an elevated fraction of phosphatidylserine) has been
shown by flow cytometry. The suppression of apoptosis
in producer cells via overexpression of the Hsp70 gene
resulted in a drop in the level of absorption of the full-
length FVIII on the membrane and an increase in its
concentration in the culture medium [161]. In expres-
sion systems of the FVIII gene variants with B-domain
deletion, adsorption on the cell membrane is more pro-
nounced and can exceed 90% for the variant NO (which
isidentical to N8). Partial (instead of complete) deletion
of the B domain reduces adsorption to ~ 50%, while the
total level of FVIII expression decreases almost twofold
[124]. The loss of secreted FVIII NO on the membrane
of the producer cells can also be reduced via the inhibi-
tion of its interaction with phosphatidylserine by add-
ing vWF, annexin V, or o-phospho-L-serine into the
culture medium [162].

TRANSGENIC ORGANISMS

The expression systems of recombinant proteins of the
hemostatic system, which are based on cultured cells,
can potentially be completely replaced with technolo-
gies that allow production of these proteins in the milk

of transgenic animals. Antithrombin ITT exemplifies the
successful implementation of such an approach. For its
production, transgenic goats have been developed with
antithrombin III productivity of over 1 g/I; industrial
processes for purifying the target protein have been
elaborated [163]. The level of FIX production in the
milk of transgenic pigs was considerably lower [164],
which is typically attributed to the insufficient degree
of y-carboxylation of the product. Polypeptide stabil-
ity and accurate processing of the single-chain form to
the heterodimer are considered to be the main factors
limiting the productivity of transgenic animals that se-
crete FVIII in the milk [165]. Functionally active full-
length FVIII was produced in the milk of mice [166],
rabbits [167], sheep [168], and pigs [169]; however, in all
cases the level of product secretion was of no practical
interest (Table 4). When the deletion variant FVIII 226/
N6 was used and the von Willebrand factor was coex-
pressed, the level of FVIII:C in the milk of transgenic
mice reached 678 IU/ml, which attests to the possibility
of producing large transgenic animals that can secrete
industrially significant amounts of FVIII in their milk.
However, the simultaneous introduction of two tran-
scriptionally active transgenes into the cattle genome
will require a significant effort.

VARIANTS OF LONG-ACTING FVIII
Despite the fact that the risk of transmission of viral in-
fections has been considerably reduced thanks to drugs

Table 4. Main properties of transgenic animals capable of secreting FVIIl in milk

Milk Estimated Specific activ- | Productivity per
maximum | FVIILAg, Fvirc, |.>P P Comments &
Name volume, productivity ng/ml U /ml ity, IU/mg, [for | doe per year, mg/ references
[*x* g ¢ plasma 5 000*] 1U
Mouse | 0.0015 0.01-0.02 50.21 1341 267 0.075 / 20 F1[166]
b b b 0.183-0.275/ | Variant 226/N6
122-183 555—678 3705—4549 833-1017 + vWF [165]
. B 0.234—0.585 /
Rabbit 2-5 20 0.117 0521 4500 0429605 F1[167]
Sheep | 200-500 2500 N/A 0.02-0.03%+%* N/A S F1[168]
. i 532-1064 /
Pig 200-400 1500 2.66 0.62 233 194 000-248 000 F1[169]

Fl — full-length FVIII.
*Per doe per year.

**According to [170] and [171].
***In the paper cited, the FVIIl: Ag content is given in pg/ml, which seems to be a misprint. The data is listed in Table as

ng/ml.

****In the paper cited, FVIII:C was measured vs. the standard of natural FVIIl and expressed as ng/ml; the data are
listed in Table as IU/ml under an assumption that the specific activity of the standard compound is 5,000 IU /mg.
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based on recombinant FVIII, modern substitution ther-
apy with hemophilia A remains far from perfect, as it
denies a decent quality of life to hemophiliacs. The rea-
sons limiting the effectiveness of substitution therapy
include the immunogenicity of the injected FVIII, re-
sulting in the appearance of inhibitory antibodies and
in FVIII instability in the bloodstream, which requires
injections every 2—3 days when FVIII is used as a pre-
ventive agent. Since the risk of emergence of anti-FVI-
IT inhibitor antibodies is determined, among other fac-
tors, by the number of injections made, production of
FVIII derivatives with a prolonged half-life would help
to solve both these problems.

The following trends in the study of FVIII deriva-
tives with a prolonged effect can be mentioned: pro-
duction of FVIII conjugates to hydrophilic polymers,
the introduction of point mutations, production of fu-
sion proteins, and design of hybrid human—porcine
FVIII variants.

The conjugation of therapeutic proteins to polyeth-
ylene glycol (PEG) molecules usually makes it possible
to increase their circulation time in the bloodstream by
several times. In some cases, it also reduces immuno-
genicity and prevents proteolytic degradation. Mean-
while, the non-specific attachment of PEG molecules to
the therapeutic protein can cause its inactivation [172].
For FVIII, blockage of its interaction with vWTF can also
result in a significant decrease in its half-life time. The
feasibility of site-specific attachment of PEG molecules
to non-paired cysteine residues inserted at various do-
mains of the deletion variant FVIII BDD SQ via site-
directed mutagenesis was studied [173] (Fig. 8). For the
FVIII variant containing two additional cysteine resi-
dues at positions 491 and 1804, which are conjugated to
60 kDa PEG molecules (variant BDD FVIII 60 kDa di-
PEG-L491C/K1804C, Fig. 8A), an increase in the sur-
vival rate of knockout mice after the transection of the
tail vein was observed (from 60% for the intact FVIII to
86%) [173]. The non-directed attachment of PEG mol-
ecules to the full-length FVIII at lateral amino groups
of lysine residues has also allowed to obtain a conjugate
(code BAX 855, Fig. 8B) characterized by an average
degree of attachment of PEG residues = 2:1, unchanged
procoagulant activity, and a lifetime in the bloodstream
increased by approximately two times [174].

Since the intact FVIII circulates in the bloodstream
within a multimeric high-molecular-weight complex
with vWF, there is little promise in increasing the
half-life time of the recombinant FVIII by designing
proteins fused with long-acting proteins of the blood
plasma (e.g., with serum albumin). Meanwhile, linking
FVIII in frame to the domains of other proteins, which
specifically protect them against elimination from
circulation, can considerably increase FVIII stability.

Thus, in experiments on knockout mice and dogs with
a model of hemophilia A, the protein FVIII-immu-
noglobulin Fe-region (FVIII-Fe, Fig. §C) provided pro-
tection against uncontrollable bleeding twice as long-
lasting as the intact FVIII [175]. The prolonged effect
of FVIII-Fc was entirely determined by the interaction
with the neonatal Fc-receptor (FcRn). Clinical trials of
FVIII-Fc conducted with 16 patients have demonstrat-
ed that the time of retention of FVIII-Rc in the blood-
stream (time between the injection of the drug and the
decrease in the FVIII:C level below 1%) increases by
a factor of 1.53—1.68 [176]. It should be noted that the
prophylactic use of FVIII drugs usually includes three
injections per week. Meanwhile, the duration of the ef-
fect of FVIII needs to be increased at least twice so that
a single injection per week is sufficient [177]. Hence, an
increase in the duration of the effect of modified FVIII
variants by approximately 1.5 times as compared to the
intact FVIII can reduce the risk of bleeding to a certain
extent for the existing prophylaxis regimens (the so-
called “third-day problem”), but it does not allow one
to make the injections less frequent.

The alteration of the properties of FVIII via point
mutagenesis has been described in several independent
studies; however, none of the mutant proteins (muteins)
has undergone clinical trials. The introduction of three
point substitutions R336I/R562K /R740A to the gene
of the deletion variant FVIII 741—-1689 (variant IRS,
Fig. 8D) has enabled the production of a protein char-
acterized by normal procoagulant activity, loss of its
affinity to vWF, and high resistance to proteolytic in-
activation of FVIIIa by the activated protein C [178].
However, no significant differences in the termination
of bleeding in knockout mice have been observed when
using this gene variant for targeted FVIII expression
on the platelet membrane [179].

The introduction of a pair of cysteine residues to
the spatially juxtaposed regions of the A2 and A3 do-
mains forms a disulfide bond between them, which
stabilizes the activated FVIII, thus increasing its pro-
coagulant activity [180]. Muteins of the deletion FVIII
variant containing the cysteine pair C664—C1826 or
C662—C1828 (Fig. 8D) in in vitro experiments exhibited
specific activity tenfold higher than that of the intact
FVIII[181].

The stability of FVIIIa can also be enhanced by sub-
stituting the amino acids on the interface surfaces be-
tween the A2, Al, and A3 domains. The point substitu-
tion of E1984V (Fig. 8F) resulted in an increase in the
lifetime of the activated FVIII by 4—8 times, while its
normal procoagulant activity was retained [182].

Most inhibitor antibodies emerging in patients with
hemophilia A are oriented toward the epitopes with-
in the A2 and C2 domains. Anti-A2-domain antibod-
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BDD FVIIl 60 kDa di-PEG- L491C/ K1804C
A Increase in half-life and absence of loss of specific
K1804C activity due to site-specific modification
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C662 1828 dissociation of the A2 domain
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Stabilization of the FVllla by the increase in the affinity of
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FIXa and FX. The complex is anchored on the cell mem-
brane via the interaction of the Gla-domains in FIXa and
FX with the membrane

direct activation of the FX
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Fig. 8. FVIIl long-acting variants and functional mimetics. Spirals represent the covalently attached PEG groups; dashed
lines — unknown conjugation sites; arrows — noncovalent interaction; and wavy lines — blocking of interactions. Protein
parts from porcine FVIIl are shown in green in panel H
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ies mostly interact with a short region, 484—508; thus,
the replacement of several amino acids in this region of
FVIII can reduce its immunogenicity. It turned out to be
sufficient to introduce the triple substitution R484A/
R489A /P492A (Fig. 8G) to reduce the average inhibitor
level from 670 to 310 Beteshda U/ml in knockout mice
that had received seven sequential FVIII injections at
an interval of 14 days [183].

It was demonstrated in in vitro experiments using a
number of hybrid FVIII molecules with the deleted B
domain 741—-1648, which contained alternating frag-
ments of porcine and human FVIII, that the replace-
ment of the 484—508 fragment of the A2 domain of hu-
man FVIII by a homologous fragment of porcine FVIII
and complete replacement of the human FVIII A3- and
C2 domains by the corresponding domains of porcine
FVIII (variant HP32, Fig. 8H) allow one to produce a
FVIII molecule that is resistant to the inhibitor effect
of most antibodies isolated from hemophilia A patients
[184]. For this reason, the porcine recombinant FVIII
with a deleted B domain (variant OBI-1), which is cur-
rently undergoing clinical trials [185], can be potentially
replaced by a hybrid molecule that inhibits lower im-
munogenicity as compared to xenogenic porcine FVIII
[186] but carries no immunodominant epitopes of hu-
man FVIIL

FUNCTIONAL ANALOGUES OF FVIII

Since the function of FVIIIa can be confined to increas-
ing FIXa activity, the high-activity analogue of FIXa,
which can produce a sufficient amount of thrombin,
will ensure efficient blood clotting without the par-
ticipation of FVIII Unlike FVIII, FIX modified in this
manner can also be used to treat the inhibitor form of
hemophilia A. The introduction of a gene therapy plas-
mid encoding mutein FIX with the triple substitution
V181I, K265T, and 1383V into FVIII gene knockout
mice improved the blood clotting indicators [187], thus

attesting to the fact that the hemostatic function in pa-
tients with hemophilia A can be recovered without us-
ing FVIII drugs (Fig. 8I). The tenase complex can also
be reconstructed by replacing the FVIIIa molecule by a
bispecific antibody against FIXa and FX. This antibody
was selected among 40,000 molecules composed of frag-
ments of monoclonal antibodies against FIX and FX via
high-throughput screening [188]. After the optimiza-
tion of the structure of the leading molecules, the bis-
pecific humanized antibody hBS23 was obtained, which
is capable of increasing the catalytic efficiency of FIXa
by 19,800 times (272,000 times for FVIII) due to the 20-
fold reduction in K _of the reaction of FX activation and
a 1,000-fold increase in k_, (Fig. 8J). A single injection
of 0.3 mg/kg hBS23 to macaques used as a model of ac-
quired hemophilia A ensured virtually identical bleed-
ing control as therapy using porcine FVIIL

CONCLUSIONS

Efficient bleeding control in hemophilia A patients
is based on continuous substitution therapy using
FVIII preparations and prophylaxis of bleeding in
pediatric practice. Since the current state of studies
and elaboration of long-acting FVIII derivatives pro-
vides no grounds to expect considerably improved
drugs in the near future, the development of new cell
lines producing FVIII (with allowance for the accu-
mulated knowledge on the FVIII structure and the
factors affecting the levels of its biosynthesis and se-
cretion) may enable a several-fold increase in its pro-
duction. It can be assumed that a simple increase in
the production volume of third-generation biosimilar
drugs based on recombinant FVIII will make it pos-
sible to increase the volume of substitution therapy
for hemophilia A, while the current costs remain un-
changed (i.e., to improve patients’ quality of life and
increase their longevity without reallocating the lim-
ited healthcare resources). ®
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ABSTRACT X chromosome inactivation is a complex process that occurs in marsupial and eutherian mammals.
The process is thought to have arisen during the differentiation of mammalian sex chromosomes to achieve an
equal dosage of X chromosome genes in males and females. The differences in the X chromosome inactivation
processes in marsupial and eutherian mammals are considered, and the hypotheses on its origin and evolution

are discussed in this review.

KEYWORDS mammals; X chromosome inactivation; Xist.

ABBREVIATIONS XIC — X inactivation center; PAR — pseudoautosomal region of the mammalian X chromosome.

INTRODUCTION

The class Mammalia (mammals) is divided into two sub-
classes: Prototheria (monotremes) and Theria. In turn,
the infraclasses Metatheria (marsupial mammals) and
Eutheria (placental mammals) are distinguished in the
Theria subclass. The divergence between monotremes
and marsupial mammals took place 166.2 million years
ago; the divergence between marsupial and placental
mammals occurred 147.7 million years ago [1].

The ontogenesis of female marsupial and placental
mammals is accompanied by a unique epigenetic phe-
nomenon, heterochromatization of one X chromosome
(out of two) and inactivation of its transcription, which
is maintained in cell generations [2, 3]. This mechanism
is believed to have arisen due to the necessity of gene
dosage compensation in heteromorphic sex chromo-
somes in individuals of the opposite sex. In the subclass
Theria, sex is determined by two heteromorphic sex
chromosomes, X and Y. Males have the XY combina-
tion of sex chromosomes, while females have the XX
combination. Since the Y chromosome contains only
several tens of genes, as opposed to the X chromosome
that contains approximately a thousand genes, most
genes in the X chromosome are represented as a sin-
gle copy in males (XY) and two copies in females (XX).
As a result of inactivation of a single X chromosome
in females, only one gene copy of the X chromosome
is transcriptionally active in individuals of both sexes;
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thus, approximately equal amounts of the products of
X-linked genes are synthesized in cells. X chromosome
inactivation occurs due to the effect of specific nuclear
RNAs and chromatin modifications that repress tran-
scription and differ in marsupial and eutherian mam-
mals [3, 4]. The evolution of X chromosome inactivation
is discussed in this review.

PHENOMENOLOGY OF X-INACTIVATION IN MAMMALS

Monotremes use a mechanism different from X
chromosome inactivation for dosage compensation
The living representatives of the most ancient mamma-
lian subclass Prototheria, one platypus and four echid-
na species, are merged into the order of monotremes
(Monotremata). Unlike the rest of mammals, the
monotremes have a complex sex-determination sys-
tem. The male platypus (Ornithorhychus anatinus)
has five X and five Y chromosomes; five X and four
Y chromosomes have been detected in male echidna
(Tachuglossus aculeatus) [5—7]. The genes typical of
the X chromosomes of marsupial and eutherian mam-
mals have autosomal localization [7—9]. However, the
genes typical of the sex chromosome Z of birds (includ-
ing the Dmrt1 gene, which presumably plays the key
role in sex determination in birds) have been found on
the X chromosomes of monotremes. The most exten-
sive region homologous to the chicken Z chromosome
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Table 1. The ratio between the gene expression levels in the X chromosomes in female and male platypus cells and fre-

quency of their monoallelic expression [10]

has been detected on the platypus X5 chromosome; less
extensive regions of homology are localized on the X,
X, and X; chromosomes (Fig. I).

All the X and Y chromosomes of monotremes contain
homologous pseudoautosomal regions that enable con-
jugation between the X and Y chromosomes in meiosis
[6—7]. However, the extensive regions of the platypus
X =X, chromosomes (corresponding to ~12% of the ge-
nome) are nonhomologous and show no similarity to
Y, —Y.. It is reasonable to expect that a mechanism of
dosage compensation for the genes localized in these
regions exists. A quantitative analysis of the transcrip-
tion of the genes localized in the differentiated regions
of different platypus X chromosomes [10] has demon-
strated that some of them have identical transcription
levels both in female and male cells, while expression
of the remaining genes is either compensated partially
or is not compensated at all (i.e., expression in female
cells turns out to be twice as high as that in male cells)
(Table 1). Thus, dosage compensation in monotremes
presumably functions only for individual genes of the
sex chromosome, resembling incomplete and variable
dosage compensation in birds [11, 12]. In cell nuclei of
female platypus, transcription of the genes exhibiting
dosage compensation is revealed only for one of the ho-
mologous X chromosomes with a frequency of 50—70%.
Nevertheless, total mRNA contains equal amounts of

transcripts corresponding to each homologue. These
data provide grounds for assuming that dosage com-
pensation in monotremes occurs due to a decrease in
the transcription level of one of the alleles (selected in
each cell in a random manner) [10]. Since each pair of
X chromosomes in female platypus has no visible dis-
tinctions in chromatin modifications at the cytological
level, it is assumed that the dosage compensation in
monotremes affects individual genes rather than chro-
mosomes [13].

The pseudoautosomal region of the echidna X, chro-
mosome in some cell types is characterized by late rep-
lication [14], which can be regarded as an indicator of
inactive chromatin, although the genes localized in this
region are present both on X, and Y, and require no
dosage compensation. Taking into account its suscep-
tibility to inactivation, this region was previously re-
garded as an ancestral region when the mechanism of
silencing of an entire chromosome could have presuma-
bly been formed. However, since the genes contained in
this region in marsupial and eutherian mammals have
autosomal localization and are not involved in inactiva-
tion, this assumption has been refuted.

Thus, it is an obvious fact that monotremes, unlike
marsupial and eutherian mammals, use a mechanism
that differs from X chromosome inactivation for dos-
age compensation.
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Table 2. Status of gene expression in the X chromosomes in different marsupial species

Gene Species Method Inactivation in somatic tissues
Gbpd Macropus robustus Isoenzyme analysis, SNuPE Complete
Macropus rufogriseus Isoenzyme analysis Complete
Didelphis virginiana Isoenzyme analysis Partial
Monodelphis domestica RT-PCR Complete
Gla Antechinus stuarttit Isoenzyme analysis Complete
Kangaroo hybrids « Complete
Pgk1 Macropus giganteus « Tissue-specific
Macropus parryi « «
Trichosurus vulpecula « «
Didelphis virginiana « «
Monodelphis domestica SNuPE Partial

Imprinted, incomplete and tissue-specific X
chromosome inactivation in marsupial mammals
Infraclass Metatheria (marsupials) comprises 270 spe-
cies, 200 of which live in Australia; 69, in South Amer-
ica; and 1, in North America. The evolutionary segre-
gation between Australian and American marsupials
occurred 70 million years ago [9, 15]. The sex chromo-
somes in marsupial and eutherian mammals have a
common origin. The X chromosome in marsupials rep-
resents 2/3 of the X chromosome of eutherian mam-
mals; the remaining third of the genes are localized on
the autosome (Fig. 1). Marsupials are the most ancient
mammals; dosage compensation in female marsupials
occurs due to X chromosome inactivation; however,
the inactivation processes in marsupial and eutherian
mammals differ significantly.

Nonrandom imprinted inactivation is typical of all
marsupial tissues; it involves suppression of gene tran-
scription and establishment of late replication in the S
phase of the cell cycle, exclusively on the X chromo-
some inherited from the father [16, 17]. The untrans-
lated nuclear RNA Rsx (RNA-on-the-silent X), which
can propagate over the inactive X chromosome and
repress gene transcription, is presumably responsible
for the inactivation process at the chromosomal level
[4]. The imprinted inactivation of three genes of the X
chromosome has been studied in tissues of eight spe-
cies (Table 2). It was found that the inactive status of
the X chromosome inherited from the father is unsta-
ble, and that genes are frequently reactivated. It turns
out that inactivation in marsupials does not affect all

42| ACTANATURAE| VOL.5 Ne2 (17) 2013

genes to the same extent (i.e, is incomplete). Moreover,
the same loci of the X chromosome can be inactivated
to different extents depending on a particular tissue.
Thus, the phosphoglycerate kinase A (Pgk1) gene in the
Virginia (North American) opossum Didelphis virgin-
iana is completely inactivated in all tissues, whereas no
stable repression of the paternal allele of the glucoso-
6-phosphate dehydrogenase (G6pd) gene is observed
in most tissues [18]. In the gray short-tailed opossum
Monodelphis domestica, unlike the Virginia opossum,
the paternal G6pd allele is stably inactivated, whereas
Pgk1 exhibits incomplete inactivation in all tissues [19].
Thus, orthological genes can be inactivated to different
extents in different marsupial species.

It should be mentioned that X chromosome inactiva-
tion is not the only mechanism of dosage compensation
in marsupials. In the members of the bandicoot fam-
ily (Paramelidae), the Y chromosome in males and one
of the two X chromosomes in females are eliminated
at different ontogenic stages in somatic cells [20]. The
elimination of sex chromosomes in different tissues
can be observed either in all cells or in some of them.
The investigation of the expression of the alleles of the
X-linked Pgk1 gene in the southern brown bandicoot
Isoodon obesulus shows that only the X chromosome
inherited from the father is eliminated in females [21].
In the cells where sex chromosomes have not been
eliminated, the X chromosome of paternal origin in
females and the Y chromosome in males are late-rep-
licating. The mechanism of elimination of sex chromo-
some is unknown; however, the preferential elimina-
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the taxa (Mya) is shown on
the branches of the phylo-
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tion of the X chromosome inherited from the father
and asynchronous replication of the X chromosomes
in females attest to the fact that this process emerged
in marsupials as a trend in the evolution of the X chro-
mosome inactivation process.

Eutherian mammals have imprinted and random

X chromosome inactivation, which are controlled

by the inactivation center and the Xist gene

Infraclass Eutheria (placental mammals), which is sub-
divided into the four superorders Afrotheria, Xenar-
thra, Euarchontoglires and Laurasiatheria, is the most
numerous, diverse, and common mammalian infraclass.
The X chromosome in eutherian mammals consists of
the genes constituting the X chromosome in marsupials
by 2/3 and contains an added region, which has auto-
somal localization in marsupials [9] (Fig. 1). As opposed
to marsupial mammals, the X chromosomes of paternal
and maternal origins are inactivated with equal prob-
abilities in the cells of adult female eutherians; hence,
on average half of the cells express the genes of the
paternal X chromosome, while the remaining half ex-
press the genes of the maternal X chromosome. Unlike
imprinted inactivation, random inactivation embraces
most genes on the X chromosome and is stably main-
tained through cell generations. It should be mentioned
that the genes in the added region of the X chromo-
some in eutherian mammals, which were localized on
the autosome in marsupials and did not participate in
the inactivation process, are inactivated with a lower
efficiency and are capable of avoiding inactivation [22].
The random inactivation in eutherians comprises sev-
eral stages: counting the number of X chromosomes per
diploid genome, choice of an X chromosome for inacti-
vation, initiation of activation, and propagation of the
inactive status and its maintenance through cell gen-
erations [3, 23]. It is possible that the stage involving the
choice of the X chromosomes (during which the mutu-
ally exclusive choices of the future active and inactive
X chromosomes (like in a mouse) occurs) is typical not
of all eutherian species. Thus, inactivation in early on-
togenesis of the rabbit occurs stochastically, resulting
in the formation of different cells, where 1) neither one
of the X chromosomes is inactivated, 2) both X chro-
mosomes are inactivated, or 3) one X chromosome out
of two is randomly inactivated. Due to the disrupted
gene dosage, the former two cell types subsequently
die, while the remaining cells with normal inactivation
form the organs and tissues of the organism [24].

In certain taxa of eutherian mammals (e.g., in ro-
dents and artiodactyles), in addition to the random in-
activation there also exists imprinted, incomplete and
unstable inactivation of the X chromosome inherited
from the father (however, this occurs exclusively at the
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pre-implantation stages of embryogenesis and remains
in cells resulting in extraembryonic organs (placenta
and vitelline sac) [25, 26].

Both the random and imprinted inactivation in eu-
therians are controlled by the inactivation center (XIC)
and the Xist gene, which have not been detected in
monotremes and marsupials [3, 23]. During the random
inactivation, the Xist gene ensures initiation of inacti-
vation and propagation of the inactive status, while the
other elements of the inactivation center function at
the stage of the counting of X chromosomes and choice
of the chromosome to undergo inactivation.

The evolution of complete and stable

inactivation was accompanied by substitution

of the noncoding RNA Rsx by Xist and the

emergence of Xist-dependent modifications

in the histones on the inactive X chromosome,

along with DNA methylation in promoters

Despite the differences, there are a number of common
features between the X chromosome inactivation in
marsupial and eutherian mammals, which presumably
reflect the fundamental and the most ancient mecha-
nisms underlying this process (Fig. 2) [13, 27, 28]. Both
in marsupials and eutherian mammals, the inactive X
chromosome is revealed in female interphase nuclei in
the form of a cytologically discernible compact chroma-
tin mass known as the Barr body. The DNA-dependent
RNA polymerase II responsible for gene transcription
is almost completely eliminated from the chromosomal
area of the inactive X chromosome in interphase nuclei.
The inactive X chromosome is late-replicating; during
the replication stage, it migrates to the perinucleolar
region of the nucleus, which is enriched in the enzymes
required to reproduce the inactive chromatin structure.
Covalent histone modifications typical of transcription-
ally active chromatin are eliminated in the inactive X
chromosome, while modifications typical of transcrip-
tionally inactive chromatin are present. Chromatin of
the inactive X chromosome contains untranslatable nu-
clear RNA, which is expressed only from the inactive X
chromosome and propagates over it, resulting in gene
inactivation.

It should be emphasized that marsupial and euth-
erian mammals use completely different, unrelated
in terms of their origin and nuclear noncoding RNAs
of Rsx and Xist, which exhibit similar properties and
behavior during the inactivation process [4]. Both non-
coding RN As are enriched in microsatellite repeats,
which are significant functional domains required for
the repression of transcription, propagation over the
inactive X chromosome, and binding of the protein
complexes responsible for chromatin modification (as
has been demonstrated for Xist RNA) [29] (Fig. 3). The
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Fig. 2. The evolution of the epigenetic mechanisms underlying X chromosome inactivation in mammals [28]. Xi is the
inactive X chromosome. The divergence time of the taxa (Mya) is shown on the branches of the phylogenetic tree

evolutionary conserved minisatellite A-repeats local-
ized in the first exon of the Xist gene play a significant
role in the inactivation of the transcription of X chro-
mosome genes [30]. Deletion of the A-repeats renders
Xist RNA incapable of inducing inactivation of the
transcription of X-linked genes, although it can still
normally propagate along the X chromosome [29, 31].
The propagation of Xist RNA along the X chromosome
is controlled by the cumulative action of the micros-
atellite repeats B, C, D, and E [32]. The area of minis-
atellite C-repeats is responsible for the binding of Xist
RNA to the chromatin of the inactive X chromosome
via the hnRNP U protein, which is also known as SP120
and SAF-A (scaffold attachment factor A) [31, 33—35].
hnRNP U (heterogeneous nuclear ribonucleoprotein
U) is a protein that contains three conserved domains:

PRC2 hnRNP U PRC2
Xist A E B C D E AAAA
+++ -+t +++ +++

Fig. 3. Functional RNA domains of the Xist gene. A, B, C,
D, E, F — minisatellite repeats included in Xist RNA. (+++)
— sequences responsible for Xist RNA spreading on the

X chromosome. Arrows indicate the A- and E-repeat
regions involved in binding of the PRC2 protein complex
and the C-repeat region responsible for Xist RNA binding
to the inactive X chromosome by the hnRNP U (SP120/
SAF-A) protein. A-repeats are also necessary for tran-
scriptional gene silencing and organization of the inactive
X chromosome compartment [3]

VOL.5 Ne2(17) 2013 | ACTA NATURAE |45



REVIEWS

SAF-Box, which can bind to the AT-rich DNA region
known as S/MAR (scaffold- or matrix-attachment re-
gion); the SPRY domain (Spla and Ryanodine recep-
tor) with an unknown function; and the RNA-binding
domain RGG (arginine-glycine-glycine). The presence
of these domains makes it possible for hnRNP U to in-
teract with Xist DNA and RNA, which facilitates its
retention in the inactivated X chromosome [35].

It should also be noted that during the whole cell cy-
cle the inactive X chromosome in marsupials is stably
associated with heterochromatin protein HP1, histone
H3 trimethylated at lysine K9, and histone H4 trimeth-
ylated at lysine K20, which are typical of the centro-
meric and telomeric regions of constitutive heterochro-
matin [13, 28, 36]. Some modifications specific to the
inactive X chromosome in eutherians (e.g., histone H3
trimethylated at lysine 27) may temporarily emerge
on the inactive X chromosome of marsupial mammals
during the period between the S- to and the early G2-
phase of the cell cycle.

In eutherians (similarly to marsupials), the repres-
sion of the entire X chromosome at the early stages
of imprinted inactivation may occur exclusively as a
result of the modifications typical of constitutive het-
erochromatic regions [37]. At the later stages of im-
printed inactivation, as well as in the case of random
inactivation, these modifications occur on the inactive
X chromosome only in the regions enriched in repeats,
which correspond to the G-positive bands. The regions
of the inactive X chromosome enriched in genes are
stably repressed during the whole cell cycle via the tri-
methylation of H3 at lysine K27, monoubiquitination of
H2A at lysine K119, and insertion of the histone mac-
roH2A1.2 (which are colocalized with Xist RNA) into
chromatin [38—42]. The emergence of modifications ca-
pable of colocalizing with the Xist gene depends on its
expression; repression of Xist and disturbances in the
propagation of its RNA result in elimination of these
modifications from the inactive X chromosome [29, 31,
43]. Moreover, it has been revealed that Xist RNA con-
tains two sites that are capable of binding to the pro-
tein complex PRC2 (Polycomb repressive complex 2),
whose proteins function as histone methyltransferases
responsible for the trimethylation of H3K27 [44].

Methylation of DNA in the inactive X chromosome
is another epigenetic difference during inactivation in
marsupial and eutherian mammals. The DNA of the
inactive X chromosome in the embryonic tissues of
eutherian mammals (as opposed to that of the active
chromosome) is hypermethylated at the CpG dinucle-
otides localized in the promoters and 5’-untranslated
regions of the genes during random inactivation [45].
The methylation is detectable during unstable imprint-
ed inactivation neither in the extraembryonic tissues of
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eutherians nor in the somatic tissues of marsupials [18,
19, 46]. Methylation of promoter DNA during random
inactivation has presumably emerged in eutherians as
an additional stage of stabilization of the inactive status
of the X chromosome in somatic cells.

HYPOTHESES CONCERNING THE ORIGIN AND
EVOLUTION OF X CHROMOSOME INACTIVATION

Imprinted inactivation is likely to be more ancient
Imprinted X chromosome inactivation, which occurs in
all marsupial tissues and organs and in extraembyonic
organs (placenta, vitelline sac) in a number of euth-
erian mammals, is considered to be the most ancient
and primitive X chromosome inactivation. Imprinted
inactivation has further evolved into the more prefer-
able process of random inactivation as it incorporates
the mechanisms of counting the number of X chromo-
somes per diploid set and choosing the future inactive
X chromosome, which are controlled by the inactiva-
tion center.

Imprinted inactivation in certain eutherian taxa
could have been retained or emerged again as it incor-
porated the new mechanisms offered by the inactiva-
tion center and the Xist gene. Thus, at least in mice, im-
printed inactivation involves XIC and Xist. Imprinting
preventing Xist expression and protecting the X chro-
mosome inherited from the mother against inactivation
has been detected in XIC [23]. However, imprinted in-
activation has been completely eliminated in the other
taxa (e.g., in humans) [47].

The inactivation process could have originated

from the mechanisms of imprinted or random
monoallelic expression of autosomal genes and

from meiotic silencing of sex chromosomes

There is at present no satisfactory explanation for the
origin of the X chromosome inactivation. The inacti-
vation mechanism could have emerged de novo on the
X chromosome or could have been borrowed from the
existing silencing process.

There is a hypothesis that the mechanism that is
used for imprinted monoallelic expression of the genes
on one of the two homologous autosomes could underlie
imprinted X chromosome inactivation [48]. Imprinting
of gene expression on autosomes is a common conserved
process among marsupial and eutherian mammals. Nu-
clear RNAs, whose expression causes transcriptional
gene silencing in cis, elimination of the modifications
typical of active chromatin, and recruitment of the
modifications specific to inactive chromatin, are in-
volved both in autosomal genomic imprinting and in X
chromosome inactivation in eutherian mammals. In eu-
therians, both these processes occur at the early stages
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of embryonic development, are retained in placenta,
and lost in the embryo.

It should be mentioned that the randomly estab-
lished monoallelic expression of autosomal genes is also
a rather common phenomenon. Thus, the genes of im-
munoglobulins, factory receptors, T-cell receptors, and
natural killer cell receptors exemplify the genes with
monoallelic expression, which is determined stochas-
tically. A number of genes with random monoallelic
expression are characterized by asynchronous replica-
tion: they are early-replicating on one homologue and
late-replicating on the other one during the S-phase
of the cell cycle. The asynchronous replication of these
genes is likely to take root during early development.
Clusters of different genes with monoallelic expression
localized on the same chromosome at a considerable
distance from one another are characterized by equal
replication times within the same homologue [49]. This
fact provides grounds to assume that each homologue
within a pair has its own specifically organized chromo-
somal area, which is similar to the region of the inactive
X chromosome that can be cytologically detected in the
interphase nuclei of marsupial and eutherian mammals
as a compact chromatin mass known as the Barr body
[23]. Thus, it is possible that X chromosome inactivation
originates from the mechanism of stochastic monoal-
lelic gene expression, with imprinting introduced later
[50].

It has also been assumed that imprinted inactivation
of the X chromosome inherited from the father either
originates from meiotic inactivation of sex chromo-
somes in spermatogenesis or is its extension [18]. During
spermatogenesis, meiotic inactivation of sex chromo-
somes at the pachytene stage of meiosis results in tran-
scriptional silencing of sex chromosomes, giving rise
to the sex body (XY body). The assumption of the fact
that imprinted inactivation of the X chromosome may
be related to the process of meiotic inactivation of sex
chromosomes in spermatogenesis is supported by the
data indicating that chromatin modifications identical
to those formed during meiotic inactivation are formed
during imprinted inactivation in marsupial mammals
and at the early stages of imprinted inactivation in eu-
therians [37]. The tentative cognation between meiotic
and imprinted inactivation provides grounds to believe
that X chromosome inactivation could have occurred at
the early evolutionary stages without the participation
of nuclear noncoding RNA (and if this RNA did exist, it
did not play the key role in transcriptional repression).
This assumption is based on the data indicating that
similar modifications ensuring chromatin repression
are not specific to the inactive X chromosome in case
of meiotic and imprinting inactivation but are typical
of all the regions of constitutive heterochromatin in

the genome, and that their emergence (at least on the
eutherian X chromosome) is independent of Xist ex-
pression. Moreover, meiotic inactivation and the early
stages of imprinted inactivation in eutherian mammals
can successfully occur in the absence of Xist RNA, as
well [51, 52]. In marsupials, meiotic gene repression in
spermatogenesis is also independent of the Rsx gene,
which is not expressed at this stage [4]. Thus, it can be
assumed that the role of nuclear RNA in X chromosome
inactivation could have originally consisted in organiza-
tion of the specific chromosomal area or in relocation of
the inactive chromosome to the perinucleolar compart-
ment in order to ensure its replication (these processes
occur with the immediate participation of Xist RNA)
[63—55]. It was not until some time later that nuclear
RNAs started to be used directly for transcriptional re-
pression and recruitment of the protein complexes re-
pressing chromatin. However, one should bear in mind
that the core histones (along with the epigenetic data
regarding the transcriptional status of chromatin) are
in most cases replaced by protamines as chromosomes
are packaged in sperm cells, while methylation of the
CpG islands employed for the inheritance of the inac-
tive status in X-linked genes has not been detected [19].
Hence, it remains unclear how the inactive status of
chromatin can be transmitted to the zygote. Further-
more, since the molecular mechanisms of both meiotic
and imprinted inactivation remain unknown, it is dif-
ficult to determine the actual cognation between these
processes.

ORIGIN AND EVOLUTION OF THE X
INACTIVATION CENTER AND THE XIST GENE

The genes of the X inactivation center originate

from the protein-coding genes and mobile elements
The X inactivation process in eutherian mammals is
controlled by a complex genetic locus of the X chro-
mosome, the X inactivation center (XIC). Along with
Xist, the XIC of evolutionarily distant eutherian species
contain two more genes that encode nuclear RNAs —
Enox (Jpx) and Ftx; it has been shown in experiments
on mice that these genes activate Xist expression [56—
59]. The XIC also contains the protein-coding genes
Tsx and Cnbp2, whose products are not involved in in-
activation [56]. It has been demonstrated that several
protein-coding genes in the region of synteny with the
XIC on chicken chromosome 4 exhibit homology with
the genes of the inactivation center and could be their
ancestors [60]. The Lnx3 gene, whose protein product
contains the ubiquitin-ligase domain PDZ, underlies
the formation of Xist (Fig. 4). It has been shown by
comparing these genes that the promoter region and
at least three exons of the Xist gene originate from the
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H. sapiens (~1000 kbp) FTX XIST
SLC16A2 CNBP2 ENOX TSIX YTSX CHIC1 CDX4
Slc16a2 Fix Xist
M. musculus (=500 kbp)
Cnbp?2 Enox Tsix Xite Tsx Chicl Cdx4
Waved4 Rasllic Lnx3
G. gallus (200 kbp) 200 kbp
Cdx4
Slc16a2  Uspl Fip1l2 Chict

Fig. 4. Comparison of the human and mouse X inactivation centres with its homologous region in chicken. Colored boxes
represent genes; arrows show their transcription direction. Homologous genes in different species are shown in the same
color. Lines connect the same homologous genes in the cognate loci of chicken, mouse and human. Cdx4, Chic1 and
Slc16a2 are the conserved protein-coding genes that flank both eutherian XIC and its homologous locus in chicken. Cnbp2
is a protein-coding gene, which was retrotransposed to the XIC locus in the eutherian lineage. Tsx is a testis-specific
protein-coding gene which partially evolved from the cognate chicken protein-coding gene Fip 1/2. Note that human TSX is
no longer functional and represents a pseudogene. Xist, Enox (Jpx) and Ftx are the genes of XIC-produced nuclear RNA;
they show homology to the cognate chicken protein-coding genes Lnx3, Uspl and Wave4, respectively. The remainder of
the chicken protein-coding gene Ras/11c is found in eutherian XIC between the genes Rtx and Enox (Jpx)

sequences of the Lnx3 gene. The largest first exon of
the Xist gene presumably descended from endogenous
retroviruses, whose fragments (after having been in-
serted into the locus) were amplified, producing sim-
ple tandem repeats of several types, which have been
identified within it. The remaining exons of the Xist
gene are syntenic to mobile elements of various classes
(Fig. 5) [61]. The protein-coding genes surrounding the
Lnax3 gene produced the other genetic elements of the
inactivation center in mammals (Fig. 4). The Tsx gene
descended from the Fipll2 gene. The two other genes,
Uspl and Wave4, gave rise to Enox (Jpx) and Ftx, re-
spectively. It can be noted that the Enox (Jpx) gene (as
well as Xist) contains exons descending from mobile el-
ements, which correspond to various types of repeats in
different species [56, 57, 61].

Monotremes and marsupials have no Xist

gene; the region homologous to the X

inactivation center in eutherians is separated

by chromosomal rearrangements

No direct orthologues of the Xist gene or other XIC se-
quences have been detected in monotremes and euth-
erians as a result of screening of the genome libraries
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and of a thorough search for homology in the sequenced
genomes [62]. Moreover, protein-coding genes ancestral
to XIC separated by independent chromosomal par-
titions and localizing as two individual groups (on the
X chromosome in marsupials and on chromosome 6 in
monotremes) have been detected in them [60, 62—64].
Lnax3 RNA in marsupials has a native reading frame,
is expressed both in males and females, and obviously
functions as a protein-coding gene rather than as an
untranslated nuclear RNA that is similar to Xist. Thus,
protein-coding genes ancestral to XIC were trans-
formed into the genes of the inactivation center only in
eutherian mammals; the inactivation process in mar-
supials involves neither Xist nor XIC. The Rsx gene in
marsupial mammals, which presumably has functions
similar to those of the Xist gene in eutherians, flanks
the protein-coding gene Hprt of the X chromosome and
does not share a common origin with Xist and XIC [4].

The Xist gene and the X inactivation

center rapidly accumulate species-

specific differences during evolution

The Xist gene has been detected in the genomes of
representatives of all four mammalian superorders,
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1 2 3
Lnx3
Consensus
h1 h2 h3
H. sapiens
m1 m2 m3

M. musculus

Canis familiaris

Bos taurus

4 5 "
h4 h5 hé h7 h8
m4 m5 mé m7 m8

Fig. 5. The origin of the Xist gene from the sequences of the protein-coding gene Inx3 and various classes of mobile ele-
ments [61]. Blue rectangles denote the exons that evolved from the gene Lnx3; red rectangles denote the exons origi-
nating from mobile elements; hatched blue and red rectangles denote the exon sequences detectable in the genome
but not contained in the Xist transcript in the corresponding species. Consensus is a putative ancestral structure of the
Xist gene. Exon numbering is given for the human (Homo sapiens) and mouse (Mus musculus) Xist genes: m1-m8 for

mouse and h1—h8 for human

including the most ancient Afrotheria and Xenar-
thra [62]. However, the Xist gene is not conserved and
evolves very rapidly [56, 60, 61, 65]. The exons of the
Xist gene evolve slower than introns do. The most con-
served, exon 4, bears the best resemblance with the
exon of the Lnax3 gene. Paradoxically, the first exon
with some functions (and, in particular, the A-repeat
region required to establish transcriptional gene silenc-
ing) evolves quicker than exon 4, whose deletion has no
effect on inactivation. The number of exons per gene
in different eutherian species varies from six to eight
(Fig. 6). The sequences that are exons in certain spe-
cies may constitute introns in other species. The size
of certain exons may vary due to the formation of new
exon—intron borders. The size of the largest first exon
of the Xist gene varies due to amplification and dele-
tions of the tandem repeats within it and insertions/
deletions of taxon-specific mobile elements. Because of
this variability, the length of Xist RNA in representa-
tives of different orders may differ approximately two-
fold. The differences in the Xist gene in terms of RNA
size, presence of exons, repeats, and mobile elements
are believed to be attributable to its adaptation to func-
tioning in the genome and to the X chromosome in each
particular species.

The mouse XIC has two additional genes that encode
nuclear RNA: Tsix, which is expressed from the anti-

sense chain of the Xist gene, and Xite (X-inactivation
intergenic transcriptional element). These genes control
Xist expression during imprinted and random inactiva-
tion; they are involved in the counting of the number of
X chromosomes per diploid autosomal set and choice of
the future inactive X chromosome [66]. These genes are
less conserved. Not all rodents possess the Xite gene; it
has not been detected in humans [67]. Antisense tran-
scription with respect to the Xist gene (similar to that
for T'six) has been detected in humans; however, it does
not exhibit the same functions it does in mice [68, 69].
Thus, no conserved elements of XIC responsible for the
functions of “counting” and “choice” have been found,
hence, the functional elements of XIC, Xist regulation,
and the inactivation process are at least partially spe-
cies-specific [67].

In general, it can be noted that the genes of nuclear
RNAs involved in the inactivation process in XIC of eu-
therian mammals evolve very quickly. Their exon—in-
tron structure and borders are changed; some noncod-
ing RNAs participating in the inactivation process are
lost, while some others emerge during the evolution.
Against this background, the replacement of the Rsx
gene in marsupials by the Xist gene in eutherian mam-
mals seems to be a trivial phenomenon, which properly
complies with the general evolutionary trends of the
inactivation process.
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H. sapiens

1 2
A FB*BC D

5000 10000 15000

B. taurus

AF BC D

5000 10000 15000

M. arvalis

A FB C D

5000

10000

3 4 5 6 7 8
E
20000 25000 30000
2 3 4 5 6 7 8
E
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Fig. 6. Comparison of the Xist gene structures in vole M. arvalis, B. taurus and H. sapiens. Grey rectangles represent
exons (1-8). Green rectangles indicate parts of introns, which are exons in the Xist of other species. Lines connect the
homologous sequences. Colored rectangles indicate arrays of tandem repeats, named A, B, C, D, E and F, which are
present in the Xist exons of allthree species, and B*-repeats specific for humans. Yang species-specific LINE and SINE
(short interspersed nuclear elements) mobile elements are indicated by blue and red arrows, respectively

COEVOLUTION OF THE X CHROMOSOME
AND THE X INACTIVATION PROCESS

The X inactivation process limits the

exchange of genetic material between

the X chromosome and autosomes

The evolution of mammalian sex chromosomes and X
chromosome inactivation occur in an interrelated man-
ner. The necessity of dosage compensation of X-linked
genes emerged in mammals during the differentiation
of sex chromosomes that had originally been a homol-
ogous autosomal pair. The process of X chromosome
inactivation emerged after the Y chromosome started
to lose homologues of the X chromosome genes and to
accumulate the genes that participate in male game-
togenesis as a result of recombination repression be-
tween the proto-X and proto-Y chromosomes [70]. The
homology on the X and Y chromosomes was retained
within a short region referred to as the pseudoauto-
somal region (PAR), which is required to ensure correct
conjugation between the X and Y chromosomes dur-
ing male meiosis. The PAR genes, which are homolo-
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gous on the X and Y chromosomes, require no dosage
compensation and avoid inactivation. The inactivation
process presumably emerged in the common ancestor
of marsupial and eutherian mammals on the X chromo-
some, which was compositionally close to the marsupial
X chromosome. Further translocations of autosomal
material to the ancestral X chromosome, which are ob-
served in eutherian mammals, are supposed to have
occurred in such a manner as not to disturb the dosage
compensation. Otherwise, these rearrangements would
have been eliminated by selection. It has been assumed
that dosage compensation had not been disturbed
when autosomal material had been added to the PAR
of the X chromosome, followed by translocation to the
PAR in the Y chromosome via recombination. At the
initial stages, the autosomal genes newly added to the
PAR in the X and Y chromosomes required no dosage
compensation. Then, along with gene degradation in
PAR on the Y chromosome, their homologues on the X
chromosome became involved in the inactivation proc-
ess. There were five sequential translocations on the
mammalian X chromosome, resulting in the addition
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of autosomal genes to the ancestral X chromosome and
the formation of younger evolutionary strata. In mod-
ern mammals, the lowest number of active homologues
of the Y chromosomes has been retained in the most
ancient (conserved) part of the X chromosome (Fig. 1),
while the added regions contain more genes that avoid
inactivation and have an active homologue on the Y
chromosome [71]. Nevertheless, the eutherian X chro-
mosome contains genes that avoid inactivation despite
the fact that their homologue on the Y chromosome has
been eliminated. Thus, the involvement of the genes in
the inactivation process presumably takes some time;
it appears that it does not take place immediately af-
ter the Y homologues are eliminated. Moreover, it has
been noted that a twofold decrease in the amount of
the product of one gene may have no adverse effects
on a cell and the organism; hence, there is no need for
gene dosage adjustment [72]. The dosage gene compen-
sation in sex chromosomes seems to be aimed at main-
taining the collective functions of the genes (e.g., the
total protein concentration per cell), which depends on
a number of expressible genes. Significant changes in
the concentration of cytoplasmic proteins may disturb
the ion concentration gradient on the cell membrane.
Excess of protein products of X chromosome genes due
to disturbance of inactivation results in the develop-
ment of autoimmune diseases. Thus, disturbance of the
collective gene functions may act as the driving force
behind the evolution of dosage compensation.

An interesting solution to the problem of transloca-
tion of autosomal material to the X chromosome has
been revealed in the common shrew Sorex araneus.
Common shrews have not experienced the recombina-
tional transfer of the translocated autosomal fragment
to the Y chromosome; hence, the X chromosome in
modern common shrews has two homologues: one cor-
responding to the ancestral Y chromosome (Y,), while
the other one corresponds to the translocated autosome
(Y,) [73]. The major part of the short arm of the X chro-
mosome (original X) behaves as a typical eutherian X
chromosome: it conjugates to the true Y chromosome
during male meiosis and undergoes inactivation in fe-
male somatic cells. The added region, which occupies
the long arm and the small pericentromeric region of
the short arm, is identical to the autosome in terms of
its behavior: it conjugates to Y, and does not undergo
inactivation.

X chromosomes in eutherian mammals

are enriched in LINEI1 retrotransposons

that participate in propagation and/or

maintenance of the inactive status

The autosomal genes linked to the inactivation center
were found to be inactivated less efficiently as com-

pared to X chromosome genes. An assumption has
been put forward that the X chromosome has presum-
ably accumulated specific sequences participating in
propagation and/or maintenance of the inactive sta-
tus. MLF. Lyon [74] has mentioned that this role can be
played by LINE1 retrotransposon, whose density on
the mouse X chromosome is higher than that on auto-
somes. This hypothesis has been further supported by
data obtained by an analysis of sequenced mammalian
genomes. The LINE1 content on the X chromosomes in
mice, rats, and humans is twice as high as that on au-
tosomes. LINE1 are distributed rather uniformly along
the eutherian X chromosome; their fraction is reduced
only in the regions containing the genes that avoid in-
activation [75, 76]. In the gray short-tailed opossum
M. domestica, the fractions of LINEI1 localized in the
X chromosome and autosomes do not significantly dif-
fer. This fact agrees with the data on incomplete and
instable inactivation in marsupial mammals and dem-
onstrates that an increased LINE1 content is associated
with their role in the inactivation process rather than
being caused by the less efficient negative selection of
LINE], due to the decrease in the frequency of meiotic
recombinations of the X chromosome as compared to
autosomes. The experimental data demonstrate that
LINE]1 can participate in the arrangement of the chro-
mosomal area of the inactive X chromosome; evolution-
arily, the youngest LINE1 are expressed on the inacti-
vated X chromosome and promote propagation of the
inactive status [77].

CONCLUSIONS

Thus, it can be said that the process of X chromosome
inactivation in marsupial and eutherian mammals has
common epigenetic and, possibly, molecular mecha-
nisms (Fig. 2). The key feature of the inactivation proc-
ess in mammals, the coordinated gene repression at the
level of the X chromosome, is presumably a result of
the propagation of the nuclear noncoding RNA along it.
However, the Rsx gene of nuclear noncoding RNA was
replaced in eutherians during evolution by Xist, which
is better, as compared to its ancestor, at attracting
modifications, providing stable gene inactivation, to the
X chromosome. The inactivation center with elements
capable of counting and choosing the future active and
inactive chromosomes was formed around the Xist
gene, which made random repression of one of the two
X chromosome possible. Furthermore, the formation of
the more complete and stable inactivation in eutherians
was promoted by the involvement of the mechanisms
of DNA methylation in the maintenance of the inactive
status and enrichment of the X chromosome in LINE1
sequences, which increase the efficiency of propagation
of the inactive state. Nevertheless, the evolution of X
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chromosome inactivation in mammals remains poorly
studied. The hypotheses about its origin and evolution
presented in this review are sometimes illogical and
too speculative, since they are mainly based on phe-
nomenological data, rather than on the knowledge of
the mechanisms, which may differ even when being
phenomenologically identical. Further research into the
molecular and epigenetic mechanisms of this process
could make it possible to better reconstruct the picture

of the evolution of the dosage compensation system in
mammals. ®
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ABSTRACT Dosage compensation of the X chromosomes in mammals is performed via the formation of faculta-
tive heterochromatin on extra X chromosomes in female somatic cells. Facultative heterochromatin of the inac-
tivated X (Xi), as well as constitutive heterochromatin, replicates late during the S-phase. It is generally accepted
that Xi is always more compact in the interphase nucleus. The dense chromosomal folding has been proposed to
define the late replication of Xi. In contrast to mouse pluripotent stem cells (PSCs), the status of X chromosome
inactivation in human PSCs may vary significantly. Fluorescence in situ hybridization with a whole X-chromo-
some-specific DNA probe revealed that late-replicating Xi may occupy either compact or dispersed territory in
human PSCs. Thus, the late replication of the Xi does not depend on the compactness of chromosome territory in
human PSCs. However, the Xi reactivation and the synchronization in the replication timing of X chromosomes
upon reprogramming are necessarily accompanied by the expansion of X chromosome territory.

KEYWORDS reprogramming; ESCs; iPS cells; chromosome territories; the X chromosome; late replication.
ABBREVIATIONS BrdU — 5-bromo-2’-deoxyuridine; DAPI — 4°, 6-diamidino-2-phenylindole; ESCs — embry-
onic stem cells; FISH — fluorescent in situ hybridization; H3K27me3 — trimethylation of histone H3 at lysine
27; H3K4me2 — dimethylation of histone H3 at lysine 4; H3K9me3 — trimethylation of histone H3 at lysine 9;
HUVEC — human umbilical vein endothelial cells; iPS cells — induced pluripotent stem cells; Xa — active X chro-

mosome; Xi —inactive X chromosome, PSC - pluripotent stem cells.

INTRODUCTION
The chromatin structure and architecture of the nu-
cleus are the crucial elements in the regulation of tran-
scription and replication, the key genetic processes that
occur in nuclei. Chromosomes occupy certain non-over-
lapping regions in the interphase nucleus, forming the
so-called chromosome territories. The densely packed
chromatin mostly localizes in the peripheral and peri-
nucleolar regions of the nucleus [1]. The replication of
dispersed euchromatin and densely packed heterochro-
matin is separated both in space and in time. Dispersed
euchromatin replicates during the early S-phase, while
the condensed heterochromatin replicates in the late
S-phase [2]. T. Ryba et al. have put forward a hypoth-
esis that late replication of densely packed chromatin
domains can be attributed to the fact that access for
the replication initiation factors to these regions is hin-
dered [3].

An inactivated X chromosome (Xi), which becomes
transcriptionally silent as a result of the dosage com-
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pensation, forms the compact structure known as the
Barr body on the nuclear periphery and replicates in
the late S-phase, is an example of a bulk heterochro-
matin domain inside the nucleus in female mammalian
somatic cells [4].

The variability of the status of X chromosome inac-
tivation in female human pluripotent stem cells (PSCs)
provides an interesting opportunity for studying the
relationship between the different epigenetic states of
chromatin, the architecture of the chromosome terri-
tories in the interphase nucleus, and the regulation of
replication [5—7].

Up to now, female human embryonic stem cell
(hESCs) lines with two active X chromosomes (Xa), one
inactivated X chromosome, and hESC lines without any
conventional cytological indicators of X inactivation
have been described. As for human induced pluripo-
tent stem cells (iPSCs), there is no clear opinion about
the possibility of complete reactivation of the X chro-
mosome and the possibility of long-term maintenance
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of the active status in vitro. However, the X chromo-
some during reprogramming undoubtedly undergoes
a number of significant epigenetic changes associated
at least with partial reactivation [8—10]. Our study was
aimed at searching for a relationship between the rep-
lication timing of the X chromosomes in human PSCs
with different statuses of X chromosome inactivation
and the degree of compactness of their chromosome
territories.

Our results demonstrate that replication of the inac-
tive X chromosome in the late S-phase of the cell cycle
can be unrelated to the compactness of the chromosome
area and that the late-replicating and transcriptionally
silent Xi can be present in female PSCs in the relaxed
state. Nevertheless, the X chromosome territory re-
laxes as the X chromosome becomes active, which is
accompanied by synchronization of the replication of
homologous X chromosomes.

MATERIALS AND METHODS

Cell cultures
Human ESC lines hESM01 and hESM04 have been de-
scribed earlier [11]. The cell line HUES 9 was created
and kindly provided by D. Melton (Harvard Univer-
sity, USA)[12]. A human umbilical vein endothelial cell
(HUVEC) line was obtained in accordance with [13].
iPSC lines (incompletely reprogrammed clones iPS-6
and iPS-7 and completely reprogrammed clone iPS-12)
were obtained from HUVEC cells by lentiviral trans-
fection with four transcription factors (KLF4, OCT4,
SOX2 and C-MYC) [14] and described in [15]. The iPSC
MA-02 line was obtained from dermal fibroblasts ac-
cording to the previously described procedure [16].
PSC lines were cultured in mTeSR1 medium (Stem-
Cell Technologies) on Petri dishes coated with BD
Matrigel. The HUVEC line was cultured in DMEM /F12
supplemented with 15% FBS, 5 ng/ml hrbFGF (Pepro-
tech), 20 ng/ml hrVEGF (Peprotech), 1% nonessential
amino acids, 2 mM L-glutamine, 50 U/ml penicillin, and
50 ng/ml streptomycin (all reagents purchased from
Hyclone). All cell lines were cultured in 5% CO, at 37°C.

Immunostaining

The nuclei and metaphase chromosomes were immu-
nostained as described in [8]. The following primary an-
tibodies were used: polyclonal rabbit anti-H3K27me3
antibodies (Millipore, dilution 1 : 500); polyclonal rabbit
anti-H3K4me2 antibodies (Abcam, 1 : 200); monoclonal
mouse anti-H3K4me2 antibodies (Abcam, 1 : 100); and
polyclonal rabbit anti-H3K9me3 antibodies (Abcam, 1
: 200). Alexa Fluor 546 secondary goat anti-rabbit IgG
antibodies (Invitrogen, 1 : 1000) or Alexa Fluor 488 goat
anti-mouse IgG antibodies (Invitrogen, 1 : 1000) were

also used. The DNA of nuclei and metaphase chromo-
somes was stained with DAPI; Vectashield solution
(Vector Laboratories) was then spotted onto the speci-
men, and the specimen was covered with a cover slip.

RNA FISH

RNA FISH was conducted using fluorescently labeled
DNA probes derived from BAC-clones (Empire Ge-
nomics) according to the procedure described in [17].
The following BAC clones were used: RP11-13M9 for
the XIST locus and RP11-1104L9 for the POLAI locus.

In situ hybridization with whole

chromosome probe (painting)

In order to prepare the specimens of interphase nuclei,
cells were treated with trypsin (0.05% Trypsin, Hyclone).
Trypsin was inactivated using FBS (Hyclone), and cells
were treated with a hypotonic solution (0.075 M KCl) for
18 min at 37°C. The cells were fixed using two fixatives
(6 : 1 and 3 : 1 mixtures of methanol and glacial acetic
acid, respectively). The fixed cells were stored in the
3 : 1 fixative at —20°C. The suspension of fixed cells was
dropped onto ice-cold wet glass slides and air-dried for
24 h. In order to improve FISH quality, the specimens
were incubated in 0.25% paraformaldehyde for 10 min
at room temperature; the pretreated specimens were
sequentially dehydrated in 70, 80, and 96% ethanol, fol-
lowed by treatment with 0.002% pepsin solution (Sigma)
in 0.01 M HCI for 30 s at 37°C and another cycle of de-
hydration in ethanol. Denaturation was carried out in
70% formamide in the 2xSSC buffer for 5 min at 75°C,
followed by dehydration in ethanol. Whole chromosome
probes to chromosomes X and 8 were purchased from
MetaSystems. The specimens were subsequently stained
with DAPI; the Vectashield solution (Vector Laborato-
ries) was then spotted onto the specimen, and the speci-
men was covered with a cover slip.

Detection of the replication timing using
5-bromo-2-deoxyuridine (BrdU)

The cells were incubated in the presence of 5-bromo-
2-deoxyuridine at a final concentration of 10 pM for
20 min 6—10 h prior to fixation. Colcemid (Demicolcine
solution, Sigma) at a final concentration of 0.2 pug/ml
was added to the cultivation medium 1 h prior to fixa-
tion. The metaphase spreads were prepared according
to the above-described procedure for interphase nuclei.
For DNA denaturation, the metaphase spreads were
treated with 70% formamide in the 2x SSC buffer for 5
min at 75°C. Next, they were dehydrated in ethanol and
incubated with primary mouse anti-BrdU antibodies
(Sigma, 1:1000) for 2 h at 37°C. The cells were washed
in a PBS-0.1% Tween 20 solution. The specimens were
subsequently incubated with Alexa Fluor 546 sec-
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ondary goat anti-mouse IgG antibodies (Invitrogen,
1:1000) for 1 h at room temperature and stained with
DAPI The X chromosome was identified on the basis of
inverted DAPI-banding or X-specific FISH probe.

Microscopy and photography

The metaphase spreads and interphase nuclei were
analyzed on a Axio Imager A1l epifluorescence micro-
scope (Carl Zeiss). Pseudo color images of the micro-
objects were obtained using the AxioVision software
(Carl Zeiss).

Comparison of the degrees of chromosome
compactness, calculation of variance

In order to objectively compare the compactness of
two X chromosomes in each individual cell we used
software that had been designed especially for this
experiment. The calculation algorithm is explained
below.

Let us consider the channel of a micro-image of in-
terphase nuclei, where the data on the fluorescence in-
tensity of the stained chromosome territories is stored.

Let us assume that x, y are the coordinates on the
plane formed by the points of the image, and P (x, y) is
the intensity of an image point as a function of its coor-
dinate. First, the background level of fluorescence was
intercepted by a linear transformation:

P(x,y)=k- P(x,y)+D.

Let us denote the image area where the chromosome
territory under analysis lies as G. The parameters P,
x,, y, were calculated for each chromosome territory
as follows:

P = j;fP(x,y)dxdy
X, = %Oj;f(x-P(x,y))dxdy

Y, =%0_g(y-P(x,y))dxdy.

Next, substitution of variables P(x, y) = P(r, @) was
performed according to the transformation formulas
given below:

x=x,=r-cos(p)
Y=y, =r-sin(g).

This substitution of variables is nothing but a transi-
tion to polar coordinates with the center at point (a,

Y,)-
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Function P(r, @) was then averaged over the variable
@ so that P(r, @) = P(r). The formula used for averaging
is presented below.

2w
[ P(r.@)dg
Pir)y=-2L
") 21
Function P(r) was normalized by P(r) > P (7).
P(r)

SO i

Function P (r) was approximated to the normal dis-
tribution of N(r) using the least-squares procedure:

2

2
920

’

in other words, a particular o value was selected, for
which

[(B()=N@)) dr - min.

r

The parameter ¢ is the variance of the normal dis-
tribution. This very parameter was output by the soft-
ware as the analysis result and was subsequently used
to estimate the compactness of chromosome territories.
The o®values for each X chromosome image in each nu-
cleus in all cell lines were obtained in this study.

The ratio between a chromosome territory with a
higher o*value and a chromosome territory with a
lower o? value was individually calculated for each
nucleus. The comparison of the ¢,/ *values for two
autosomes in the same cell was used as a control and
to determine the threshold values of the ratio be-
tween the variance of two chromosomes ¢,*>/0 > The
threshold value 0,*/0*> = 2.1 was obtained by compar-
ing autosomes. Thus, all cells with the 0,>/0*value =
2.1 for the X chromosomes were considered to pos-
sess two dispersed chromosome territories. An analy-
sis of the ratio between X chromosome dispersions
in pluripotent cells (the line that has previously been
described as a line with one inactive X chromosome,
hESMO04 [11]) allowed to reveal the second threshold
value 0*/0,*= 3. Thus, all the cells with a /0, *value
= 3 for the X chromosomes were considered to possess
one compact and one dispersed chromosome territory.
The data obtained by this analysis are listed in Table
2. A total of 50—100 nuclei were analyzed in each cell
line.
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Table 1. Summary of X chromosome inactivation in the human pluripotent and somatic cell lines used.

hESMO01 + -

iPS MAO02 + -

IPS-6 - +

Monoallelic XaXi*

Biallelic XaXa

Monoallelic XaXi

IPS-12 + +

Monoallelic XaXi

* XaXa — two active X chromosomes in cells; XaXi — one active and one inactivated X chromosome in cells.

RESULTS AND DISCUSSION

Characterization of the status of X chromosome
inactivation in human ESCs and iPSCs

The status of the X chromosome in all the cell lines used
in this study was characterized previously using the
regular criteria: presence/absence of the XIST-RNA
cloud in the interphase nucleus, presence/absence of
focal staining with anti-H3K27me3 antibodies in the
interphase nuclei; and monoallelic/biallelic expression
of the POLA1 gene. The data, including those published
earlier for some cell lines [8, 11], are summarized in Ta-
ble 1. Monoallelic or biallelic expression of the POLA1
gene was the main and determining criterion of the X
chromosome status.

It is clear from Table 1 that identically to the origi-
nal somatic cells, the incompletely reprogrammed (the
so-called imperfect iPSC clones, iPS-6 and iPS-7) cells
exhibited all the features of the Xi: the XIST-RNA
cloud and focus of H3K27me3 in the interphase nu-
cleus; in addition, monoallelic expression of the POLA1
gene was observed in these cells. The completely repro-
grammed clone iPS-12 exhibited the features of par-
tial reactivation (the presence of H3K4me2 on both X

chromosomes) [8] but was characterized by monoallelic
POLA1 expression. The ESC line hESMO01 contained
the transcriptionally silent X; however, it had lost such
inactivation markers as the XIST-RNA cloud and focus
of H3K27me3 in the interphase nuclei.

Based on all these criteria, the iPSC line MA-02 and
ESC line HUES 9 can be classified as lines with Xa. Nei-
ther the XIST cloud was detected via RNA-FISH in all
these cell lines nor focal staining with anti-H3K27me3
antibodies in the interphase nuclei. Staining with anti-
bodies against the active chromatin marker H3K4me2
on both X chromosomes and biallelic expression of the
POLA1 gene were observed. It should be mentioned
that X chromosome reactivation during the repro-
gramming of human cells is a rather infrequent event.
Most clones produced by regular reprogramming have
a single Xi[9, 18, and our own observations].

An analysis of the replication timing of the X chro-
mosomes was carried out for all the ESC and iPSC cell
lines listed in Table 1.

Replication timing of the X chromosomes

Late replication is known to be typical of heterochro-
matin; namely, replication in the late S-phase of the
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cell cycle after the euchromatin replication. In particu-
lar, it is also typical of facultative heterochromatin of
the Xi [2]. In order to determine the replicating timing
of the X chromosomes in the S-phase of the cell cycle,
we conducted an experiment consisting in the incorpo-
ration of BrdU into the newly synthesized DNA chains
during the replication.

After cell fixation and preparation of metaphase
spreads, the incorporated BrdU was detected via im-
munocytochemical staining with anti-BrdU antibod-
ies.

The patterns of late replication of the X chromosome
in all cell lines with the Xi (in the somatic HUVEC cells,
in ESC (hESMO01 and hESMO04) and iPSC (iPS-6, iPS-7,
iPS-12) lines) were obtained. Figure 1 shows two types
of incorporation of BrdU into DNA which are observed
during the late replication of Xi. Incorporation of BrdU
in all chromosomes but one of the X chromosomes is
observed in the first variant (Fig. 1A). In the second
variant, BrdU is incorporated into the pericentromeric
heterochromatin and in the p- and g-arms of one of the
chromosomes in the metaphase plate — one of the X
chromosomes, according to FISH or by inverted DAPI-
banding (Fig. 1B). The simultaneous replication with
the pericentromeric constitutive heterochromatin sup-
ports the fact that the observed incorporation type of
BrdU corresponds to replication in the late S-phase.

The homologous X chromosomes in PSC lines with
two Xa (HUES 9, MA-02) replicate almost synchro-
nously; hence, the homologous X chromosomes are
almost indiscernible from one another in terms of the
type of BrdU incorporation. Figure 1C shows an exam-
ple of synchronous replication of the X chromosomes.

Next, we decided to estimate the correlation be-
tween the replication timing of the X chromosomes
and the degree of compactness of their chromosome
territories.

The degree of compactness of the X chromosomes in
the interphase nucleus does not necessarily correlate
with the X chromosome status in human pluripotent
stem cells and the timing of their replication

In order to determine the degrees of chromatin con-
densation, the territories of two X chromosomes of the
same nucleus on flat specimens of interphase nuclei
were compared. This method of specimen prepara-
tion has been used previously when studying chromo-
some territories [19]. A pair of autosomal chromosomes
(chromosome 8) was used as a control. In mammalian
cells, the autosomes have the same epigenetic sta-
tus and the size of their territories is identical. The
chromosome territories were compared using the al-
gorithm (see the Materials and Methods section) and
by comparing the variance values for each individual
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Fig. 1. Replication pattern of X chromosomes in human
pluripotent stem cells. X chromosomes are indicated

by arrows and letters. A, B — Representative images of
asynchronous replication of the X chromosomes. Late-
replicating Xi in metaphase spread of hESM04 is shown. A
— BrdU (red, left image) is incorporated in all but one chro-
mosome. The right-hand side image represents the same
metaphase after FISH with whole X chromosome probe
(green). Chromosomes were stained with DAPI (blue).

B — BrdU (red, left image) is incorporated only in pericen-
tromeric constitutive heterochromatin and p- and g-arms
of a single chromosome. The merged image (right) con-
sists of BrdU (red) and DAPI (blue). X chromosomes were
identified by inverted DAPI-banding (not shown).

C — Representative images of the synchronous replica-
tion of the X chromosomes in the metaphase spreads of
HUES9. BrdU (red, left image) is incorporated in all chro-
mosomes but not in pericentromeric heterochromatin.
The merged image (right) consists of BrdU (red) and DAPI
(blue). X chromosomes were identified by inverted DAPI-
banding (not shown)
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Chromosome 8

Chromosome X
Chromosome 8

chromosome. The degrees of compactness of the X
chromosome territories inside one nucleus were com-
pared using the nuclei on which two non-overlapping
zones of DNA probe hybridization to the X chromo-
some were well-pronounced. The nuclei of pluripo-
tent cells were subdivided into two types without any
intermediate forms: (1) nuclei with one dispersed X
chromosome territory with a low staining density and
one compact territory with a high staining density
(Figs. 2A,B); (2) nuclei with two dispersed X chromo-
some territories with the same staining density (Figs.
2C,D). The results of the analysis of the distribution of
pluripotent cell nuclei on the degree of compactness of
the X chromosomes are shown in Fig. 3. The frequen-
cies (%) of different types of nuclear organization in
all cell lines are shown. The chromosome territories
in pluripotent cells with two Xa were dispersed in the
overwhelming majority of the analyzed nuclei (over
90%).

In cell lines where the reprogramming process was
not complete (i.e., in clones not truly pluripotent: iPS-6
and iPS-7), the third type of chromatin condensation
status was also observed. In this case, two X chromo-
some territories insignificantly differ in size and are
characterized by a high degree of chromatin conden-
sation, similarly to the autosomes in these cells and in
most HUVEC cells, which originally were an object of
reprogramming (Fig. 3). It should be mentioned that no
differences in the volumes of the territories of the Xa
and Xi have been detected in some studies devoted to

Fig. 2. X chromosome
territories in human pluripo-
tent stem cells. A, B— The
nucleus of hRESM04 has one
dispersed and one compact
X chromosome territory;

C, D — The nucleus of iPS
MADO2 has two dispersed

X chromosome territo-

ries. Chromosomes X are
green; chromosomes 8 are
red; DNA is blue (DAPI);
green arrows indicate the X
chromosomes, red arrows
indicate chromosomes 8

Chromosome X
Chromosome 8

Chromosome X
Chromosome 8

the investigation of the arrangement of X chromosome
territories in somatic cells [2, 20, 21]. The difference be-
tween the somatic and pluripotent cells can be attrib-
uted to the fact that nuclear chromatin in pluripotent
cells is characterized by a considerably higher plastic-
ity as compared with the more compact chromatin in
somatic cells [1, 22]. It is interesting to mention that as
the iPSC clone iPS-6 was being cultured (passages 5
through 12), the cells lost the chromosome territory
of “somatic” type and most cells had one compact and
one dispersed X chromosome territory in the later pas-
sage.

The results of the comparison of the degree of com-
pactness of the X chromosomes and their replication
timing are listed in Table 2.

Most nuclei in the hESM04 cell line had one compact
and one dispersed X chromosome territory (Fig. 2),
which was accompanied by a well-pronounced asyn-
chronous replication of the X chromosomes. Neverthe-
less, no correlation between the late replication of Xi
and compactness of the Xi chromosome territory has
been observed in the other pluripotent cell lines.

As can be seen in Table 2, despite the fact that both
X chromosome territories in the ESC hESMO01 line were
dispersed, replication of the X chromosomes in this cell
line occurred asynchronously, with one of the X chro-
mosomes replicating in the late S-phase. In the iPSC
clone iPS-12, half of the nuclei had two identical, dis-
persed X chromosome territories; nevertheless, despite
the partial cytological signs of reactivation (the pres-
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iPS-6 n. 5

Fig. 3. Frequencies of nuclei
with different organizations of
X chromosome territories in
human pluripotent stem cells
and in HUVEC. «O — nuclei
with one dispersed and one
compact X chromosome
00 territory (blue); OO — nuclei
with two dispersed X chro-
oo mosome territories (green);
oo — nuclei with two small
compact X chromosome
territories (“somatic” type)

(red)

*O

iPS-6 n. 12
hESM04

Table 2. Comparison of chromosome territory folding and replication patterns of Xs

Cell lines <0, %* 00, %* 00, %* Replication pattern

HUES9 0 100 Synchronous, early
hESMO04 93 7 Asynchronous, late replication of Xi
hESMO01 10 90 Asynchronous, late replication of Xi
HUVEC 52, 37 11 Asynchronous, late replication of Xi
IPS-7 48 28 24 Asynchronous, late replication of Xi
IPS-6 p.5 77 2 21 Asynchronous, late replication of Xi
IPS-6 p.12 73 27 Asynchronous, late replication of Xi
IPS-12 50 50 Asynchronous, late replication of Xi

iPS MA02 3 97 Synchronous, early

*+O — nuclei with one dispersed and one compact X chromosome territory; oo — nuclei with two small compact X chro-
mosome territories (“somatic” type); OO — nuclei with two dispersed X chromosome territories.

ence of H3K4me2, Table 1), one of the X chromosomes
replicated in the late S-phase in all cells analyzed (N >
20) and possessed the Xi status.

The ESC HUES 9 and iPSC MA-02 lines, in which
the homologous X chromosomes replicated almost
synchronously and neither of the X chromosome was
characterized by late replication, had two dispersed X
chromosome territories (in all nuclei for HUES 9 and in
most nuclei for MA-02) (Table 2).

Thus, summarizing the data obtained for all the cell
lines used in this study, one can assume that the Xi sta-
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tus can be retained in pluripotent cells without the for-
mation of the conventional “Barr body” (i.e., the com-
pactly packed chromosome territory). Nevertheless, the
active status of both X chromosomes and the transition
to synchronous replication during re-programming re-
quire a dispersed status of both X chromosomes in the
interphase nucleus.

During the reprogramming to a pluripotent state in
the cases when partial or complete Xi reactivation oc-
curs, dispersion of the chromosome territory is likely
to take place before the major heterochromatin marks
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H3K27me3 and H3K9me3 disappear (as it can be seen
by the example of the iPSC clone iPS-12).

It has been demonstrated that long-term cultivation
of partially reprogrammed iPSCs frequently promotes
the completion of reprogramming, the acquisition of a
pluripotent state, and a loss of characteristics by somat-
ic cells. The change in the compactness of X chromo-
some territories, which occurred during the cultivation
of the iPSC clone iPS-6, demonstrates that this param-
eter can be an additional marker of the reprogramming
of somatic cells to a pluripotent state.

CONCLUSIONS

It has been demonstrated in our studies that human
PSCs with Xi can possess either dispersed or compact
chromosome territory of Xi. ESC lines with both X
chromosomes active or iPSC lines in which the X chro-
mosome has been reactivated during reprogramming

have dispersed both of the X chromosome territories in
the interphase nucleus.

Thus, a conclusion can be drawn that human PSCs
have a mechanism that allows them to maintain an
inactivated status of the X chromosome, which does
not depend directly on the degree of compactness of its
chromosome territory in the interphase nucleus. Late
replication of the inactivated X chromosome is also in-
dependent of its degree of compactness.

On the other hand, the X chromosome territory has
to be dispersed for the X chromosome to become ac-
tive during its reactivation and synchronous replica-
tion. @

This work was supported by the Program
of the Moscow City Government
and the Russian Foundation for Basic Research
(grants Ne 11-04-01212-a and 10-04-01736-a).
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ABSTRACT Whole transcriptome profiling is now almost routinely used in various fields of biology, including
microbiology. In vivo transcriptome studies usually provide relevant information about the biological processes
in the organism and thus are indispensable for the formulation of hypotheses, testing, and correcting. In this
study, we describe the results of genome-wide transcriptional profiling of the major human bacterial pathogen
M. tuberculosis during its persistence in lungs. Two mouse strains differing in their susceptibility to tuberculo-
sis were used for experimental infection with M. tuberculosis. Mycobacterial transcriptomes obtained from the
infected tissues of the mice at two different time points were analyzed by deep sequencing and compared. It was
hypothesized that the changes in the M. tuberculosis transcriptome may attest to the activation of the metabolism
of lipids and amino acids, transition to anaerobic respiration, and increased expression of the factors modulating
the immune response. A total of 209 genes were determined whose expression increased with disease progres-
sion in both host strains (commonly upregulated genes, CUG). Among them, the genes related to the functional
categories of lipid metabolism, cell wall, and cell processes are of great interest. It was assumed that the products
of these genes are involved in M. tuberculosis adaptation to the host immune system defense, thus being potential
targets for drug development.

KEYWORDS Mycobacterium tuberculosis; transcriptome in vivo; next generation sequencing; RNA-seq; tubercu-
losis.

ABBREVIATIONS PDIM — phthiocerol dimycocerosate; CC — coincidence cloning; CUG — commonly upregulated
genes.

INTRODUCTION

Genome-wide expression studies generate enormous
amounts of data and have a virtually boundless potential
for application. For instance, the data obtained in such
experiments can be used to assess the effectiveness of
antibiotics or to study changes in the bacterial metabo-
lism during the course of an infection. Among the infec-
tions caused by pathogenic bacteria, tuberculosis ranks
first in terms of mortality rate and is responsible for 1.5
million deaths annually. It is not surprising that the first
study of the transcriptome of its causative agent, My-
cobacterium tuberculosis, was conducted within a year
after the publication of the whole-genome sequencing
data for this bacterium [1, 2]. Five years later, a large
number of studies describing the results of using micro-
arrays for the transcriptome analysis of mycobacteria
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under various conditions were published [3, 4]. Never-
theless, although microarrays and massively parallel
sequencing have been widely used for microbiological
studies and adapted to the study of whole-genome ex-
pression in mycobacteria, the majority of such studies
have been carried out in vitro. Meanwhile, it is rather
difficult to carry out an analysis of gene expression in
mycobacteria during the progression of tuberculosis in
vivo, which is of the greatest research interest [5, 6]. The
results of a study of gene expression in M. tuberculosis
during experimental infections in two strains of mice
differing in susceptibility to tuberculosis are presented
in this work. Since the genotypic differences of animals
directly affect gene expression of the pathogen, an in-
crease in the expression of a number of bacterial genes
under more unfavorable conditions (in the organism of
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a host resistant to the infection) attests to the fact that
these genes significantly contribute to the adaptation of
M. tuberculosis to the host’s defense mechanisms.

EXPERIMENTAL PROCEDURES

Experimental infection and RNA extraction
I/StSnEgYCit (I/St) and C57BL/6YCit (B6) mice were
kept under standard conditions in the vivarium of the
Central Research Institute of Tuberculosis, Russian
Academy of Medical Science, in accordance with Or-
der of the USSR Ministry of Health Ne 755 dated Au-
gust 12, 1977, and the NIH Office of Laboratory Ani-
mal Welfare Assurance Ne A5502-11. The mice had ad
libitum access to food and water. All the experimental
procedures were approved by the Bioethics Committee
of the Central Research Institute of Tuberculosis.

Female mice of both strains aged 2.5—3.0 months
were infected with the virulent M. tuberculosis strain
H37Rv using an inhalation exposure system (Glas-Col,
Terre Haute, USA) at a dose of 100—200 CFU/mouse.
The infected animals were euthanized 4 and 6 weeks
after their infection. Their lung tissues were immedi-
ately used to extract RNA. Total RNA was extracted
using the SV Total RNA Isolation System (Prome-
ga, USA). The RNA samples were then treated with
DNAse I (MBI Fermentas, Lithuania) to remove trace
amounts of DNA.

Synthesis of cDNA

cDNA was synthesized using the template-switching
effect (Clontech, USA) according to the procedure de-
scribed in [7]. cDNA was synthesized using PowerScript
IT reverse transcriptase (Clontech, USA) following the
manufacturer’s protocol. The oligonucleotide primers
BR (5’AAGCAGTGGTATC AACGCAGAGTAC(N)9)
and SMART (5’ AAGCAGTGGTATCAACGCAGAG-
TACGCrGrGrG) were added into 2 ug of total RNA
from each sample in 11 pl of a buffer solution. The re-
sulting mixture was incubated for 2 min at 70°C and
placed on ice for 10 min. The mixture kept in the ice
bath was supplemented with 11 ul of a solution con-
taining 4 pl of a 5X reverse transcriptase buffer,
2 pl of a solution of 100 mM DDT, 2 pl of a solution
of 10 mM of each dNTP, and 1 pl (200 AU) of Pow-
erScript reverse transcriptase (Clontech, USA). The
control reaction (RT—) with no reverse transcriptase
added was conducted simultaneously with the re-
verse transcriptase reaction (RT+). The reaction mix-
tures RT+ and RT— were incubated at 37°C for 10 min
and for an additional 40 min at 42°C. 30 cycles of PCR
(95°C 20 s; 64°C, 20 s; 72°C, 2 min) with the 5S primer
(’GTGGTATCAACGCAGAGT) were used to amplify
the synthesized cDNA. The amplified cDNA was puri-

fied using the QIAquick PCR Purification kit (Qiagen,
USA).

Coincidence cloning

Coincidence cloning was performed according to [8].
The genomic DNA of M. tuberculosis H37Rv and the
total cDNA samples (i.e., cDNA synthesized using to-
tal RNA as a template) were digested with the restric-
tion endonucleases Rsal and Alul (MBI Fermentas,
Lithuania). The suppression adapters were ligated
to the resulting fragments of the genomic DNA and
cDNA (adapter structures were given in [7]). The mix-
ture containing 100 ng of the sample of genomic DNA
with adapters and 100 ng of the corresponding sam-
ple of cDNA fragments with adapters in 2 pl of the
hybridization buffer HB (50 mM HEPES, pH 8.3; 0.5 M
NaCl; 0.02 mM EDTA, pH 8.0) was incubated at 99°C
for 5 min (denaturation) and subsequently at 68°C for
18 h (re-naturation). Next, the reaction mixture was
supplemented with 100 pl of the hybridization buffer
HB preliminarily heated to 68°C. 1 ul of the resulting
mixture was used as a template in a two-step PCR. The
first PCR step was performed in a reaction volume of
25 pl containing 10 pmol of the outer primer T7. After
the mixture was preincubated at 95°C for 5 min, 20 am-
plification cycles were performed (94°C, 30 s; 66°C, 30 s;
72°C, 90 s). The second amplification step was carried
out using inner primers (94°C, 30 s; 68°C, 30 s; 72°C, 90 s;
25 cycles) [7]. The tenfold diluted amplicon obtained in
step 1 was used as a template for the second amplifica-
tion step. The amplicon obtained in step 2 was purified
using the QIAquick PCR Purification kit (Qiagen, USA)
and used for massively parallel sequencing.

Massively parallel sequencing

Prior to sequencing, equal amounts of each of the co-
incidence cloning products (500 ng of each amplicon)
were combined to obtain a single sample. Massively
parallel pyrosequencing of the sample was performed
on the GS FLX genetic instrument (454 Roche, Germa-
ny). The resulting sequences (reads) were tested for the
presence of adapter sequences. The reads with truncat-
ed, incorrect, or missing adapter sequences were elimi-
nated from further analysis. The remaining sequences
(190, 031 reads) were divided into three groups (librar-
ies) depending on the nucleotide sequence of their
adapters; CC6(SUS) represented transcriptomes of M.
tuberculosis from the lung tissues of I/St mice on week
6 post-infection; (CC4(RES) and CC6(RES) represented
transcriptomes of M. tuberculosis from lung tissues of
B6 mice on weeks 4 and 6 post-infection, respectively.
A file in FASTA format, which contained nucleotide
sequences from all three groups, was used for further
analysis.
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Table 1. Results of sequencing and library mapping for CC4(RES), CC6(RES), and CC6(SUS)

Library CC4(RES) CC6(SUS) CC6(RES)

Total reads 73410 75655 40966

Mtb-specific reads (unique) 14990 43618 34234
Mtb-specific reads (unique), % of the total number 204 57.7 83.6
Genes expressed (number of reads > 0) 1012 1353 1940
Genes expressed, % of the total number of genes 25.2 33.7 48.3
IGR expressed (number of reads > 0) 164 221 376

IGR expressed, % of the total number of genes 5.3 7.2 12.3

The authors can provide the FASTA files upon re-
quest.

Sequence mapping and statistical analysis

The resulting sequences were mapped onto the ge-
nomic sequence of M. tuberculosis H37Rv (assembly
GenBank AL123456.2) using the blastn tool from the
NCBI BLAST+ software package with the parameters
set as follows: -perc identity 95 and -evalue 0.01. The
sequences with at least 95% identity to the genome se-
quence of M. tuberculosis H37Rv for the entire length
were eventually selected. All the sequences shorter
than 40 nucleotides were eliminated from process-
ing. The sequences mapped onto the M. tuberculo-
sis genome in a non-unique manner (at two sites and
more) were also eliminated from further analysis. The
reads mapped onto the intergenic sequences were not
eliminated from further analysis, since it would have
changed the library size and caused errors during the
subsequent statistical analysis. Next, the number of
reads in each library was determined for each gene and
intergenic region, and the comparative analysis of the
abundance of cDNA fragments corresponding to the
bacterial genes and intergenic regions was conducted
using the Audic-Claverie algorithm [9]. The differences
in the expression of the genes (intergenic regions) were
considered to be significant if the number of reads
mapped onto the gene (intergenic region) in at least one
of the two libraries being compared was no less than 20
and p < 0.05.

RESULTS AND DISCUSSION

In order to reveal the features of the expression profile
of M. tuberculosis that correlate with infection progres-
sion, comparative quantitative and qualitative analyses
of the sequences transcribed in infected mice, geneti-
cally susceptible (inefficient immune response), and re-
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sistant (efficient response) to these bacteria were con-
ducted at different stages of the infectious process.

We have compared the transcriptomes of M. tuber-
culosis H37Rv in infected mice of two strains, I/StSn-
EgYCit (I/St) and C57BL/6YCit (B6). These mouse
strains had been thoroughly described earlier [10]. In
B6 mice, resistance to M. tuberculosis is higher as com-
pared to I/St mice, which manifests itself in the less
aggressive course of the infectious process in B6 mice
and the longer survival of the infected animals.

Female mice of both strains were euthanized 4 and 6
weeks after they had been aerogenically infected with
M. tuberculosis bacteria to isolate the total RNA from
their lungs. The total RNA samples from the lung tis-
sues in I/St and B6 mice were used to synthesize cDNA
subsequently enriched in bacterial cDNA fragments via
coincidence cloning [8]. A total of three sequence librar-
ies representing M. tuberculosis transcriptomes were
obtained from the tissues of I/St mice on week 6 after
the infection (CC6(SUS)) and the tissues of B6 mice on
weeks 4 and 6 after they had been infected (CC4(RES)
and CC6(RES), respectively).

The nucleotide sequences of the cDNA fragments of
these libraries were determined using 454 massively
parallel pyrosequencing. The general scheme of the
experiment is shown in Figure; the general character-
istics of the analyzed libraries are listed in Table 1. The
nucleotide sequences of 190, 031 cDNA fragments were
identified. Among them, 73, 410 sequences were from
the CC4(RES) library; 75, 655 were from the CC6(SUS)
library; and 40, 966, from CC6(RES). The resulting se-
quences were mapped onto the genomic sequence of M.
tuberculosis H37TRv (Assembly GenBank AL123456.2)
using the blastn command line tool from the NCBI
BLAST+ software package.

The mapping revealed that the CC4(RES), CC6(SUS)
and CC6(RES) libraries contained 14, 990 (20.42%),
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Comparative analysis
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Fig. 1. Scheme of transcriptome comparison. RES — ge-
netically resistant mice, SUS — genetically susceptible
mice, CC — library enriched in bacterial cDNA

43, 618 (57.65%) and 34, 234 (83.57%) M. tuberculosis
sequences, respectively. These data attest to the fact
that a significant enrichment of cDNA in the bacterial
sequences was attained.

Among 4,012 genes and seven pseudogenes of M. tu-
berculosts, 1,012 (25.2% of the total number of genes),
1,353 (33.7%), and 1,940 genes (48.3%) were expressed in
the CC4(RES), CC6(SUS), and CC6(RES), respectively.
1,428 (35.5%) genes were expressed in none of the sam-
ples, while 469 (11.7%) genes were expressed in each
sample.

Noncoding RNAs

The recent studies employing the methods of massively
parallel sequencing have demonstrated that the bacte-
rial transcriptome is much more complex than it was
thought to be. The noncoding RNAs have been shown

to be an important part of the transcriptome and to
regulate various cell functions (replication, energy me-
tabolism, and regulation of the expression of virulence
factors in a number of pathogenic bacteria) [11].

We have searched for transcripts from the loci ly-
ing in the intergenic regions, since such localization at-
tests to the fact that these transcripts have the poten-
tial to belong to the class of noncoding RN As. Based on
data on the structural organization of the genome, we
have identified 3,069 intergenic regions. The analysis
of pyrosequencing data showed that the transcripts
of 164 (5.3%), 221 (7.2%), and 356 (12.3%) intergenic re-
gions were presented in the CC4(RES), CC6(SUS), and
CC6(RES) samples, respectively. . It should be men-
tioned that transcripts from 27 (0.9%) of the intergenic
loci were present in each of the three samples, while
transcripts from 2,490 (81.1%) loci have not been ob-
served.

The experimental data on the expression of inter-
genic regions were compared with the available liter-
ature and database information on the localization of
small RNA genes.

A significant expression of sequences from a number
of intergenic regions (in particular, from IGR3987 and
IGR0629 in sample CC6(SUS) and from IGR1186 in
sample CC6(RES)) was detected. The experimental
results confirmed the presence of expression from the
intergenic regions IGR3987, IGR0629, and IG1136,
which correlates with the data obtained by Arnvig et
al. [12] (according to the denotations used in [12], the
intergenic regions IGR2975, IGR0479, and IGR0858,
respectively). We believe that the detected expres-
sion of intergenic sequences can attest to the potential
localization of small RNA genes in these loci. With al-
lowance for their differential expression, it could be an
indication of the compensatory response of a pathogen
to external factors.

Genes whose expression increases

with infection progression

We compared the transcriptomes of M. tuberculo-
sts during the infection progression in the genetically
resistant to tuberculosis mouse strain (CC6(RES) and
CC4(RES)) and at a single time point in the genetically
different mouse strains (CC6(RES) and CC6(SUS)). The
comparison was aimed at searching for genes whose
expression increases with infection progression (i.e.,
in B6 mice on week 6 after the infection) as compared
to the other conditions. The comparison of CC6(RES)
and CC4(RES) revealed 226 genes whose expression
increased with infection progression in the tissues of
B6 mice. The comparison of CC6(RES) and CC6(SUS)
revealed 253 genes with increased expression in the
CC6(RES) sample.
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The comparison of CC6(RES) and CC4(RES) re-
vealed only 17 genes whose expression in CC6(RES)
was higher than that in CC4(RES), while the expres-
sion of 44 genes in CC6(RES) was higher as compared to
CC6(SUS). These results presumably demonstrate that
the first comparison characterizes the dynamics of the
changes in pathogen gene expression with time within
a single micro-environment. In the latter case, the dif-
ferences between two different micro-environments
are revealed, which affects a larger number of genes
whose expression increases in CC6(RES).

The genes whose expression in the CC6(RES) sample
is increased only as compared to CC4(RES) mostly fall
into the following categories: cell wall and cell proc-
esses, intermediary metabolism and respiration, and
lipid metabolism. The protein products of 12 out of 17
genes were previously detected in the fraction contain-
ing the cellular membrane and/or cell wall, where they
predominantly play roles in transport and protection.
For instance, the embA gene encodes indolylacetylinosi-
tol arabinosyltransferase EmbA, which participates in
arabinan synthesis. Mutations in this gene cause resist-
ance to ethambutol. The Rv3273 gene encodes carbon-
ate dehydratase, which is involved in sulfate transport
(TubercuList). An analysis using the KEGG Pathways
(http://www.genome.jp/kegg/pathway.html) and TB-
CYC (http://tbcyc.tbdb.org/) databases has revealed
no metabolic pathways that would be activated at the
later stages of infection progression. This fact can ei-
ther result from random fluctuations in pathogen gene
expression, its response to random changes in the prop-
erties of the micro-environment, or it can be an indica-
tion of small, but significant changes in the functional
activity of M. tuberculosis at different time points.

The comparison of the CC6(RES) and CC6(SUS)
samples has revealed that CC6(RES) contains a larg-
er number of genes whose expression is higher in this
sample as compared to that in CC6(SUS). The increased
energy metabolism manifested itself as increased ex-
pression of the genes encoding three NADH-dehydro-
genase subunits (nuoH, nuol, nuoL); a higher activity
of the tricarboxylic acid cycle (acn); and as increased
expression of the Rv1916 gene. Rv1916 is the second
component of the aceA (icl2) gene, which is divided in
the genome of M. tuberculosis H37Rv into two individu-
ally expressed modules, Rv1915 and Rv1916 (aceAa and
aceAb). The other important differences include the
increased expression of the genes whose products are
responsible for the metabolism and catabolism of lip-
ids and amino acids (lipV, lipF, Rv2531c), as well as the
enzymes that participate in DNA repair (recO, recB).
This is a rather predictable pattern, since the micro-
environment of the resistant host is a hostile habitat,
which explains the demand for higher activity from the
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repair systems. The increased expression of lipolytic
enzymes (lipF, lipV, plcA), enzymes of the tricarboxy-
lic acid cycle, and aceAb may attest to the fact that a
greater amount of lipids is used as a source of energy
and carbon.

We focused on searching for M. tuberculosis genes
whose increased expression does not depend on the ge-
netic features of the host organism. These genes form
a certain basic set, whose genes are responsible for the
universal compensatory response of the pathogen to
adverse environmental conditions. These genes are
referred to as commonly upregulated genes (CUG): a
total of 209 genes whose expression was increased in
both comparisons (Table 2). According to the results
of transposon mutagenesis, 44 genes of M. tubercu-
losis H37Rv are essential [13]. Rv3569c, Rv3537, and
Rv3563 were earlier shown to be essential for survival
of M. tuberculosis in mouse macrophages (TuberculList,
http://tuberculist.epfl.ch).

We have grouped the GUG genes into functional cat-
egories (TubercuList) and compared their distribution
to that of all the M. tuberculosis genes. These distribu-
tions show a general similarity, with the exception of
the genes that belong to the lipid metabolism category,
which can further demonstrate their importance for
the processes of bacterial adaptation.

Two categories (conserved hypotheticals (59 genes)
and unknown (2 genes) contained slightly less than
a third of all the genes. Despite the absence of any
known functions, the genes in this category are poten-
tial therapeutic targets, since their low degree of ho-
mology with the genes of other microorganisms means
that they are typical of mycobacteria (in particular, of
M. tuberculosis); thus, they presumably determine their
virulence properties.

The high expression level of the genes of various
nutrient uptake and accumulation systems (e.g., phos-
phate (pstS1) and iron (irtA, mbtC, mbtE, mbtF)) attests
to the fact that mycobacteria exist under conditions of
insufficient nutrient supply. Phosphorus deficiency is
also indicated by the increased expression of the senX3
gene, the sensor component of the two-component
regulatory system senX3/regX3, which regulates the
so-called stringent response under conditions of phos-
phorus deficiency. The transition to the use of lipids as
the main source of energy and carbon is indicated by
the expression of lipid metabolism genes (fadD, fadE,
lipU, lipJ). Another feature of the genes that belong to
the CUG set consists in increased expression of genes
whose products are somehow associated with amino
acid metabolism (aspC, hisB, thrB, thrS). The reason
behind this phenomenon remains unclear, since stimu-
lation of enzyme expression can be caused by both the
absence of the required amino acids (and, hence, the
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Table 2. GUC gene family

Gene

Functional category
(according to TubercuList)

Rv0028, Rv0074, Rv0269c, Rv0274, Rv0281, Rv0421c, Rv0428c, Rv0433, Rv0448c, Rv0455¢,
Rv0492A, Rv0525, Rv0597¢c, Rv0695, Rv1179¢c, Rv1186¢, Rv1203c, Rv1232¢c, Rv1419, Rvi428c,
Rv1828, Rv1835¢c, Rv1868, Rv1998c, yfiH, Rv2974c, Rv3030, Rv3031, Rv3205¢c, Rv3272,
Rv3519, Rv3627¢, Rv3651, Rv3662c, Rv3703c, Rv3753¢, Rv0026, Rv0061, Rv0140, Rv014 1c,

CH — conserved hypotheti-
cals

Rv0145, Rv0332, Rv0712, Rv0785, Rv0998, Rvl514c, Rvl515¢, wbbL2, Rv1760, Rv2077A,
Rv2135¢c, Rv2466¢, Rv2699c, Rv2751, Rv2823¢, Rv3067, Rv3090, Rv3094¢c, Rv3510¢

Rv0051, Rv0309, lprL, Rv0621, Rv0876¢, lytB2, irtA, Rv1687c, secA2, Rv2209, Rv2265,
mmpL7, Rv3194c, Rv3658c, embC, espE, ponAl, Rv0072, narK3, iniA, cpsY, lpqR, pstS1,
Rv0996, kdpC, Rv1097c, sugB, Rv1431, Rv1667c, Rv2136¢c, Rv2203, efpA, rip, Rv2963, lpgF

CWaCP — cell wall and cell
processes

Rv0161,ndhA, Rv0526, menH, Rv0805, lipU, glyAl, dapE, atpF, atpH, Rv1432, frdB, cmk,
pleD, lipJ, cobK, cobsS, cysK1, cysE, gdh, gabT, miaA, ilvC, guaB2, cyp142, hsaD, Rv0089,
Rv0331, aspC, hemA, Rv0567, atsA, gltA2, Rv0943c, Rv1096, Rv1106¢c, narH, thrB, hisB, ilvG,
rocD1, pleB, phoH1, ggtB, lepA, Rv2499c, dapF, purU, kstD, folP1

IMaR — intermediary
metabolism and respiration

end, fusAl, polA, lysX, helZ, spoU, ppiB, thrS, Rv3201c

IP — information pathway

Rv0095¢c, Rv0920c, Rv2791c

ISaP — insertion sequences
and phages

fadD10, nrp, fadD7, fadE4, fadD2, fadD12, pks17, pks12, mbtF, mbtE, mbtC, TB7.3, accA3,
fadE27, fadD17, accD4, mmaA3, mmaAl, fadE19, Rv2613c, fadD26, ppsC, ppsD, fadD19,

fadE31, fadE32, pks13

LM - lipid metabolism

PPES8,PE_PGRS19, PE16, PPE34, PPE50, PE2, PPE6G4

PE/PPE — PE/PPE protein
families

pknA, senX3, trcR, Rv1359, fhaA, Rv0465¢c, Rv3066, Rv3736

RP — regulatory proteins

Rv2645, Rv2818c

U — unknown

treS, mce2C, Rv1026, ephB, vapB16, Rv2581c, vapC3, cinA, virS

VDA — virulence, detoxifi-
cation, adaptation

demand for their synthesis) and by their presence (and
the possibility to use them by bacteria).

The transition to anaerobic nitrate respiration, which
is typical of latent infection, is attested by the increased
expression of the narH and narK3 genes [14]. We have
also classified the atpF and atpH genes as CUG genes,
although decreased expression of these genes during
infection progression is reported, since the energy de-
mand of a pathogen decreases as it acquires the state of
latent infection [15, 16].

The function of PE/PPE proteins is not clear. They
are considered to be required to ensure antigenic vari-
ability in mycobacteria [17]. Nevertheless, the expres-
sion levels of the Rv0152¢c and Rv0355c genes in the
CC6(RES) sample are high, and their expression has
also been detected in CC4(RES) and CC6(SUS). The
Rv3135 gene belongs to the group of essential genes in
M. tuberculosis H37Rv. All these observations suggest
that PE/PPE genes have some other functions in addi-
tion to ensuring antigenic variability.

Finally, the secA2gene is worth mentioning. This
gene encodes translocase SecA2, the component of the
M. tuberculosis Sec transport system that enables the
secretion of superoxide dismutase SodA and catalase
KatG. A live vaccine based on the 4secA2 mutant of

M. tuberculosis has demonstrated high efficiency and
safety in tests on animals [18].

A microarray-based comparative analysis of the
expression profiles of 17 members of the M. tubercu-
losis complex in activated and nonactivated murine
macrophages has recently been conducted[19]. As a
result, 280 genes (168 with universally increased and
112 genes with universally decreased expression)
were identified whose changes in expression were in-
dependent of the strain and the activation status of a
macrophage. We compared the CUG genes with 168
genes from [19] characterized as having universally in-
creased expression and selected eight genes (Rv0140,
Rv0145, atsA, Rv2466¢, fadD26, ilvC, Rv3067, and
kstD) that were featured in both lists. Such an insig-
nificant coincidence can be attributed to the fact that
a) the infection of cultured macrophages is a relatively
simplified model as compared to the complex relation-
ships between the host cells and the pathogen during
the infectious process in the host organism; b) the data
obtained by a microarray analysis of expression can
significantly differ from those obtained by massive-
ly parallel sequencing. In particular, Ward et al. [20]
reported a divergence of the results obtained using
these two methods.
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Nevertheless, the results obtained by us and Ho-
molka et al. [19] are not widely divergent. A functional
analysis of the genes with increased expression has
demonstrated that they are associated with intracellu-
lar stress factors, such as hypoxia and reactive oxygen
and nitrogen species, cell wall remodeling, and fatty
acid metabolism. The genes associated with iron defi-
ciency (genes in the mtbA-F cluster) and those involved
in the biosynthesis of valine and isoleucine (ilvB—ilvN—
ilvC) and phthiocerol dimycocerosates (PDIM) of the
cell wall (ppsA-D) can be mentioned as an example.

Products of the CUG family genes as

potential therapeutic targets

Six genes which could potentially be used as thera-
peutic targets (or have already been proposed as such)
were selected after a review of the available literature
and databases. The products of these genes (hisB, aspC,
PPE50, Rv1026, ilvC, and Rv1186¢) have been men-
tioned as attractive therapeutic targets, since the dis-
turbances in their functional activity has the maximum
destabilizing effect on the metabolism of M. tubercu-
losis. Thus, for example, aspartate aminotransferase
AspC encoded by the aspC (Rv0337c) gene was identi-
fied in the metabolic network of a mycobacterial cell as
an enzyme whose inactivation affects a large number
of other M. tuberculosis proteins, thus efficiently dis-
integrating a large number of biochemical cycles [21].
The protein products of two other genes, Rv1186c and
PPE50 (Rv3135), have been included in the list of the
most promising therapeutic targets, which was com-
piled based on data on the expression, participation in
various metabolic pathways, and structural homolo-
gy with other bacterial and human proteins [22]. The
Rv1026, hisB (Rv1601), and Rv3001c genes are believed
[23] to encode products suitable for designing specific
inhibitors. The protein encoded by the Rv1601 (hisB)
gene is independently considered to be a promising
therapeutic target [24]. It should be mentioned that
the expression level of the Rv1026 gene encoding pyro-
phosphatase is increased in the macrophages and lungs
of infected mice [25, 26], as well as under conditions of

inhibited translation in mycobacteria [27]. It has recent-
ly been demonstrated that polyphosphate deficiency
due to the hydrolytic activity of Rv1026 can change
the fatty acid content in the cell wall of M. smegmatis,
thus affecting sliding motility and biofilm formation
[28]. Hence, it can be expected that the products of the
remaining CUG genes could be used to design thera-
peuticals or for diagnosing tuberculosis.

CONCLUSIONS

Infectious diseases caused by intracellular pathogenic
bacteria pose a serious medical problem. The progres-
sion of the infection depends not only on host defense
mechanisms, but also on the specific expression of bac-
terial genes. Changes in the gene expression in response
to various reactions of the host immune system are nec-
essary for the survival and reproduction of pathogenic
bacteria. The investigation of the changes in the tran-
scription profile of M. tuberculosis in response to vari-
ous stimuli and external factors allows one to describe
the adaptative mechanisms required for an efficient
infection of a host organism by a bacterium.

The investigation of the transcription profiles of M.
tuberculosis under various conditions made it possible
to reveal the gene set (CUG) whose expression increas-
es with infection progression and is independent of the
genetic features of the host organism. The expression of
genes from this core set can be regarded as the univer-
sal response of mycobacteria to various environmen-
tal stress factors. Further accumulation and analysis of
M. tuberculosis gene expression data will considerably
simplify the development of efficient approaches to the
diagnosis and treatment of tuberculosis. ®
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ABSTRACT Transcription regulation in bacterial restriction—modification (R—M) systems is an important proc-
ess, which provides coordinated expression levels of tandem enzymes, DNA methyltransferase (MTase) and
restriction endonuclease (RE) protecting cells against penetration of alien DNA. The present study focuses
on (cytosine-5)-DNA methyltransferase Ecl18kI (M.Ecl18kI), which is almost identical to DNA methyltrans-
ferase Ssoll (M.Ssoll) in terms of its structure and properties. Each of these enzymes inhibits expression of the
intrinsic gene and activates expression of the corresponding RE gene via binding to the regulatory site in the
promoter region of these genes. In the present work, complex formation of M.Ecl18kI and RNA polymerase from
Escherichia coli with the promoter regions of the MTase and RE genes is studied. The mechanism of regulation
of gene expression in the Ecl18kI R—M system is thoroughly investigated. M.Ecl18kI and RNA polymerase are
shown to compete for binding to the promoter region. However, no direct contacts between M.Ecl18kI and RNA
polymerase are detected. The properties of M.Ecl18kI and M.Ssoll mutants are studied. Amino acid substitu-
tions in the N-terminal region of M.Ecl18KkI, which performs the regulatory function, are shown to influence
not only ML.Ecl18KI capability to interact with the regulatory site and to act as a transcription factor, but also its
ability to bind and methylate the substrate DNA. The loss of methylation activity does not prevent MTase from
performing its regulatory function and even increases its affinity to the regulatory site. However, the presence
of the domain responsible for methylation in the M.Ecl18kI molecule is necessary for M.Ecl18kI to perform its
regulatory function.

KEYWORDS restriction—modification systems; (cytosine-5)-DNA methyltransferase; DNA—protein interactions;
transcriptional regulation.

ABBREVIATIONS MTase — DNA methyltransferase; PAGE — polyacrylamide gel electrophoresis; RNAP — RNA
polymerase; R—M system — restriction—modification system; RE — restriction endonuclease; AdoMet — S-ad-
enosyl-L-methionine; M.Ecl18kI — DNA methyltransferase Ecl18kI; M.Ssoll — DNA methyltransferase Ssoll;
R.Ecl18KI — restriction endonuclease Ecl18KI. Prefix “d” for designating deoxyribonucleosides, oligodeoxyribo-
nucleotides, and DNA duplexes is omitted.

INTRODUCTION

Restriction—modification (R—M) systems are abundant
in bacterial cells; they contain genes that encode re-
striction endonucleases (RE) and DNA methyltrans-
ferases (MTases). RE hydrolyzes a certain sequence in
a double-stranded DNA (dsDNA), while MTase meth-
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ylates the same sequence at a strictly determined po-
sition, thus preventing its cleavage by RE. The R—M
functions as a primitive immune system that protects
a host bacterium from penetration by alien DNA: RE
hydrolyses the intruding DNA that is not methylated
by the corresponding MTase [1]. The activity levels of
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the RE and the MTase in the cell are to be strictly co-
ordinated. An extremely low level of the MTase gene
expression as compared with the RE gene may cause
cell death via hydrolysis of cellular DNA, whereas its
excessively high level cannot protect the cell against
penetration by an alien DNA.

Although there is no doubt that gene expression in
the R—M systems is regulated, the mechanisms under-
lying this process are poorly studied. It has been dem-
onstrated by recent research that coordinated gene
expression in R—M systems is presumably determined
by regulation at the transcriptional level. Three major
types of regulation can be distinguished: via C-proteins,
via methylation of the promoter region of the R—M sys-
tem by the MTase, and via the interaction between the
MTase and the regulatory sites in DNA, which differ
from the methylation site [2]. This study focuses on the
latter type of regulation, which is typical of (cytosine-
5)-DNA MTases (enzymes that methylate the cytosine
residue at position 5) belonging to the type II R—M sys-
tems. Over 300 (cytosine-5)-DNA MTases have been
recently characterized; however, the existence of the
regulatory function has been experimentally confirmed
only for six of them (M.MspIl, M.EcoRII, M.ScrFIA,
M1.LlaJI, M.Ssoll, and M.Ecl18KI) [2].

The type II R—M system Ssoll has been most thor-
oughly studied. The genes of this system are located in
natural plasmid P4 (4250 bp) from the Shigella sonnei
47 strain; they are divergently oriented; the intergenic
region consists of 109 bp [3]. The other four Ssoll-like
R—M systems isolated from various bacterial strains
have been described; their MTases are either identi-
cal to M.Ssoll in terms of the amino acid sequence
(M.Kpn2kI from Klebsiella pneumoniae 2k) or differ in-
significantly. Thus, MTases Ecl18kI from Enterobacter
cloacae 18k and StyD4I from Salmonella typhi D4 carry
Met instead of Ile at position 56, while MTase SenPI
from Salmonella enteritidis P1 contains Ile56 and, in
addition, Gly instead of Glu at position 11 [4—=7]. The
nucleotide sequences of the corresponding genes share
99-100% identity; those of the intergenic regions are
absolutely identical. Hence, the data on the function-
ing of the enzymes from one of these systems can be
extrapolated to the other systems as well.

All SsolI-like R—M systems recognize sequence
5’-CCNGG-3’/3’-GGNCC-5" (N =A,G,CorT)in
dsDNA and methylate the inner C residue in this se-
quence in the presence of the cofactor S-adenosyl-L-
methionine (AdoMet) forming 5-methyl-2’-deoxycyti-
dine [4]. The promoter elements of the genes encoding
the RE and MTase of the Ssoll-like R—M systems
have been determined using the Ecl18kI system as
an example; the in vitro transcriptional regulation of
these genes by M.Ecl18kI has been also shown. In or-

der to regulate transcription, M.Ecl18kI binds to the
so-called regulatory site, the 15-mer inverted repeat
5'-GGACAAATTGTCCT-3"/3-CCTGTTTAACAG-
GA-5’, which is localized inside the promoter region
of the genes of the Ecl18kI R—M system [9]. The nu-
cleotides that participate in the formation of specific
DNA—protein contacts with the MTase are located in-
side the regulatory site (Fig. 1) [10, 11]. All SsolI-like
MTases are two-domain proteins whose N-terminal
region (residues 1—71) provides transcriptional regu-
lation, while the region of 72—379 residues is respon-
sible for DNA methylation. The N-terminal region of
M.SsolII has been shown to have a strongly pronounced
secondary structure [12] in which the “helix—turn-—
helix” (HTH) motif is predicted with a high probabil-
ity. Two M.SsoIl molecules (which are monomeric in
the apo-form) interact with the regulatory site [12].
The data [13] regarding the putative contacts in the
complex between the M.SsolIl N-terminal region and
the regulatory site are summarized in Fig. 1.

In order to refine the mechanism of gene transcrip-
tion regulation in the Ssoll-like R—M systems, the ef-
ficiency of complex formation of M.Ecl18kI and E. coli
RNA polymerase (RNAP) with DNA fragments con-
taining the regulatory elements of the genes of the
Ecl18kI R—M system is assessed in this study. All known
Ssoll-like R—M systems have been isolated from vari-
ous enterobacterial strains (E. coli belonging to them
as well); thus, the use of E. coli RNAP is reasonable.
The role of residues Lys21, Lys31, Lys46, and Lys53 in
the M.Ecl18kI N-terminal region for the binding of this
protein to the regulatory site, as well as their effect on

Arg39*
Arg38 9 .

Lys21 g Arg42 Lys31*  Arg35"

Tyr32
5 3
3V 5!
Tyr32 Arg42* *
Arg?,zi’g3l9-YS31 Arg38*Ly521

Fig. 1. Scheme of the contacts between the amino acid
residues in the N-terminal domain of M.Ssoll dimer and the
regulatory site in DNA. Heterocyclic bases and phosphate
groups which interact with M.Ssoll (identified by footprint-
ing technique) are shown in red. Amino acid residues of
the second M.Ssoll subunit are marked with asterisks
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the MTase ability to act as a transcription factor and on
the interaction between the enzyme and the methyla-
tion site are being studied for the first time.

METHODS

Protein purification

MTase Ecl18kI and its mutant forms were purified
by affinity chromatography on Ni-NTA agarose [4].
E. coli RNA polymerase was sequentially purified by
Ni-NTA-agarose and heparin-sepharose affinity chro-
matography, followed by DEAE cellulose ion-exchange
chromatography [14].

Synthesis of DNA fragments I-1I1

Fragments I-1III were synthesized by polymerase chain
reaction (PCR) on an Eppendorf Mastercycler person-
al thermal cycler (Eppendorf North America, USA).
The DNA fragment I was obtained using the prim-
ers 5’-TTGAGTCATATGAAGTCTTTCTC-3 and
5'-AGCAAATGGCGTAATAAAATGC-3’; the DNA
fragment II, using 5’-TCATGCATGTCTACCAGAA-3’
and 5'-CATAAAAAATAACCTTTTATACT-3’;
the DNA fragment III, using 5’-TTGAGTCATAT-
GAAGTC-3’ and 5’-CCAACACTTAATTCTGG-3".
Hybridization (annealing) temperature for each pair
of primers was 62, 54, and 46°C, respectively. The PCR
cycle (90°C — 60 s, primers annealing — 60 s, 72°C — 40 s)
was repeated 25 times. After the PCR, DNA was pre-
cipitated with ethanol (2.5 vol.) in the presence of 1 M
NaCl The target DNA was isolated from agarose gel
using microcentrifuge tubes Spin-X Centrifuge Tube
Filters (Costar, USA).

Equilibrium binding of the proteins

to the DNA ligands

The 5’-ends of the oligonucleotides were radioactive-
ly labeled using T4 polynucleotide kinase (10 units,
Fermentas, Lithuania) and [y-**P]ATP. The complex
formation between the M.Ecl18kl and DNA frag-
ments I-II, as well as between the RNAP and DNA
fragments I-III, was conducted in 10 pl of the bind-
ing buffer (50 mM Tris-HCI (pH 7.6), 150 mM NaCl,
5 mM (-mercaptoethanol) in the presence of heparin
(equimolar amount to the protein) for 40 min at 37°C.
In the case of M.Ecl18KI, the reaction mixture con-
tained 1 mM AdoMet. The DNA—-protein complex
and the unbound DNA duplex were separated by gel
electrophoresis in 1% agarose gel. After the electro-
phoresis, the agarose gels were dried on a supporting
plate at 90°C in a hot air flow. The dissociation con-
stants (K,) of the DNA—protein complexes were deter-
mined by the Scatchard technique [15]. The concen-
trations of M.Ecl18kl and RNAP were 60 and 30 nM,
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respectively. The concentrations of the DNA duplex
II were varied within a range from 5 to 120 nM. The
complex formation of the mutants M.Ecl18kI(K46A),
M.Ecl18kI(K53A), and M.Ecl18kI(K21A) with the
DNA fragments IV and V was conducted in 20 pl of
the binding buffer (50 mM Tris-HCI (pH 7.6), 150 mM
NaCl, 5 mM DTT, 50 ng/ul poly(dI-dC)) for 20 min at
37°C. The concentrations of the DNA duplexes IV and
V were varied within a range from 20 to 100 nM. The
concentrations of M.Ecl18kI(K46A), M.Ecl18kI(K53A),
and M.Ecl18kI(K21A) were equal to 560, 400, and 400
nM, respectively, when binding to the DNA fragment
IV and were equal to 200, 1600, and 5600 nM, respec-
tively, when binding to the DNA fragment V.

Determination of the initial rate of

the substrate DNA methylation

The initial rate of the substrate DNA methylation by
MTases Ecl18KI, Ssoll, and their mutant forms was de-
termined as previously described [9], on the basis of the
degree of the duplex V “protection” against hydrolysis
by RE Ecl18kI (R.Ecl18KI). For this purpose, 350 nM of
the radiolabeled DNA duplex V was incubated with
MTase in the binding buffer containing 1 mM AdoMet
for 0.5—60 min at 37°C. The reaction mixture was then
kept at 65°C for 10 min to inactivate the enzyme, and
cooled to 25°C. Next, MgCl, (up to 10 mM) and R.Ecl18kI
(up to 240 nM) were added and the reaction mixture
was incubated at 37°C for 1 h. The initial active con-
centrations of the MTases were identical (14 nM). The
degree of hydrolysis of the unmethylated DNA duplex
V by R.Ecl18kI was taken as 100%. The degree of meth-
ylation of the DNA duplex V by the MTases was calcu-
lated with respect to this value, and the kinetic curves
were plotted. The initial methylation rate (v ) of the
DNA duplex V by MTase was calculated as an angular
coefficient (slope ratio) of the initial linear region on the
kinetic curve.

In vitro transcription

The purified DNA fragment I (0.25 pg) was incubat-
ed with RNAP (3 pmol) in the transcription buffer (40
mM Tris-HCI (pH 7.9), 6 mM MgCl,, 10 mM DTT, 10
mM NaCl, 2 mM spermidine) in 8 pl for 10 min at 37°C.
Next, the mixture was supplemented with 2 pl of an
aqueous heparin solution (0.25 pg/ul) and incubated at
37°C for an additional 10 min. 10 pl of a ribonucleoside
triphosphates mixture (UTP (12 uM), ATP, GTP, and
CTP (500 uM each)) containing 0.5 uCi [a-**P]UTP and
24 units of the RNase inhibitor RiboLock (Fermentas,
Lithuania) were then added. After incubation at 37°C
for 1 h, the reaction mixture was mixed with 10 pl of
RNA Loading Dye (Fermentas, Lithuania) and loaded
onto a polyacrylamide gel.
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Fig. 2. Genetic arrangement of the Ecl18kl restriction—modification system promoter region, the DNA fragment I. The
directions of the MTase and the RE genes are shown with yellow and green arrows, respectively. The start codons are
also marked with the corresponding colors (yellow or green). The region protected by MTase against DNase hydrolysis
is shown in grey. The regulatory site of M.Ecl8kl (inverted repeat) is marked with red letters and red arrows. The tran-
scription initiation points and the promoter elements are shown in pink and blue, respectively

Characterization of the regulatory

activity of the methyltransferases

The regulatory activity of the mutant forms of
M.Ecl18kI and M.Ssoll was assessed via in vitro tran-
scription from the DNA fragment I in the presence of
the corresponding proteins. The wild-type M.Ecl18kI
or M.Ssoll were used in the control experiments. The
reaction mixtures were analyzed by 5% polyacryla-
mide gel electrophoresis (PAGE; the gel contained 7 M
urea) at a field intensity of 5 V/cm in TBE buffer. Only
the resulting RNA transcripts contained the radiola-
bel. In the presence of the Ssoll-like MTases capable
of acting as regulatory proteins, the following changes
were observed: an increase in the radioactivity of the
region corresponding to the RNA transcript from the
RE gene promoter and a decrease in the radioactivity
of the region corresponding to the RNA transcript from
the MTase gene promoter. The fraction (%) of the RE
gene transcript in the total radioactivity of the result-
ing transcripts (taken as 100%) at various MTase con-
centrations was determined. Identical active concen-
trations of the MTases were used to ensure a correct

comparison of the yields of the transcription products
in the reaction. They were obtained from the Scatchard
plots used to determine the K, values for the complex-
es between the proteins and the duplex IV containing
the regulatory site [15]. The fraction of the transcript
from the RE gene promoter was plotted as a function
of the MTase active concentration. The relative yield of
this transcript per unit of the MTase active concentra-
tion was then determined. For this purpose, the ratio
between the angular coefficients (slope ratios) of the
initial linear region on the curves of the mutant MTase
and the wild-type M.Ecl18KkI (or M.SsoIl) was calcu-
lated.

RESULTS AND DISCUSSION

Complex formation of RNA polymerase and
M.Ecl18kI with the DNA fragments containing

the intergenic region of the Ecl18kI R—M system
Figure 2 shows the genetic arrangement of the Ecl18kI
R—M system (based on the data [8, 11]) by the example
of the 247-bp DNA fragment I. The MTase gene pro-
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moter is localized directly before the regulatory site
and partially overlaps the region which is protected
by M.Ecl18kI from DN Ase I cleavage. We had assumed
that the mechanism of negative regulation of the
MTase gene expression may consist in physical block-
ing of the RNAP access to the MTase gene promoter as
M.Ecl18KI binds to the regulatory site.

To verify this hypothesis, complex formation of both
proteins with the 116-bp DNA fragment II contain-
ing the intergenic sequence of the Ecl18kI R—M sys-
tem (the regulatory site, the transcription initiation
point, and the promoter elements of the MTase gene
ecl18kIM) but lacking the promoter elements of the RE
gene ecl18kIR was studied (Fig. 3A). After RNAP was
added to the MTase—DNA mixture, no other complexes
but MTase—DNA and RNAP—DNA emerged in the re-
action mixture. This fact eliminates the possibility of
direct contact between M.Ecl18kI and RNAP. More-
over, the 5-fold excess of M.Ecl18kI (with respect to
RNAP) resulted in virtually complete disappearance
of the RNAP—DNA complex. Therefore, MTase bind-
ing to the regulatory site does impede the interaction
between RNAP and the promoter region of the Ssoll
R—M system genes (Fig. 3B).

The efficiency of RNAP and M.Ecl18kI binding to
the MTase promoter and to the regulatory site was
assessed by determining the K values of the DNA—
protein complexes. K, = 12 = 1 nM for the M.Ecl18kI
complex with the DNA fragment II, while K, = 25 =
1 nM for the RNAP complex with the same fragment.
Thus, the control over the MTase expression level can
be attributed to the competition between RNAP and
M.Ecl18KkI for the binding site. The insignificant (2-
fold) difference in the MTase and RNAP affinity to this
DNA region allows preventing premature inhibition of
M.Ecl18kI synthesis, i.e. controlling the expression level
of the MTase gene more accurately. Thus, the level of
M.Ecl18kI synthesis does not fall below the minimal
value that ensures maintenance of the specific meth-
ylation of cellular DNA.

Since the MTase is localized near the transcription
initiation point of the RE gene (Fig. 2), it seems quite
possible that M.Ecl18kI has a negative effect on the ecl-
18kIR gene transcription. However, an opposite effect
is observed. We had assumed that RNAP and M.Ecl18kI
could be bound simultaneously to the same DNA frag-
ment, RNAP interacting with the RE gene promoter,
while the MTase interacts with its regulatory site. This
assumption is verified experimentally (Fig. 3C,D): se-
quential addition of RNAP and M.Ecl18KkI to the 247-
bp DNA fragment I leads to a ternary complex forma-
tion (supposedly RNAP—M.Ecl18kI-DNA) which has
a lower electrophoretic mobility as compared with the
RNAP-DNA and M.Ecl18kI-DNA complexes. Since
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two M.Ssoll molecules bind to a single regulatory site
[12], it is highly probable that each complex (RNAP—M.
Ecl18kI-DNA and M.Ecl18kI-DNA) contains two
M.Ecl18kI molecules.

Complex formation between RNAP and the two dif-
ferent promoters shows that the degree of RNAP bind-
ing to the DNA fragment III (Fig. 3E,F), which contains
the transcription initiation point and the promoter re-
gions of the ecl18kIR gene only, is 4-fold lower than
the degree of RNAP binding to the DNA fragment II,
which contains the transcription initiation point and
promoter regions of the ecl18kIM gene only. Thus, the
ecl18kIM gene promoter is stronger than the ecl18kIR
gene promoter, and transcription primarily occurs from
the MTase gene promoter in the absence of M.Ecl18kI.
This phenomenon can also be stipulated by the “sitting
duck” mechanism of transcriptional interference [16]
when the rates of the open RNAP complex transition
into the elongation form for two closely spaced promot-
ers differ considerably and the activity of the weaker
promoter is suppressed due to the intensive transcrip-
tion of the stronger one.

Analysis of the ability of the M.Ecl18kI N-terminal
region to regulate gene transcription in the
restriction—modification system in vitro

The experiments with deletion mutants have demon-
strated that the M.Ssoll ability to act as a transcription
factor can be attributed to the N-terminal region of this
protein, which consists of 71 residues [3]. The amino
acid sequences of the N-terminal regions of M.Ecl18kI
and M.Ssoll significantly resemble C-proteins. When
comparing the M.Ssoll regulatory site with the ideal-
ized sequence of C-boxes (5’-GACT..AGTC-3’) [17], 6
out of 8 nucleotides coincide. Considering the signifi-
cant variability among the sequences of the C-boxes,
the regulatory site recognized by M.Ecl18KkI can also be
classified as a C-box. The deletion mutant A(72—379)
M.Ecl18KI, which is the N-terminal region of M.Ecl18KkI,
retains its strongly pronounced secondary structure
and is capable of specific binding to the DNA contain-
ing the regulatory site; however, the efficiency of such
binding is an order of magnitude lower than that of the
full-length protein [12].

The effect of A(72—379)M.Ecl18kI on the in vitro tran-
scription of the ecl18kIR and ecl18kIM genes has been
studied. The full-length M.Ecl18kI was used in the con-
trol experiment (Fig. 4). Transcription from the 247-bp
DNA fragment I resulted in two products correspond-
ing to the transcripts from the RE gene promoter (~190
nucleotides) and from the MTase gene promoter (~110
nucleotides). When the reaction mixture was titrated
with increasing amounts of M.Ecl18kI, the fraction of
the MTase gene transcript decreased considerably,
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Fig. 3. Complex formation of M.Ecl18kl and RNA polymerase with the DNA fragments that contain different elements of
the intergenic region of the Ecl18kl restriction—modification system. A, C, E — schematic representations of the DNA—
protein complexes formation. The directions of the MTase and the RE genes are shown with yellow and green arrows,
respectively. P , P, — transcription initiation points of the RE and MTase genes, respectively (also marked with thin
arrows). The promoter elements are shown in blue, the regulatory site is shown in red. B, D — complex formation of RNA
polymerase (30 nM) with the DNA fragments ll or I, respectively (15 nM) in the presence or absence of M.Ecl18kl ex-
cess (150 nM) under specific binding conditions (with 300 nM heparin). F — complex formation between RNA polymer-

ase (190 nM) and the DNA fragments lll or Il (30 nM). Radioautographs of 1% agarose gels
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Fig. 4. Analysis of the transcripts from the DNA fragment
I by electrophoresis in 5% polyacrylamide gel under de-
naturing conditions. Radioautography: 1 — the transcripts
in the absence of M.Ecl18kl, 2 — the transcripts in the
presence of M.Ecl18kl 4-fold excess (considering active
concentrations of the enzymes). The positions of RNA
length markers are shown on the right side.

tR — the franscript from the ec/18kIR gene promoter;

tM — the transcript from the ecl/18kIM gene promoter;

nt — nucleotides

while that of the RE gene transcript increased (Figs. 4,5).
Meanwhile, the addition of A(72—379)M.Ecl18KI to the
reaction mixture caused no changes in the ratio be-
tween the yields of the two transcripts; i.e., this dele-
tion mutant could not function as a transcription factor
(Fig. 5). This fact is probably due to the low affinity of
A(72—379)M.Ecl18kI to the DNA carrying the regula-
tory site [12]: such a protein cannot efficiently compete
with RNAP for binding to the promoter region. It is also
possible that the deletion mutant covers a considerably
smaller DNA fragment as compared with the full-length
M.Ecl18KkI and therefore is not a steric impediment
for RNAP. Thus, the region responsible for methyla-
tion is necessary to maintain the regulatory function of
M.Ecl18KI. This result agrees with the recently proposed
structural model of the complex between the Ssoll-like
MTases and the regulatory site within the intergenic re-
gion of the R—M system: the N-terminal regions of both
MTase molecules specifically interact with the regula-
tory site, while the regions responsible for methylation
are nonspecifically bound to the DNA flanking the regu-
latory site [18].
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Fig. 5. Dependence of the transcript yield from the ecl-
18kIR gene promoter on the concentration of M.Ecl18kl or
its deletion mutant A(72—-379)M.Ecl18kl

Model of gene transcription regulation in the
Ecl18KI restriction—modification system
After the R—M system penetrates into a cell, the MTase
is actively synthesized from the stronger promoter,
which is required to protect cellular DNA against the
hydrolysis by RE. A certain amount of MTase, which
can efficiently protect the cell against bacteriophage
infection, is produced with time. Then, two MTase mol-
ecules bind to the regulatory site and block the RNAP
access to the promoter of the MTase gene (Fig. 6). No
complex formation between MTase and RNAP occurs
in this case; i.e., the mechanism of transcription sup-
pression of the MTase gene is based exclusively on the
competition between the MTase and RNAP for bind-
ing to the intergenic region of the Ecl18kl R—M system.
The close K, values attest to the fact that even small
changes in the MTase concentration are expected to af-
fect the efficiency of the MTase gene transcription.
The interaction between the M.Ssoll regions respon-
sible for methylation with the DNA flanking the regu-
latory site described in [18] seems to confer additional
strength to the DNA—protein complex. This circum-
stance allows Ssoll-like MTase to successfully compete
with RNAP for binding to the promoter region, result-
ing in the suppression of the MTase gene transcription
and stabilization of the MTase concentration in the cell.
It can be assumed that binding of the enzyme region
responsible for methylation to the DNA flanking the
regulatory site is a compensatory mechanism which is
required to make the effect on transcription of a MTase
dimer bound to the regulatory site as efficient as that
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1. Penetration into the cell. Intensive synthesis of MTase
to protect host cell DNA

RNAP

2. Accumulation of MTase. Interaction between MTase
and the regulatory site

MTase

RNAP

3. Stage of cell protection against the infection by bac-
teriophage. Inhibition of MTase synthesis. Activation of
transcription of the RE gene

RNAP
MTase

4. Transcription elongation — dissociation of MTase from
its complex with DNA

MTase
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RNAP

Fig. 6. The supposed mechanism of regulation of gene
transcription in Ssoll-like restriction—modification systems.
The designations are similar to those given in the legends
to Figs. 2 and 3

of two C-protein dimers bound to two palindromic sites
in DNA. The fact that a deletion mutant, which is the
N-terminal region of M.Ecl18KkI, does not have this “ad-
ditional” interaction explains the low stability of its com-
plex with the DNA and its inability to control transcrip-
tion in the Ecl18kI R—M system.

Binding between M.Ecl18kI and the regulatory site
results in indirect activation of the RE gene promoter
by preventing RNAP from binding to the MTase gene
promoter. During transcription from the RE gene pro-
moter, RNAP runs against the MTase region, which
is responsible for methylation and nonspecifically in-
teracts with the DNA region flanking the regulatory
site [18]. These nonspecific DNA—protein contacts
can be relatively easily destroyed by RNAP, which

melts DNA in the elongation complex. It is possible
that both MTase subunits are pushed away from the
DNA, which can be caused by the reduced affinity of
the enzyme to the DNA melted during the elongation
process.

Effect of single amino acid substitutions
on the regulatory activity of the Ssoll-
like methyltransferases

The mutant form of M.Ssoll containing Cys142 sub-
stitution in the region responsible for methylation.
Cysl42 in the M.Ecl18kI (M.SsolI) molecule plays
the key role in catalyzing the methyl group transfer
from the reaction cofactor AdoMet to the substrate
DNA [19]. Replacement of Cys142 by Ala results in
loss of M.Ssoll enzymatic activity. The efficiency of
the mutant protein binding to the methylation site
decreases; however, the mutant has a considerably
higher affinity to the regulatory site (Table) [9]. The
M.SsoII(C142A) ability to regulate in vitro transcrip-
tion of the genes in the Ecl18kI R—M system was test-
ed in this study.

The yields of the transcripts of the ecl18kIR gene in
the presence of M.SsolI, M.Ecl18KkI, or the mutant pro-
tein M.SsoII(C142A) are almost identical (Fig. 7, Table).
Hence, loss of the methylation function does not affect
MTase’s ability to function as a transcription factor.

The mutant forms of M.Ecl18kI containing substitu-
tions in the region responsible for the regulatory func-
tion. Based on the model of the complex between the
M.SsolI N-terminal region and the regulatory site [13],
a hypothesis has been proposed that residues Lys21,
Lys31, Arg35, Arg38, Arg39, and Arg42 interact with
DNA (Fig. 1). We studied the regulatory properties
of the M.Ecl18kIl mutants, where one of the above-
mentioned residues was replaced by Ala (Table). The
M.Ecl18kI mutants with one of the residues (Argl5,
Lys46, or Lys53) replaced by Ala were used as a con-
trol. The regulatory activity of all the M.Ecl18kI mutant
forms was tested by conducting in vitro transcription
in the presence of these proteins. Wild-type M.Ecl18kI
was used in the control experiment.

It is shown for the first time that the amino acid sub-
stitutions in the N-terminal region affect the MTase
ability to regulate transcription in the R—M system
(Table). An interesting and unexpected result of the
study is the dynamics of the yield changes of the tran-
scripts from the RE gene promoter, which differed
among different M.Ecl18kI mutants at the same active
concentrations. The mutants exhibiting high affinity
to the regulatory site had been expected to regulate
transcription more efficiently, whereas the regulation
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Characterization of the DNA-binding, regulatory, and methylating activities of the MTases Ecl18kl, Ssoll, and their mu-
tant forms'

' Data for M.Ecl18kl, M.Ssoll, M.Ssoll(C142A), M.Ecl18kI(R15A), M.Ecl18kI(R35A), M.Ecl18kI(R38A),
M.Ecl18kI(R39A), and M.Ecl18kI(R42A) have been published earlier [9].

2 The complex formation was studied using the 31-bp DNA duplex IV containing the regulatory site:

5 - TTGGTTTTAGGACAATTTGICCTGT TTTGAT- 3’

3’ - AACCAAAATCCTGTTAAACAGGACAAAACGA- 5" (DNA duplex IV).

3 The complex formation and methylation activity were studied using the 30-bp DNA duplex V containing the methyla-
tion site:

5’ - GATGCTGCCAACCTGECTCTAGGTTCATAGC 3

3’ - CTACGACGGTTGGACCGAGATCGAAGTATG 5' (DNA duplex V).
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of transcription by the MTases exhibiting lower affin-
ity had been expected to weaken. Indeed, in the pres-
ence of M.Ecl18kI(R35A) and M.Ecl18kI(R38A), which
poorly interact with the regulatory site (Table, [9]), the
result is identical to that observed in the absence of the
protein: the RNA transcript from the MTase gene pro-
moter is predominant in the reaction mixture. Evident-
ly, these mutants cannot regulate gene transcription in
the Ecl18kI R—M system.

In the presence of the rest of the M.Ecl18kI mutants,
which could bind efficiently to the regulatory site,
changes in the amount of the RNA transcript from the
RE gene promoter were observed (Fig. 7, Table). How-
ever, a certain correlation between the MTase affinity
to the regulatory site and the transcript yield per unit
of the MTase active concentration was detected only
for three mutants: M.Ecl18kI(K21A), M.Ecl18kI(K31A),
and M.Ecl18kI(R42A) (in addition to the aforemen-
tioned M.Ecl18kI(R35A) and M.Ecl18kI(R38A)). In the
case of M.Ecl18kI(K21A) and M.Ecl18kI(R42A), the
affinity to the regulatory site and the efficiency of
transcriptional regulation per unit of the MTase active
concentration is higher than that in the case of wild-
type ML.Ecl18KkI. The affinity of M.Ecl18kI(K31A) to the
regulatory site and the yield of the RNA transcript per
unit of the MTase active concentration is comparable to
the same values for the wild-type M.Ecl18KkI

Meanwhile, the mutants M.Ecl18kI(R39A) and
M.Ecl18kI(R15A), which are characterized by a higher
affinity to the regulatory site as compared with that of
wild-type M.Ecl18KkI (2.5- and 4-fold, respectively), reg-
ulate transcription in the Ecl18kI R—M system less effi-
ciently. The RNA transcript yield per unit of active con-
centration for M.Ecl18kI(K46A) and M.Ecl18kI(K53A)
is 13- and 1.8-fold higher than that for the wild-type
M.Ecl18KI, respectively, despite the fact that the disso-
ciation constants of their complexes with the 31-bp du-
plex IV containing the regulatory site are comparable.

The absence of a correlation between the affinity to
the regulatory site and the RNA transcripts yield can
be attributed to the fact that the K, value shows the
thermodynamic stability of the MTase—DNA complex,
while the relative yield of the transcription product per
unit of the MTase active concentration characterizes
the rate of the MTase—DNA complex formation indi-
rectly.

Methylation of the substrate DNA

We have studied the impact onto the M.Ecl18kI meth-
ylation function caused by the replacement of residues
Lys21, Lys31, Lys46, or Lys53 in the M.Ecl18kI N-ter-
minal region by Ala. For this purpose, the K values of
the complexes between the MTase mutants and the 30-
bp duplex V containing the methylated site, together

with the methylation rate of this substrate, were de-
termined (Table). The mutants M.Ecl18kI(K21A) and
M.Ecl18KkI(K31A) efficiently bind to the substrate
duplex V. The rate of DNA methylation by these
proteins is 30- to 40-fold higher as compared to that
of the wild-type enzyme. Contrariwise, the mutants
M.Ecl18kI(K46A) and M.Ecl18KkI(K53A) are character-
ized by low affinity to the duplex V and cannot methyl-
ateit.

Similar studies were conducted for the mutant pro-
teins where one of the Arg residues (R15, R35, R38, R39,
or R42) located in the M.Ecl18kI N-terminal region was
replaced by Ala (Table) [9]. The following conclusions
can be drawn when comparing the results. The affinity
of M.Ecl18kI mutants to the substrate DNA V generally
decreases when the amino acid substitution approach-
es the M.Ecl18KI region responsible for methylation
(Tabdle). Thus, the K values of the M.Ecl18kI(R15A),
M.Ecl18kI(K21A), and M.Ecl18kI(R38A) complexes
with the duplex V coincide within the experimen-
tal error with those for the wild-type M.Ecl18kI. The
M.Ecl18kI(K31A) affinity to the DNA duplex V is even
3-fold higher. In M.Ecl18kI(R35A), the affinity to the
methylation region is 1.6-fold lower than in the wild-
type MTase; in M.Ecl18kI(R39A) and M.Ecl18kI(R42A),
it is 3-fold lower; whereas M.Ecl18kI(K46A) and
M.Ecl18kI(K53A) virtually do not bind to the duplex
V.

M.Ecl18kI(K21A), M.Ecl18kI(K31A), and
M.Ecl18KkI(R39A) methylate the substrate duplex V
very efficiently; however, no correlation in the affinity
to the methylation site or in the transcription regula-
tion capacity is observed among these mutant forms
(Table). A higher degree of the duplex V methylation
(as compared with that of M.Ecl18kI) was also observed
for M.Ecl18kI(R38A) with the regulatory function
turned off. The efficiency of M.Ecl18kI(R35A) meth-
ylation remains virtually unchanged, although its af-
finity to the methylation site decreases 1.6-fold when
the regulatory function is turned off. The replacement
of Arglb and Arg42 by Ala results in a 2.5- to 3-fold
decrease in the enzyme’s methylation ability. The mu-
tants M.Ecl18kI(K46A) and M.Ecl18kI(K53A) cannot
methylate the duplex V because of their extremely low
affinity.

Thus, our results demonstrate that amino acid sub-
stitutions in the M.Ecl18kI region responsible for reg-
ulation affect the ability of this protein to bind to the
substrate DNA and methylate it, although no clear pat-
tern is observed among the mutant forms.

CONCLUSIONS

The modification enzyme (cytosine-5)-DNA MTase
Ecl18kI in vitro regulates transcription of the genes in
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the Ecl18KI restriction—modification system. The in-
hibition of the MTase gene transcription is caused by
competition between RNAP and the modification en-
zyme for the binding site near the MTase gene promot-
er. Transcription of the restriction endonuclease Ecl18kI
gene is activated due to the attenuation of transcrip-
tional interference resulting from the modification en-
zyme binding to the regulatory site. It is demonstrated
for the first time that the presence of the MTase region
responsible for methylation is required for this enzyme
to function as a transcription factor. The point muta-
tion turning off the MTase catalytic function increases
the mutant affinity to the regulatory sequence and
does not affect its ability to act as a transcription factor.
On the other hand, the mutants M.Ecl18kI(K46A) and
M.Ecl18kI(K53A), which efficiently regulate transcrip-

tion in the Ecl18kI R—M system, do not modify the sub-
strate DNA because of the extremely low affinity to the
methylation site. The replacement of Arg35 or Arg38 in
MTase Ecl18kI by Ala not only impairs protein binding
to the regulatory site, but also impedes its performing
of the regulatory function; however, the efficiency of
DNA methylation is considerably enhanced in this case.
Evidently, there is a relationship between the function-
ing of the two DNA recognition centers in the SsolI-like
MTases. ®
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ABSTRACT Most neurodegenerative pathologies stem from the formation of aggregates of mutant proteins,
causing dysfunction and ultimately neuronal death. This study was aimed at elucidating the role of the protein
factors that promote aggregate formation or prevent the process, respectively, glyceraldehyde-3-dehydrogenase
(GAPDH) and tissue transglutaminase (tTG) and Hsp70 molecular chaperone. The siRNA technology was used
to show that the inhibition of GAPDH expression leads to a 45—-50% reduction in the aggregation of mutant
huntingtin, with a repeat of 103 glutamine residues in a model of Huntington’s disease (HD). Similarly, the
blockage of GAPDH synthesis was found for the first time to reduce the degree of aggregation of mutant super-
oxide dismutase 1 (G93A) in a model of amyotrophic lateral sclerosis (ALS). The treatment of cells that imitate
HD and ALS with a pharmacological GAPDH inhibitor, hydroxynonenal, was also shown to reduce the amount
of the aggregating material in both disease models. Tissue transglutaminase is another factor that promotes the
aggregation of mutant proteins; the inhibition of its activity with cystamine was found to prevent aggregate
formation of mutant huntingtin and SOD1. In order to explore the protective function of Hsp70 in the control
of the aggregation of mutant huntingtin, a cell model with inducible expression of the chaperone was used. The
amount and size of polyglutamine aggregates were reduced by increasing the intracellular content of Hsp70.
Thus, pharmacological regulation of the function of three proteins, GAPDH, tTG, and Hsp70, can affect the
pathogenesis of two significant neurodegenerative diseases.

KEYWORDS neurodegenerative pathologies; glyceralgehyde-3-phosphate dehydrogenase; chaperones; mutant
proteins; aggregation.

ABBREVIATIONS: EGFP — enhanced green fluorescence protein; ALS — amyotrophic lateral sclerosis; HSP — heat
shock protein; HD — Huntington’s disease; GAPDH — glyceraldehyde-3-phosphate dehydrogenase; HNE — hy-
droxynonenal; SDS — sodium dodecyl sulfate; PAAG — polyacrylamide gel; SOD — superoxide dismutase; tTG —
tissue transglutaminase; PBS — phosphate buffer saline.

INTRODUCTION
Progressive neuronal death in certain parts of the brain
is the culprit in most neurodegenerative disorders. The
development of these pathologies starts from intra-
(Parkinson’s and Huntington'’s diseases) or extracellular
accumulation (Alzheimer’s disease) of the aggregates of
mutant proteins or their oligomers [1]. These structures
are toxic for brain cells; they cause immediate neuronal
death, although there is some evidence that they can
exist in neurons for dozens of years and turn into an ac-
tive toxic factor only at some moment in time [2].
There are two hypotheses for the aggregate for-
mation of mutant proteins. According to one, the ag-

gregates can form due to the formation of hydrogen
bonds between the B-sheets of a damaged or a mu-
tant protein molecule [3]. These structures are inac-
cessible to strong dissociating solvents, in particular
to sodium dodecylsulfate (SDS). The high density of
the aggregating material presumably prevents the
cell from using proteolytic systems, proteasomes,
and phagosomes to fight the aggregates [4]. Accord-
ing to the second hypothesis, amyloid aggregates can
form due to covalent cross-links between mutant
protein molecules and other cell proteins. The for-
mation of such cross-links is typical of the so-called
polyglutamine pathologies, which are based on mu-
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tations resulting in the formation of anomalously
long glutamine repeats in huntingtin molecules, vari-
ous ataxins, and the androgen receptor [5—7]. Poly-
glutamine repeats can also be deleted in the reaction
catalyzed by tissue transglutaminase (tTG) and cova-
lently bind to donors of lysine e-amino groups. The
hypothesis about the key role of tTG in the formation
of insoluble aggregates of mutant huntingtin is sup-
ported by data that indicate that the polyglutamine
domains of huntingtin act as the active substrate for
this enzyme; aggregation almost stops in the absence
of tTG [8]. The glycolytic enzyme glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH) can be used as
a lysine donor in the reaction catalyzed by tTG [9].
We recently showed that GAPDH is indeed capable
of forming aggregates with mutant huntingtin [10].
The data regarding the detection of GAPDH in ag-
gregates or deposits of other mutant proteins (e.g.,
amyloid precursor and a-synuclein) [11, 12] provide
grounds to regard GAPDH as a certain universal
substrate for the aggregation processes [13]. One
of the aims of our study was to determine whether
GAPDH and tTG can not only participate in the ag-
gregation of mutant huntingtin, but also contribute
to the pathogenesis of a completely different disease,
amyotrophic lateral sclerosis (ALS).

ALS is one of the most common neurodegenerative
disorders, which manifests itself in the degeneration
of neurons in the spinal cord, brain stem, and cor-
tex [14]. ABS is inherited in approximately 14% of all
cases; among those, 20% are caused by mutations in
the superoxide dismutase 1 (SOD1) gene. Mutations
occur in all exons of the SOD1 gene; some of them
result in folding disturbance and protein product ag-
gregation. These mutations include the replacement
of glycine 93 by alanine, G93A [15]. Thus, the first
section of our study is devoted to the analysis of the
functions of GAPDH and tTG in cells simulating HD
and ALS.

In addition to the proteins involved in the forma-
tion of cytotoxic oligomers and aggregates, the cell
contains factors that impede this process. First of all,
these factors include molecular chaperons (in particu-
lar, proteins that belong to the Hsp70 family and the
co-chaperons Hdj1/2)[16, 17]. An enhanced expression
of the genes of these factors in the cell or in a trans-
genic organism inhibits the aggregation and reduces
pathogenic symptoms [18]. It is believed that during the
initial stages of aggregate formation chaperon Hsp70
binds their components, thus inhibiting the aggrega-
tion process [10, 19, 20]. The features of Hsp70 func-
tioning during the aggregation of mutant huntingtin in
a cell culture model of HD are considered in the second
section of our study.
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EXPERIMENTAL

Cells

Human neuroblastoma cell lines (SK-N-SH and
SH-SY-5Y) were provided by D. Rubinztein (Cam-
bridge University, UK); neuronal embryonic cells
HNSC3148 were provided by L.I. Korochkin (Insti-
tute of Gene Biology, Russian Academy of Sciences,
Moscow, Russia). The cloned cell line SK-N-SH /hsp70
had been obtained at the Laboratory of Cell Protection
Mechanisms (Institute of Cytology, Russian Academy
of Sciences) via cell transfection with a plasmid with
an inserted hsp70 gene under the control of the metal-
lothionein promoter [10, 21]. The cells were grown in a
DMEM medium (Biolot, St. Petersburg, Russia) with
addition of L-glutamine, a 10% fetal bovine serum, and
50 mg/ml gentamicin (PanEco, Moscow, Russia) at 37°C
in a 5% CO, atmosphere. SK-N-SH /hsp70 cells were
grown in the presence of 100 uM genecitin.

Cell transfection

Plasmids containing exon 1 of the gene encoding
huntigtin with a normal (Q25) and pathogenic (Q103)
number of glutamine residues (hereinafter referred
to as the Q25 and Q103 genes, respectively) linked to
the EGFP gene encoding an enhanced green fluores-
cent protein (plasmids were provided by D. Rubinz-
tein) and plasmids containing the wild-type superox-
ide dismutase 1 (SOD1 ) gene and the mutant variant
SOD1,,,, linked to the EGFP gene (provided by M.
Cheetham, University College London, UK) were used
in this study. Small interfering RNA (siRNA) specific
to GAPDH was purchased from Ambion (Ambion/Life
Technology/Invitrogen, USA).

The cells were seeded into the wells of a 24- or 6-well
plate 24 h prior to the transfection at a concentration of
3 X 10° cells/ml. Transfection was performed using the
Lipofectamine—PLUS reagent (Invitrogen, USA) ac-
cording to the manufacturer’s recommendations.

The cells were transfected with GAPDH siRNA 24 h
prior to transfection with the Q103 and Q25 genes or
simultaneously with transfection with the SOD1 r
SOD1,,, gene.

G93A 0

Confocal microscopy

The cells were seeded onto glass coverslips placed into
the wells of a 24-well plate at a concentration of 3 X
10°cells/ml. In order to determine the colocalization of
GAPDH and tTG with Q103, 48 h after the transfec-
tion, the cells were fixed in 4% formaldehyde (Sigma,
USA) in a phosphate buffer saline (PBS) for 30 min,
washed with pure PBS, and permeabilized with cold
96% ethanol for 5 min at —20°C. The cells were incubat-
ed with specific anti-GAPDH (Abcam, UK) or anti-tTG
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antibodies (Sigma, USA) overnight. After the cells had
been washed in PBS, they were incubated with second-
ary antibodies conjugated to a CY3 fluorescent label
(JacksonLab., USA). The specimens were studied using
a Leica TCS SL confocal microscope (Germany). The
sequential scan mode was used to avoid nonspecific in-
terference from fluorochromes. The aggregate size was
determined using a LSM510 Zeiss confocal microscope
and the Zeiss LSM Image Examiner software, version
2.80.1123 (Carl Zeiss, Germany).

Determination of cell viability

In order to test the viability of the cells synthesizing
pathogenic peptides against repressed GAPDH expres-
sion, we used the Mossman assay [22]. Neuroblastoma
SK-N-SH cells were placed into the wells of a 96-well
plate, transfected with siRNA, and subsequently with
the @103 gene (as described above). Seventy-two hours
after the onset of the experiment, the medium was re-
moved from the wells. 90 pl of a fresh medium and 10
ul of a MTT solution (3-4,5-dimethylthiazol-2-yl-2,5-
tetrazolium bromide, Sigma, USA), 5 mg/ml, in sterile
PBS, were added to each well. The cells were incubated
with MTT for 4 h at 37°C; then, the medium containing
MTT was removed, and 100 pl of acidulated isopropa-
nol (0.04 N HCI) was added into each well to dissolve
blue formazane crystals in living cells. The signal was
measured on a Fluorofot immunochemistry analyzer
system (OOO “PROBANAUCHPRIBOR”, Russia) at
570 and 630 nm.

Analysis of protein aggregation

Protein aggregation was analyzed using two systems
(ex vivo and in vitro). In the ex vivo system, neuroblas-
toma SK-N-SH cells were transfected with plasmids
containing exon 1 of the huntington gene with a normal
(Q25) and pathogenic (Q103) number of glutamine resi-
dues. After 8 h, when the amount of the mutant protein
accumulated in the cells was sufficient for the analysis
but no aggregates had yet been formed, the cells were
lysed in a buffer with the following composition: 25 mM
Tris-HCI pH 8.0, 20 mM NaCl, 1 mM EDTA. After the
triple freeze-thaw cycle, the lysates were centrifuged
at 10,000 g; the total protein concentration in the super-
natant was measured using the Bradford protein assay
[23]. The lysates were incubated at 37°C for 48 h and
analyzed using the filter trap assay.

In the in vitro system, SK-N-SH neuroblastoma cells
were transfected with plasmids encoding exon 1 of the
@25 and @103 genes or with the SOD1_ and SODI,,,
genes. Twenty-four h after cell transfection with either
Q25 or @103 or 48 h after the transfection with SOD1,
the cells were collected, washed thrice in cold PBS,
and precipitated by centrifugation at 800 g for 5 min.

A lysing buffer of composition 10 mM Tris-HCI pH 8.0,
150 mM NacCl, 2% SDS was added to the dry cellular
precipitate. Following ultrasonic treatment for 1 min
and incubation at 98°C for 2 min, the lysates were used
to study the aggregate formation using the filter trap
assay or the gel retardation assay.

Filter trap assay

The filter trap assay already described by Novoselova
et al. [24] was employed in this study. The lysates of the
transfected SK-N-SH neuroblastoma cells obtained in
accordance with the above-described procedure were
applied onto an acetate nitrocellulose membrane placed
into a Dot-Blot apparatus (Hemel Hempstead, UK) con-
nected to a vacuum pump. The membrane was washed
with a buffer (10 mM Tris-HCI pH 8.0, 150 mM NaCl,
0.1% SDS) under pressure before and after application
of the lysates. The presence of Q103 or SOD1 in the ag-
gregates was determined using anti-EGFP antibodies.

SDS PAGE electrophoresis and immunoblot assay

In order to prepare specimens, the cells were collected,
washed with cold PBS thrice, and centrifuged at 800 g for
5 min. A lysing buffer of composition 20 mM Tris-HCI pH
7.5, 150 mM NacCl, 0.5% Triton X-100, 2 mM EDTA was
added to the dry cellular precipitate. The lysates were
centrifuged at 10,000 g; total protein concentration in the
supernatants was measured using the Bradford protein
assay. The amount of protein per specimen was 50 ug.
After the electrophoresis, the proteins were transferred
from the gel to a nitrocellulose membrane (Immobilon-P
(PVDF), pore size 0.45 um, Millipore Corporation, USA)
using a TransBlot system (Bio-Rad, USA).

The zones of proteins of interest were detected using
primary mono- or polyclonal antibodies and second-
ary antibodies against mouse or rabbit immunoglobulin
conjugated to horseradish peroxidase. The peroxidase
reaction was identified via enhanced chemilumines-
cence using the Chemidoc XRC visualization system
(Bio-Rad, USA).

The immunoblot assay was conducted using anti-
EGFP (Abcam, UK) and anti-GAPDH (Abcam, UK)
monoclonal mouse antibodies; polyclonal rabbit anti-
bodies against Hsp70 (R22) and tissue transglutaminase
(Sigma, USA). Antibodies against mouse or rabbit im-
munoglobulins conjugated to horseradish peroxidase
(Sigma, USA) were used as secondary antibodies.

Modified SDS PAGE electrophoresis

to analyze the SDS-insoluble cellular

fraction (gel retardation assay)

The modified SDS PAGE electrophoresis procedure
was used to analyze the level of the proteins under
study in the SDS-insoluble cellular fraction. This pro-
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cedure involved the retardation of insoluble complex-
es in the stacking gel. The cellular precipitates were
dissolved in a buffer with the following composition:
62.5 mM Tris-HCI pH 8.0, 2.5% SDS, 10% glycerol,
0.1 mM EDTA, 0.02 bromophenol blue. The specimens
were subjected to ultrasonic treatment for 30 s and in-
cubated at 98°C for 5 min.

The stacking gel had the following composition: 2%
acrylamide, 0.15 bisacrylamide, 0.125 mM Tris-HCl pH
6.8, 0.1 SDS, 0.06% ammonium persulfate, and 0.06%
N,N,N’,N’-tetramethylene diamine. The immunoblots
were obtained for both the running and stacking gels.

RESULTS AND DISCUSSION

GAPH affects aggregation formation in

cell models of Huntington’s disease

The functions of three proteins---GAPDH, tTG, and
Hsp70---during the aggregation of mutant huntingtin
(model of HD) and mutant SOD1 (model of ALS) were
analyzed in this study. Three cell lines, SK-N-SH and
SH-SY-5Y human neuroblastoma cells and HNSC3148
human embryonic brain cells, were used as the model
of HD [25]. The cells were transfected with a plasmid
containing exon 1 of the @103 gene linked to the EGFP
gene. Twelve h following the transfection, small bright
spots emerged in the cells, which merged to form large
fluorescent complexes over 100 nm in size during the
subsequent 36 h (Fig. 14). It should be mentioned that
despite some time divergences, the patterns of aggre-
gate formation were identical in all three types of cells.
By using specific antibodies recognizing GAPDH, we
demonstrated that the enzyme colocalized with aggre-
gated polyglutamine chains (Fig. 14).

It has been ascertained previously that GAPDH in
SK-N-SH neuroblastoma cells is concentrated at the
sites where oligomers, and subsequently large aggre-
gates of mutant huntingtin, emerge [10]. Furthermore,
this enzyme has been detected in deposits of mutant
huntingtin in brain slices from patients with HD [26].
These data and the fact that this localization is observed
in human embryonic cells indicate that this phenom-
enon is rather common and that GAPDH (whose frac-
tion in the cellular protein can be as high as 2—4%) can
affect aggregate formation during the development of
HD.

The effect of GAPDH on the size of the growing ag-
gregates of mutant huntingtin was assessed by reduc-
ing the level of this protein using siRNA. To this end, 24
h prior to launching the aggregation of mutant protein
Q103, the SK-N-SH cells were transfected with the cor-
responding siRNA. After the reduction in the GAPDH
level had been confirmed, the amount of aggregated
material was determined. According to the immuno-
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blot data, the use of this technology made it possible
to reduce the amount of GAPDH in SK-N-SH human
neuroblastoma cells by 50—60% (F'ig. 1B). The filter trap
assay was employed to study the aggregation process.
This method allows one to determine the amount of
aggregated material (with the polyglutamine repeat
Q103 its major component (model of HD)) that remains
on the acetate cellulose membrane after the cellular
extracts obtained using SDS have passed through it.
It can be clearly seen that a significant content of ag-
gregates was detected in the control cell extract (the
control cells had not been treated with siRNA) (Fig. 1B).
The action of nonspecific siRNA (Mock siRNA) induced
no changes in the aggregation process, whereas spe-
cific siRNA reduced the amount of aggregated SDS-
insoluble mutant proteins (Fig. 1B). Moreover, it was
demonstrated by counting the number of transfected
cells with the aggregates and the diffusely distributed
protein that the number of cells containing aggregates
of the mutant protein decreased by 10% when enzyme
synthesis was supressed (Fig. 1C).

It has been assumed that there is a direct relationship
between the aggregation of mutant proteins and a re-
duction in viability for neuronal cells. Thus, we assessed
how the suppression of GAPDH synthesis and, hence, a
decrease in the aggregation level of the mutant protein
affect the number of surviving cells. These experiments
were conducted according to the procedure described
above; however, cell viability was assessed using the
Mossman assay 48 h after the transfection of siRNA
and, subsequently, of the construct encoding the poly-
glutamine sequence (Fig. 1D). Indeed, the expression of
mutant huntingtin was shown to reduce the number of
viable cells by 40%. The preliminary transfection with
a plasmid carrying the control siRNA does not affect
the viability of both the control cells and those carrying
Q103. The supression of GAPDH synthesis using spe-
cific siRNA resulted in a 18% increase in the number of
survived cells expressing @103 (as compared with the
cells with a normal level of GAPDH) (Fig. 1D).

In order to demonstrate the significance of GAPDH
as a pharmacological target, we searched for low-mo-
lecular-weight compounds that exhibit affinity with
GAPDH among the published data and found several
compounds, including hydroxynonenal (HNE). HNE
is known to be capable of reacting with cysteine and
histidine residues in the enzyme molecule, thus induc-
ing its inactivation [27]. HNE was introduced into the
SK-N-SH human neuroblastoma cell culture express-
ing Q103 linked to the marker gene EGFP. The cell
lysate was subsequently obtained and analyzed via a
filter trap assay. The results of these experiments give
grounds to consider that GAPDH is a target for small
molecules: the aggregation degree of the complex of
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Fig. 1. GAPDH affects the aggregation A EGFP GAPDH Merge
process in the cell model of Huntington's
disease. (a) GAPDH localizes to ag-
gregates of mutant huntingtin. Human
neuroblastoma SK-N-SH, SH-SY-5Y cells
and HNSC3134 human embryo brain cells
were transfected with the plasmid con-
taining the sequence of 103 glutamines
and was linked to the gene of the green
fluorescent protein (EGFP). 48 h after the
transfection, the cells were stained with
anti-GAPDH antibody (2" antibodly is
linked to a red fluorescent dye). Insert:
yellow stain corresponds to the area of
GAPDH and polyglutamine co-localiza-
tion (488 nm and 543 nm channels). (b)
Reduction in the GAPDH level attained
with a specific siRNA proved by West-
ern blotting (top panel) leads to down-
shifting of polyglutamine aggregation as Q103

revealed by a filter trap assay (bottom Mock GAPDH

panel), (c) a decrease in the amount of Q25 K  siRNA siRNA
aggregate-containing cells and (d) up- GAPDH
regulation of the amount of surviving cells
(data of the MTT assay) as compared
with the control cells (Mock siRNA); (e)
hydroxynonenal, HNE, specifically inac-
tivating GAPDH reduces aggregation of
polyglutamines in a filter trap assay
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Fig. 2. Tissue transglutaminase promotes
the aggregation of mutant huntingtin. (a)
1TG localizes to the aggregates of mu-

tant huntingtin. Q103, conjugated with
EGFP (green), tTG — red stain. Insert:
co-localization of Q103 and TG results in
yellow staining; (b) addition of tTG to the
extract of cells with polyglutamine causes
an increase in the amount of aggregating
material in a filter trap assay (the amount of
tTG is given in percents of total protein);
(c) inhibitor of TG, cystamine, reduces the
aggregation of polyglutamine in a dose-de-
pendent fashion (the ordinates represent
the number of cells with aggregates)
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mutant huntingtin with GAPDH decreased by 45—50%
under the effect of HNE at a pharmacologically rele-
vant concentration (1 uM). This value is a fairly good
therapeutic index; the aggregation degree decreased
even more dramatically with increasing concentration
of the compound (Fig. 1E). In our opinion, the effect of
HNE is based on its ability to isolate some GAPDH mol-
ecules from its complex with mutant huntingtin; the
aggregation process is supposed to be inhibited.

Thus, GAPDH localizes in pathogenic aggregates,
along with mutant huntingtin, and seems to partici-
pate actively in the aggregation process at its early
stages. This interpretation of the results is supported
by the fact that a specific decrease in the amount of en-
zyme molecules accessible for aggregation, which can
be attained using siRNA or a high-affinity compound,
results in inhibition of the aggregation of the Q103—
GAPDH complex.

Investigation of the effect of tissue transglutaminase
on the aggregation of mutant huntingtin

Aggregates of mutant huntingtin, ataxin, and some oth-
er pathogenic proteins can be formed via cross linking
anomalously long polyglutamine chains with proteins
that donate reactive lysines (in particular, GAPDH) in
the tTG-catalyzed process [9, 28]. Immunofluorescence
microscopy was used to determine the localization of
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tTG in cells that express Q103 in order to elucidate the
role of this enzyme in our cell model. It turned out that
tTG molecules are uniformly distributed over the cell
cytoplasm, while enzyme clusters are observed around
the Q103—GAPH aggregates. One can see that tTG co-
localizes with mutant huntingtin (Fig. 24). The partici-
pation of tTG in aggregate formation was proved by
introducing the purified enzyme into an extract of cells
transfected with the Q103—EGFP construct prior to the
onset of aggregate formation. The ex vivo analysis of
aggregation (see the EXPERIMENTAL section) con-
ducted using the filter trap assay shows that the intro-
duction of tTG dose-dependently increases the amount
of Q103 that is SDS-insoluble and remains on the mem-
brane (Fig. 2B).

To what extent does the inhibition of tTG activity
affect the process of aggregate formation? In order
to answer this question, we incubated SK-N-SH cells
with the well-known enzyme inhibitor cystamine, right
after the onset of aggregation (i.e,, 5 h following the
transfection with the @103—EGFP gene). The counting
of aggregate-containing cells demonstrated that the
cystamine effect manifested itself 24 h after the start
of the incubation; after a day, the effect of the inhibitor
became more pronounced. Finally, cell-counting 3 days
after the introduction of the inhibitor into the medium
showed that cystamine at a concentration of 0.4 uM re-
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duces by twofold the number of cells containing Q103—
EGFP aggregates, while further increase in inhibitor
concentration suppresses the aggregation to a greater
extent (Fig. 2C). Interestingly, when using cystamine
at a concentration of 1 uM, the fraction of aggregate-
containing cells remains constant with time and, in our
case, was equal to 25—28% of the total number of trans-
fected cells. In the untreated population, the fraction
of aggregate-containing cells increased and was equal
to 82% 72 h after the transfection. This fact can be an
indication that the formation of polyglutamine aggre-
gates is caused not only by the action of tTG, but also
by another mechanism (e.g., that in the “polar zipper”
model) [3].

Participation of GAPDH and tTG in

aggregate formation in mutant SOD1

Assuming that GAPDH and tTG promote the aggrega-
tion not only of huntingtin but of other mutant proteins
as well, we analyzed the functions of these enzymes
in aggregate formation by the example of the cellu-
lar model of ALS. To this end, plasmids carrying the
SOD1,,,,and SOD1 , genes linked to the green fluores-
cent protein gene were used. A microscopic analysis of
SK-N-SH neuroblastoma cells transfected with these
plasmids demonstrated that the mutant SOD1,,,,, un-
like SOD1_, can form aggregates in 36—48 h (Fig. 3A).

Does GAPDH play a role in the formation of aggre-
gates of mutant SOD1 as important as that in the model
of HD? In order to answer this question, we used the
technology of specific small interfering RNAs. Lysates
of SK-N-SH cells simultaneously transfected with spe-
cific or control siRNA and SOD1 , or SODI1,, were
analyzed by the gel retardation assay and immunoblot
assay and using the filter trap assay (Fig. 3B).

As follows from the electrophoresis data, the content
of GAPDH that can penetrate the running gel in the
lysate of the cells treated with specific siRNA is con-
siderably lower than that in the lysates of the control
(intact) cells and cells carrying SOD1 . (Fig. 3B, middle
panel). Both in the control cells and in the cells transfect-
ed with Mock siRNA (both cell types carrying mutant
SOD1), the level of GAPDH that can penetrate the run-
ning gel is reduced. However, it is the lysates obtained
from these cells that contain a significant amount of the
aggregates remaining in the stacking gel (Fig. 3B, top
panel). These results have also been supported in an ex-
periment employing the filter trap assay. Aggregates of
mutant SOD1 (presumably containing GAPDH) were
detected in the lysates of these cells (Fig. 3B, bottom
panel).

In addition to GAPDH-specific siRNA, HNE was also
used to repress GAPDH. We demonstrated using the
filter trap assay that HNE at a concentration of 1 uM

A SOD1 SOD1 .,
SOD1 .,
B ? <
xz =2
[ 24 [7]
E Lowa Y
5 253 2
<90 £
S « o8z ¥
Stacking gel GAPDH
Running gel GAPDH
Filter trap
assay EGFP
c cystamine HNE
K 1 10 1 10 pM

Fig. 3. GAPDH participates in the formation of aggregates
in a cell model of amyotrophic lateral sclerosis (ALS).

(a) SK-N-SH human neuroblastoma cells 48 h after the
transfection with the gene of mutant SOD1 (G93A) or
wild-type SOD1, conjugated with the gene of a green
fluorescent protein (EGFP). Right panel: SOD1-G93A
forms insoluble aggregate structures; (b) application of
GAPDH-specific siRNA prevents aggregation of mutant
SOD1 (data of gel shift assay, two top panels and data of
filter trap assay, bottom panel); (c) incubation of ALS-imi-
tating cells with cystamine and HNE down-regulates SOD1
aggregation (filter trap assay)

represses the aggregation of mutant SOD1; an increase
in HNE concentration to 10 uM strengthened this ef-
fect (Fig. 3C). The effect of HNE can be attributed to
the fact that the formation of free radicals is increased
in patients with ALS, as well as in those with numer-
ous other pathological processes, while the oxidative
stress disrupts the GAPDH structure. The regions of
the enzyme molecule are exposed and bind to mutant
proteins, giving rise to large complexes [29]. We hy-
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pothesize that HNE impedes the formation of these
complexes; i.e, it inhibits SOD1 aggregation.

The participation of tTG in the formation of SOD1—
GAPDH aggregates has also been demonstrated us-
ing inhibitory analysis. We used cystamine to ascertain
that the suppression of tTG activity reduces the weight
of the aggregating material on a filter. However, this
effect can be achieved at high cystamine concentra-
tions (at least 10 uM) exceeding pharmacological values
(Fig. 3C). It is harder to interpret the fact of suppression
of aggregation of mutant SOD1 when using cystamine.
It is possible that he inhibition with tTG prevents the
formation of covalent bonds both between GAPDH
molecules and between GAPDH molecules and other
proteins.

Hsp70 chaperon represses the aggregation of

mutant huntingtin in the cellular model of HD

Hsp70 chaperon plays a significant role in prevent-
ing complex formation between damaged or mutant
polypeptides [30]. The effect of Hsp70 on the aggrega-
tion of mutant huntingtin was studied using SK-N-SH
neuroblastoma cells transfected with the Hsp70 gene
under the control of an inducible metallothionein pro-
moter as a model. Hsp70 expression was induced us-
ing a zinc salt (ZnS0O,), which can be used to increase
the protein level in a dose-dependent manner (Fig. 44),
6 h prior to the transfection of SK-N-SH cells with a
plasmid carrying the @103 gene. The diameter of the
aggregates of mutant huntingtin was determined 48 h
after the transfection. The mean diameter of the ag-
gregates in the transfected cells treated with 50 uM
ZnSO, was 3.15 = 0.69 um, while in the control cells it
was equal to 6.82 = 0.98 um. A further decrease both in
the number of aggregate-carrying cells and aggregate
size (the mean diameter being equal to 1.52 = 0.19 pm,
Fig. 4B) was observed as the ZnSO, concentration was
increased to 100 uM. The effect of Hsp70 on the amount
of aggregating material was analyzed using the filter
trap assay. It turned out that an increase in ZnSO, con-
centration and, hence, in the Hsp70 level results in a de-
crease in the amount of material containing the EGFP
marker retained on the filter surface (Fig. 4C).

It has been known that molecular chaperons, in
particular Hsp70, participate in the prevention of ag-
gregate formation in pathogenic or damaged proteins;
however, the mechanisms underlying this effect re-
main unclear. In this context, data indicating that the
chaperon forms a complex with the aggregating mono-
and oligomers of mutant huntingtin are of significant
interest [31]. This complex is of a dynamic nature. It
is assumed that Hsp70 impedes the incorporation of
polyglutamine molecules into the aggregates of mu-
tant chromatin being formed. However, the results of
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Fig. 4. Hsp70 prevents aggregation of mutant hunting-

tin in a cell model of HD. (a) Expression of Hsp70 gene
controlled by the metallothionein promoter in SK-N-SH
cells is dose-dependently induced by zinc; (b) histograms
demonstrating the distribution of the Q103 aggregate size
dependent on the zinc concentration and, accordingly,
the level of Hsp70 expression; (c) the stepwise increase in
Hsp70 content in SK-N-SH neuroblastoma cells transfected
with Q103 leads to a reduction in polyglutamine aggrega-
tion in a filter trap assay
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a recently published study [10] indicate that Hsp70 af-
fects not only mutant huntingtin, but also GAPDH mol-
ecules, which significantly enhance the aggregation.
Based on the results of this study an assumption can be
made that at least in the cell models of HD, Hsp70 is ca-
pable of impeding the formation of the polyglutamine—
GAPDH complex, thus protecting the enzyme against
the cross-linking effect of tT'G. This hypothesis does not
contradict the theories of the function of chaperons in
protecting cells against neuropathogenic stimuli. How-
ever, it undoubtedly requires thorough verification.

CONCLUSIONS

It has been ascertained in this study using cell models
of Huntington’s disease and amyotrophic lateral scle-
rosis that two enzymes—glyceraldehyde-3-phosphate-
dehydrogenase and tissue transglutaminase—play a

significant role, along with the pathogenic proteins spe-
cific to these disorders. The former enzyme participates
in complex formation with pathogenic proteins in both
models of the diseases; its blockage reduces the aggre-
gation rate. Transglutaminase presumably catalyzes
the formation of the GAPDH complex with pathogenic
cellular proteins. Hsp70 chaperon is the factor that pre-
vents the aggregation; an increase in its expression re-
duces the pathogenic symptoms in a dose-dependent
fashion. The data obtained provide ground to regard all
three proteins as promising pharmacological targets. ®
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Presidium of the Russian Academy of Sciences
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ABSTRACT The aim of this study was to identify small molecule compounds that inhibit the kinase activity of the
IGF1 receptor and represent novel chemical scaffolds, which can be potentially exploited to develop drug candi-
dates that are superior to the existing experimental anti-IGF1R therapeuticals. To this end, targeted compound
libraries were produced by virtual screening using molecular modeling and docking strategies, as well as the
ligand-based pharmacophore model. High-throughput screening of the resulting compound sets in a biochemical
kinase inhibition assay allowed us to identify several novel chemotypes that represent attractive starting points
for the development of advanced IGF1R inhibitory compounds.

KEYWORDS IGF1 receptor; tyrosine kinase inhibitor; anti-cancer drug candidate; high-throughput screening;
virtual screening.

ABBREVIATIONS IGF1R - insulin-like growth factor type 1 receptor; InsR — insulin receptor; RTK — receptor ty-
rosine kinase; TKI — tyrosine kinase inhibitor; HTS — high-throughput screening; ATP — adenosine triphosphate;

ADP — adenosine diphosphate.

INTRODUCTION

The receptor of insulin-like growth factor type 1 (IG-
F1R) is a transmembrane receptor tyrosine kinase
(RTK) widely expressed in various cell types and the
tissues of all vertebrates. IGF1R is the key biological
regulator of cell growth and survival, both in the de-
velopmental and adult states. The receptor is a very
close phylogenetic relative of the insulin receptor
(InsR), the major regulator of carbohydrate homeo-
stasis, as well as lipid and protein metabolism. IGF1R
shares almost 60% overall homology with InsR; the
similarity is much higher (~ 90%) in the catalytic do-
main area of the receptors. The IGF pathway is com-
monly dysregulated in many human cancers, includ-
ing breast, prostate, liver, lung, bladder, thyroid, renal
cancers, Ewing’s sarcomas, rhabdomyosarcoma, lym-
phomas, leukemias, multiple myeloma, etc., primarily
via increased expression of IGF1R or its ligands, IGF-
1 and IGF-2, and autocrine loops [1, 2, 3]. The IGF-1
receptor is needed for the transformation of cells by
oncogenes; enhanced IGF-1 receptor expression can
cause ligand-dependent, malignant transformation
and tumorigenesis [4]. Mutated, constitutively upreg-
ulated forms of IGF1R kinase as cancer drivers have
not been documented in the literature, contrary to the
paradigm for oncogenic tyrosine kinases. The general
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anti-proliferative and pro-apoptotic effects associated
with IGF1R inhibition, as well as the broad expression
of IGF1R in tumors, are suggestive of a high clinical
potential for IGF1R inhibitors in combination thera-
pies. Because of the broad malignant neoplasia linkage
to the ubiquitous IGF signaling pathway, therapeutic
strategies that inhibit the IGF1R receptor using either
small-molecule kinase inhibitors (TKIs) or monoclo-
nal antibodies (mABs) have been actively explored in
various types of cancers by a large number of phar-
maceutical and biotechnology companies over the past
10—15 years. At least a dozen IGF1R inhibitors, both
small-molecules and antibodies, are currently in late
preclinical or clinical development.

Due to the very high degree of homology among the
catalytic domains of IGF1R and InsR RTKs, all of the
known advanced IGF1R-targeting TKIs inhibit InsR
to a significant degree, as well. As a result, these TKIs
obviously could impair glucose homeostasis and lead
to hyperglycemia and the concomitant diabetic com-
plications in TKI-treated patients. Indeed, such hy-
perglycemic effects have been observed in pre-clinical
models and, more recently, in the clinical trials of small-
molecule IGF1R inhibitors, casting some doubt on the
perspectives for their long-term clinical development
and therapeutic use. Over the past decade, the obvious



RESEARCH ARTICLES

selectivity problem associated with small molecules has
led to a shift in interest towards the development of an
intrinsically, highly selective monoclonal antibody or
protein-based IGF1R blockers which target either the
receptor itself or its ligands. However, due to the pecu-
liarities of IGF signaling axis biology and the resulting
substantial cross-talk between IGF1R and InsR-driven
signaling, some degree of InsR co-inhibition is believed
to be beneficial in oncology settings by most experts [5,
6]. On the other hand, the concept of precisely blocking
IGF1R signaling by pharmacological agents that are
highly selective at the molecular level turns out to be
a gross oversimplification when applied to the actual
systemic action of these agents in vivo. Both a lack of
efficacy and hyperglycemic effects were found in the
late pre-clinical and clinical studies of several advanced
anti-IGF1R protein/antibody-based therapeutic can-
didates despite their ultimate molecular selectivity
for the target [4, 7]. Some of the apparent underlying
mechanisms of this non-selectivity in vivo are as fol-
lows: significant cross-activation of IGF1R receptors
by insulin and vice versa; activity of anti-IGF1R an-
tibodies on InsR-IGF1R heterodimers, compensatory
mechanisms of the living organism, such as upregula-
tion of InsR or induction of IGF1 and insulin biosynthe-
sis upon depletion of IGF-1/IGF1R pools in the body
[7, 8]. In addition to the selectivity aspects mentioned
above, there are multiple mechanisms of resistance to
IGF1R-targeted therapy, which might necessitate co-
inhibition to achieve efficacy [9].

Thus, despite the solid academic validation of IG-
F1R as a highly attractive drug target in oncology, as
well as the sustained effort to develop therapeutically
useful IGF1R pathway blockers of diverse molecular
nature and mechanisms of action, so far the results of
late-stage clinical trials remain less than exciting [7, 10].
This controversial and complicated landscape, in addi-
tion to the certain inherent advantages of small mol-
ecule drugs over antibody/protein-based therapeutics,
creates a persistent drive for a continued search for
clinically superior chemical inhibitors of IGF1R. Such
target compounds might differ from their predecessors
by virtue of their different mechanisms of inhibition,
more selective tissue distribution, co-inhibition of other
targets, and altered pharmacodynamics or a better bal-
anced selectivity for IGF1R versus InsR.

In this study, we report on the identification of sev-
eral small molecule IGF1R inhibitors as a result of the
screening of a focused library of 2,935 compounds gen-
erated by the combined use of pharmacophore- and
target structure-based models. The compound series
found represent novel chemotypes and are potentially
developable into clinical IGF1R inhibitors with favor-
ably altered properties as compared to existing ones.

EXPERIMENTAL

Reagents and materials

All the reagents for screening, including ADP-Glo™ Ki-
nase Assay (Cat. V9401), Kinase System kits for IGF1R
(Cat. V3581), InsR (Cat. V9411), Met (Cat.V3361), Syk
(Cat. V3801), and BTK (Cat. V2941) kinases, were ob-
tained from Promega Corporation (Madison, WI, USA)
and used according to the manufacturer’s recommen-
dations. The reference kinase inhibitors PQ401 (Cat.
P0113), AG5H38 (Cat. T7697), staurosporine (Cat. S5921),
as well as poly(Glu4,Tyrl), sodium salt (Cat. P0275 ),
and dimethyl sulfoxide (Cat. 41640), were all purchased
from Sigma-Aldrich (St. Louis, MO, USA). The low
volume, U-bottom, white NBS 384-well microplates
(Cat. 3673) used for all luminescent assays were from
Corning (Lowell, MA,USA), and robotic liquid handler
384-channel tips (Cat. 5316) were from Thermo Scien-
tific/Matrix (Hudson, NH, USA). The polypropylene
384-well and V-bottom plates (Cat. 784201) were pur-
chased from Greiner Bio-One (Monroe, NC, USA), and
the 96-well plates, from Matrix (Cat. 4271), or similar
ones, were used for compound storage and dilutions.
The reagents and buffers for robotic multichannel
pipetting were kept in disposable modular reservoirs
(Cat. N372790) from Beckman Coulter (Indianapolis,
IN, USA).

All the compounds iteratively tested in this study
were selected from the ~1,900,000 compound collection
of Enamine, Ltd. (www.enamine.net, Kyiv, Ukraine)
and supplied by Enamine’s library formatting facility as
frozen 10 mM solutions in dimethyl sulfoxide (DMSO)
in heat-sealed 96- or 384-well polypropylene plates.

Molecular modeling and chemoinformatics

All computations were done using the QXP /Flo+ soft-
ware package developed by McMartin et al. [11]. We
used the computer cluster configuration HPC Linux
cluster (164 CPU cores in 5 nodes). All the manipula-
tions with chemical structures and databases were
conducted in the Instant JChem software (ChemAxon,
software version 5.10.1).

Screening equipment and data analysis

Multi-well liquid dispensing for setting up assays was
performed using either the robotic liquid handler
PlateMate Plus or the manual electronic multichannel
micropipettes Matrix Impact (Thermo Scientific, Hud-
son, NH, USA). High-throughput Screening (HTS), ki-
nase selectivity, and dose-response (IC, ) assays were
read in the luminescence mode using the PolarStar
Omega reader (BMG Labtech, Ortenberg, Germany) or
MS5 reader (Molecular Devices Corp., Sunnyvale, CA).
IGF1R ADP-Glo data in relative luminescence units
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(RLU) were collected from the plate readers, and the
percentage of activity (% Activity) was determined
for each point as follows: % Activity = 100*(RLU sam-
ple — RLU no kinase control avg)/(RLU kinase control
avg — RLU no kinase control avg). The screening data
were processed and visualized using Microsoft Excel
templates designed to calculate the inhibition values,
the Z’-factor, and GraphPad Prism 5 (GraphPad Soft-
ware, Inc., La Jolla, CA) for IC, analysis. The dose-
response curves of Percent Activity were fit in Prism,
using a sigmoidal variable slope fit with the maxi-
mum % activity and the minimum % activity fixed at
100% and 0%, respectively. The Z' factor, a statistical
measure of variability and reproducibility for HTS
assays, was determined using the following formula:
Z' = 1-[3X(SDsample+SDcontol)/|Msample_Mcontrol|] [12], where
SD denotes the standard deviation and M denotes the
mean for the samples and controls, respectively. Prior
to starting HT'S, assay conditions were optimized and
validated with regard to the maximum ATP turnover
(never exceeding 20%), an acceptable signal-to-back-
ground ratio (“assay window”) of at least 6, an accept-
able Z’-factor of at least 0.6, as well as day-to-day and
plate-to-plate reproducibility of the screening data.
All primary screening was performed at 20 pM com-
pound concentrations, and some of the weak hits were
subsequently re-tested at higher concentrations (40 or
80 uM) for confirmation. Statistically significant HT'S
hits in the primary screening were defined as those
that produced a kinase activity signal at least three
standard deviations lower than the mean of the assay
plate run (not including the plate controls). Lineweav-
er-Burk plots were created in Excel or Prism using the
standard algorithms [13]. All assay development and
validation and high-throughput screening procedures
were carried out according to the general guidelines
as published on the U.S. National Chemical Genom-
ics Center web site (NCGC Assay Guidance Man-
ual and High-throughput Assay Guidance Criteria,
http://www.ncbinlm.nih.gov/books/NBK53196/).

High-throughput screening (HTS)

IGF1R high throughput screening (HTS) assays us-
ing the IGF1R Kinase System and ADP-Glo readout
system (Promega Corp.) were performed in a final vol-
ume of 7 pL per test compound using a 384-well small
volume microplate format. All liquid dispensing was
done using the PlateMate Plus robotic liquid handler. 3
puL aliquots of the enzyme/substrate mixture contain-
ing 1 pg of the IGF1Rtide peptide substrate and 4 ng
of recombinant IGF1R kinase in a 0.66 X assay buffer
were transferred to the plate wells. The assay buffer
(1 X) consisted of 40 mM Tris chloride, 20 mM magne-
sium chloride, 0,1 mg/ml bovine serum albumin, 2 mM
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manganese chloride, and 250 pM dithiothreitol (DTT).
To add the tested compounds to the reaction, start-
ing stocks of 10 mM compounds in dimethyl sulfoxide
(DMSO) were diluted with DMSO to 2 mM. Next, 3 uL
aliquots of 2 mM compound stock solutions in DMSO
were transferred to 83 pL volumes of a 1 X reaction
buffer and thoroughly mixed. Aqueous compound solu-
tion aliquots of 2 uL were then transferred into the as-
say plate to get a final concentration of each compound
of 20 uM in 1% DMSO. The plates were pre-incubated
at 27°C for 10 min with gentle shaking (300 rpm). The
assay was started by adding 2 pL of the ATP stock so-
lution to the reaction mixture to achieve a final ATP
concentration of 50 pM. After 1.5 h of gentle shaking
(300 rpm) at 27°C, the ADP-Glo reagent (7 uL) and, af-
ter an additional 40 min, the detection reagent (14 pL)
were added. After the final incubation for 20 min at
25°C, luminescence was read using a PolarStar Omega
multimode plate reader at a gain setting of 3500 and
integration time of 0.2 s.

The compounds were tested in quadruplicates or
duplicates during the screening. One quadruplicate
sample per plate of 2 uM final staurosporine was used
as a control inhibitor sample. For the columns 1 and 2
of each 384-well plate, 3 pL of the 0.66 X assay buffer,
instead of the enzyme/substrate mixture, and DM-
SO-spiked 1 X assay buffer without test-compounds
(final 1% DMSO in the reaction mixture) were used
to produce a positive (no kinase reaction) control. For
the columns 23 and 24 of each plate, a DMSO-contain-
ing buffer without test-compounds (final 1% DMSO)
was used during the compound addition step to pro-
duce a negative (no kinase inhibition) control. Prior to
the dose-response and selectivity studies, all primary
screening hits were confirmed by re-testing the single
concentration point inhibition of IGF1R by compound
solutions freshly prepared from solid compound stocks
under the same conditions as described above (“confir-
mation from powders”).

Dose-response curves (IC, ) and kinase
selectivity measurements
Kinase selectivity assays with InsR (dose-response
measurements) and Met, Syk and BTK kinases (single
point compound concentrations) using the ADP-Glo
readout system were run under optimized experimen-
tal conditions similar to the IGF1R assay with regard to
the kinetic parameters of kinase reactions.
Dose-response and IC,| measurements for the con-
firmed screening hits were conducted for IGF1R and
InsR kinases. The conditions were similar to the HTS
conditions described above, except that the compounds
were plated in 8-point curves serially diluted 1:2 from
100 uM top concentrations and with a 1% final DMSO
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throughout, in quadruplicates for each compound di-
lution point. The time of incubation of kinase reaction
mixtures was 2.5 or 4.5 hours at 27°C in different experi-
ments both for the insulin kinase receptor and IGF1R,
the dithiotreitol (DTT) concentration was 500 pM, and
the amount of recombinant insulin receptor kinase was 2
ng per well. DTT concentration was elevated to enhance
the stability of the enzymes during 4.5 h incubation ex-
periments. Compounds were typically serially 2-fold di-
luted in pure DMSO starting from 10 mM down to 19.5
uM to produce the final concentrations ranging from 100
uM to 195 nM in a 1% DMSO-aqueous reaction buffer.

The amounts of the Met, Syk, and BTK enzymes and
the incubation time were optimized to ensure an ATP
conversion not higher than 20% in all cases. The typi-
cal assay window (signal/background) was 3—5 for all
kinases. The final volumes of the Met, Syk, and BTK
kinase assay reaction mixtures were 5 pL. Two uL of
the enzyme solution in a 1 X reaction buffer (6 ng Met,
8 ng BTK, 4 ng Syk), 1 uL of the compound solution in
a 2 X reaction buffer, the ATP and substrate mixture
in a 0.5 X reaction mixture were added sequentially.
The composition of the 1 X reaction buffer was 40 mM
Tris, 20 mM magnesium chloride, 0.1 mg/ml bovine
serum albumin, 500 pM DTT at pH 7.5 with 1% final
concentration of the DMSO, 50 pM ATP, and 0.2 mg/ml
Poly(Glu4, Tyrl) substrates. The buffer was supple-
mented with 2 mM manganese (II) chloride in the case
of BTK kinase. Compounds were tested at 40 pM con-
centrations. In each experiment, 6 wells with the en-
zyme, but no added compounds, were used as negative
inhibition controls; 6 wells without tested compounds
and the enzyme and 6 wells with the enzyme and
0.5—1 puM staurosporine were used as positive inhibi-
tion controls. Pre-incubation of the reaction mixture
with compounds prior to ATP addition was performed
for 20 min at 25°C in all experiments. The incubation of
the reaction mixture lasted for 25 min at 37°C. All com-
pounds were tested in 4 to 6 repeats. Conditions of ADP
detection were as follows: 40 min incubation with an
ADP-Glo reagent, followed by 30 min with a detection
reagent at 25°C. Luminescence was read using a BMG
Polarstar Omega reader at a gain setting of 4095 and
measurement time of 0.5 s.

Measurements of the Michaelis—Menten kinetics

Serial dilutions of ATP and substrate polypeptide
poly(Glu4,Tyrl) were tested in IGF1R kinase assays
with the inhibitors L1 and T4 to produce the kinetic
data for Lineweaver-Burk plots. In the ATP compe-
tition measurements, solutions of ATP and the com-
pounds being tested were subjected to twofold serial
dilution. Compound L1 was tested at concentrations of
100, 50, 25, 12, and 0 uM in combination with eight ATP

concentrations ranging from 519 to 4 pM. Compound T4
was tested at the same concentrations in combination
with eight ATP concentrations ranging from 1 mM to
8 uM. IGF1Rtide at a concentration of 143 pg/ml was
used as a peptide substrate in both cases. All concentra-
tion points were quadruplicated. The amount of IGF1R
kinase was 1 ng per well, the DTT concentration was
500 pM, and the the kinase reaction was incubated for 4
h at 27°C. The range of ATP concentrations used for the
plot was narrowed to 6 points for L1 to get the best fit.
In the substrate competition measurements, the
poly(Glu4,Tyrl) substrate was titrated by twofold dilu-
tions to obtain 8 concentrations from 0.9 to 114.3 uM, as-
suming the average molecular mass of the substrate to
be 12.5 kDa. Three concentrations of two hit compounds
— L1 (50, 25, 0 uM) and T5 (50, 12.5, 0 uM) — combined
with 8 peptide concentrations were assayed; the ATP
concentration was 250 uM for the peptide-competitive
assay. The DTT concentration was 250 uM; the amount
of the IGF1R enzyme was 2 ng per well. In order to build
the plot, the range of the used peptide concentrations
was narrowed to 5 points to get a linear fit. Prior to ATP
addition, the reaction mixture with compounds was in-
cubated for 20 min at 27°C in all the experiments.

RESULTS AND DISCUSSION

Virtual screening — Target-based selection

The general concept of this study was to implement
the “smart screening” strategy relying on the iterative
physical screening of small, focused compound libraries
selected from the vast off-the-shelf collection of ~1.9
million compounds at Enamine (www.enamine.net).
The selection was based on ligand- and target-based
virtual screening supplemented with knowledge of the
published data on existing IGF1R inhibitors and the
crystal structure of its kinase domain. Compounds con-
taining potential toxicophoric and reactive structural
fragments were removed using the medicinal chemis-
try filtering criteria described elsewhere [14]. Such an
approach assists in the elaboration of new pharmaco-
logically active compounds without resorting to ran-
dom, large-scale screening of chemical diversity. The
rationale was to deviate from the known IGF1R inhibi-
tor chemotypes and from the paradigm of catalytic site
binding and direct ATP competition. Several diverse
in silico modeling approaches were used to generate
mini-sets consisting of several hundred compounds
each, which were subjected to experimental screening
in a biochemical kinase assay. A total of approximately
4,000 compounds were screened as a result of this ef-
fort, including the “hit expansion” screens of active
compound (“hit”) analogs. Two of the approaches used,
which were based on screening of 2,935 molecules, led
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to the discovery of chemotypes with attractive proper-
ties and structural novelty (described below).

A series of allosteric inhibitors of the IGF1R kinase
domain have recently been reported [15]. The mecha-
nism of action of these compounds is based on their bind-
ing to the allosteric protein surface pocket, which does
not spatially overlap with the catalytic site and is located
in the vicinity of the kinase domain activation loop that
is triple-phosphorylated upon enzyme activation [16, 17].
The identified compounds were characterized by mod-
erate potency; however, some of them exhibited up to a
tenfold selectivity for IGF1R versus InsR. Based on these
results, we concluded that the binding site mentioned
above has relevance for designing selective inhibitors of
IGF1R. In order to design a IGF1R inhibitor screening
set, we created the pharmacophore model (Fig.1) of in-
teraction between the compound series mentioned above
and the allosteric site using the available X-ray struc-
ture of the IGF1R kinase domain (PDB code 3LWO). The
model included a H-donor, a H-acceptor, an aromatic/
pseudo-aromatic ring, as well as any group distanced
from the main molecular cluster.

Hydrogen bonding with the carboxyl group of Val1063
is one of the key determinants of binding at the allos-
teric site. The candidate binder molecule must contain a
fragment identifiable as a strong hydrogen bond donor.
Ambiguities in the definitions of such donors in various
commercially available chemistry search programs led
us to establish internal definition criteria for it.

All chemical compounds containing strong hydro-
gen bond donors were selected from the available com-
pound database of approximately 1,900,000 entries
(www.enamine.net) for further filtering. Those included
all aliphatic amines, including tertiary amines (which
are capable of becoming hydrogen bond donors upon
protonation), as well as all other compounds with non-
amide and non-sulfonamide NH groups (which were se-
lected using the following SMART string: ([#1][#7;H1]
(['$([#6,#16,X3,X4]=[ON][!$([#6,#16,X3,X4]=[O])])).
All compounds lacking an aromatic ring or an H-ac-
ceptor were subsequently removed from the selec-
tion. The resulting reduced database (approximately
400,000 compounds) has been further filtered to com-
ply with the created pharmacophore model. All degrees
of freedom were allowed for the rotatable bonds, and
the additional “forbidden volume” rule was imposed
on the protein atoms. Upon processing of the starting
database according to the rules described above, 42,031
compounds strictly corresponding to the model criteria
were identified. This final filtered set was subjected to
a molecular docking study.

Docking was done with the flexible ligand and fixed
receptor model, using a systematic docking algorithm
(SDOCK+), which demonstrates sufficient ability to
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Fig. 1. The pharmacophore model used for virtual library
filtering. A — Pharmacophore model mapping of IGF1R
inhibitor 3-cyano-N-{1-[4-(5-cyano-1H-indol-3-yl)butyl]
piperidin-4-yl}-1H-indole-7-carboxamide derived from
the ligand orientation in the crystal structure. The IGF1R
inhibitor is shown in ball-stick representation. B — The
generated pharmacophore model is shown with its inter-
feature distance constraints. Magenta — hydrogen bond
donor; blue — hydrogen bond acceptor; orange — aro-
matic ring; yellow — any heavy atom; green — distances
between the centers of the pharmacophore groups

reproduce ligand conformations with a minimal root-
mean-square deviation (RMSD) with regard to the crys-
tallographic data [18]. The maximum number of compu-
tational steps was set at 300, and the 20 best complexes
(based on internal QXP scoring functions) were retained
for analysis. The binding site model was formed based on
the available X-ray data for the complex (3LWO). Amino
acid residues with at least some atoms within a 1.0-nm
radius around the initial inhibitor were taken into ac-
count when designing the binding-site model.
Post-docking processing and analysis of the results
were performed according to the general logic of the
pharmacophore model, which incorporates the key de-
terminants of ligand-site binding strength. The follow-
ing main geometrical filters were used: hydrogen bond-
ing with Vall063, stacking with Met1054 and Met1079,
as well as the secondary filters — electrostatic inter-



RESEARCH ARTICLES

A llet

151

Phe Gly
Met 1131 1152

1054 Arg
Val 1134

His
1063 1133

Asp
1153

Leu
1065

Met
1079

Fig. 2. Key interactions of the T2 compound with the
IGFR1 binding site model (A — two-dimensional diagram
showing the key interactions; B — ligand-target complex
obtained by docking)

actions with Lys1033 and/or formation of hydrogen
bonds with Aspl153 and/or Glul050, Argl134 (PDB
code 3LWO0). The main filters, as well as one or several
secondary ones, were always used for selecting com-
pounds. Visual inspection of the automated filtering
output was conducted to ensure overall correspondence
of the filtering rules to the model. The resulting 1,746
compounds designated as the T(target)-type selection
set were submitted to high throughput screening as
described below. The interaction between the 1,2-di-
hydropyridine-2-thione derivative (compound T2) and
the allosteric binding site model is illustrated in Fig. 2 as
an example. The compound meets all the basic require-
ments, and three additional interactions, namely, hy-
drogen bonding/stacking with Argl134, His1133, and

Aspl154, are possible as well. We consider these factors
to be sufficient for inhibitory activity according to the
mechanism postulated above.

Virtual screening — Ligand-based selection
Another productive approach for discovering IGF1R
inhibitors was the “ligand-based,” rather than the
“target-based,” one; it relied on the published data
on IGF1R inhibitors discovered by Levitzky’s group
[19]. Since these compounds have been reported to be
ATP-noncompetitive and some of them have exhib-
ited substantial selectivity for IGF1R versus InsR ki-
nase, we considered them an attractive starting point
for exploring Enamine’s collection in the search for
structurally distant novel analogs. A SAR analysis of
these active compounds, some of which are shown in
Fig. 3, allowed us to identify a number of potentially
preferable structural features. In particular, the actives
contained 2- or 3-substituted benzene rings linked by
saturated NH-CH, or CH,-N-CH, linkers; further elon-
gation of the linker by an additional atom decreased
potency. At least one group with one hydrogen bond
acceptor atom (N or O) must be located at the para-
and/or meta-positions of the linked benzene rings to
ensure activity. It was evident that average potency
declined for the series: catechols > salicylic acid deriva-
tives > benzodioxols. We hypothesized that the acceptor
atoms directly linked to the rings at the para- and/or
meta-positions were the most efficient pharmacophore
groups that could be freely rotated to effectively bind
to the target site. Additional hydrogen acceptor atoms
seemed to provide higher potencies, and a similar level
of IGF1R potency was achieved with the H-bond ac-
ceptor located either in the condensed aromatic rings
or in aliphatic substituents (see Fig. 3A,B,C). Acylation
of para-/meta-hydroxy groups (see Fig. 3A,D) did not
significantly change the activity but seemed to have
increased selectivity against the insulin kinase recep-
tor and SRC kinase. Fully substituted benzodioxol com-
pounds without hydrogen donors were also active.
These observations were combined in the Markush
formula (Fig. 3G). The proposed structure contained at
least two 5- or 6- atom aromatic systems, with at least
one R-group from the ones listed below at positions 3
and/or 4 of the aromatic system. The R-groups present
in the inhibitors described in the literature (i.e. O- and N-con-
taining substituents), as well as fluoro- and a-fluoroalkyl,
were selected as potential H-acceptors. The R-groups
were allowed to incorporate the rings. One- to three-
atom linkers formed by any nonring bonds (single,
double, triple or aromatic) were used to link the aro-
matic rings. All the atoms in the rings and the linker
were set to “any element except hydrogen” type during
the database search. A search of Enamine’s ~1.9 million
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compounds collection in silico using the Instant JChem
software resulted in the identification of 607 final com-
pounds for HTS selected from 1,327 Markush-compli-
ant compounds after application of the set of medicinal
chemistry filters discussed above [14] and setting cut-
offs for logP and logS to < 5. This screening selection
was designated as the L(ligand)-type compound set.

High throughput screening and dose-
response measurements
Screening of the T-type (1647 compounds) and L-type
(607 compounds) sets, which were selected as described
above, was performed using the commercially available
biochemical IGF1R ADP-Glo kinase assay system (Pro-
mega Corp.). This assay utilizes a recombinant intracel-
lular kinase domain fragment of IGF1R and is based on
quantitation of adenosine diphosphate (ADP), a uni-
versal product of any kinase reaction, via enzymatic
conversion of ADP to ATP, followed by detection of
the luciferase-based luminescent signal [20]. Prior to
performing HTS, the assay was validated for enzyme
inhibition using the known IGF1R inhibitors — diary-
lurea derivative PQ401 [21] and tyrphostin AG538 [22],
as well as the pan-kinase inhibitor staurosporine. The
dose-response curves for all the reference inhibitors
were in agreement with the data in the literature. In
addition, performance of the HTS assay was tested for
day-to-day and plate-to-plate reliability and reproduc-
ibility according to the standard HTS guidelines out-
lined in the Experimental section.

All the compounds exhibiting statistically significant
inhibitory activity in the primary high-throughput
screening runs (“screening hits”) were re-tested sepa-
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Fig. 3. Exem-
plary IGF1R
inhibitors used
as a basis of the
L-type selection
(A—F) and the
corresponding
Markush formula
(G) for analog
search

rately at least once. Structural analogs of the confirmed
hits were identified in Enamine’s compound reposi-
tory by chemoinformatics searches, and the resulting
sets were additionally screened in the same assay (“hit
expansion” screening) as shown in Fig. 4. Hit expan-
sion was done by selecting all the nearest structural
relatives of the actives from the collection, whereby
all constituent groups in the molecules were subjected
to structural variability where possible (sub-structure
search). For the T-type compounds, conservation of the
key pharmacophores depicted in Fig. 1 was imposed as
an additional condition.

Screening of the T-type compound sets in the IGF1R
ADP-Glo assay resulted in the identification of 3 con-
firmed active hits; the fourth hit (L4) was identified af-
ter the “hit expansion” screening. Screening of L-type
compound sets led to the identification of 3 confirmed
hits — L1, L2, and L3; the fourth hit (L4) was also iden-
tified after the “hit expansion” screening. These inhibi-
tors were selected from all detected primary screening
hits for additional experimental characterization. The
selection was based on their estimated potency, repro-
ducibility of the inhibition, and attractive chemical fea-
tures. In particular, chemical tractability of the inhibi-
tors is facilitated by their structural novelty, potential
for synthetic improvements, as well as the absence of
undesirable functionalities that might hinder further
development of the compound.

Selectivity of the inhibitors

Selectivity for the IGF1R of eight hits identified as the
result of the HTS campaign and follow-up hit expan-
sion screenings were tested against the insulin receptor
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Table 1. Inhibition of IGF1R and InsR (IC, ) by L- and T-

2353 compounds from

Enamine’s collection series hit compounds.
IC,, pM
Approach T: Approach L: Compound Structure
1,746 compounds 607 compounds IGF1R InsR
molecular docking, ligand-based prediction
pharmacophore model
L1 18 22
Biochemical screening on the recombinant
IGF 1R kinase domain and hit confirmation
L2 25 100
Approach T: Approach L:
Hit expansion (analogs) Hit expansion (analogs)
398 compounds 184 compounds
4 confirmed hits IC, , 4 co_nfirmed hits _ICSO_, L3 26 29
selectivity determination selectivity determination
Fig. 4. Flowchart of the high-throughput screening proce-
dure L4 25 30

(InsR) kinase, as well as the tyrosine kinases Met, Syk,
and BTK. While InsR is the closest evolutionary relative
of IGF1R, the other 3 tyrosine kinases are more distantly
related receptor-type (Met) or cytoplasmic (Syk, BTK) bt ~100 20
tyrosine kinases. When comparing IGF1R and InsR, the
IC,, values were measured for the inhibitors (Table 1),
while the inhibition of the remaining kinases was evalu-

ated at a single concentration point. All the kinase assays
were run under experimental conditions similar to those
of the IGF1R assay, with regard to the kinetic param-
eters of kinase reactions, and were read using the same T9 18 30
commercial ADP detection system ADP-Glo (Promega
Corporation) in order to ensure maximum uniformity
for comparing the inhibition degrees. The small kinase

panel used in this study cannot provide a comprehensive
profile of the kinase selectivity of the tested inhibitors;
however, it offers a general indication of the selectivity
for the IGF1R target within the most closely evolution-
arily related tyrosine kinase subfamily of over 500 hu-
man protein kinases. The data (Table 1) indicates limited
selectivity of the compounds between IGF1R and InsR

T3 ~100 10

kinases, with some of the compounds being essentially
nonselective (L1, L3, L4), while the others reproducibly
exhibited 1.5-4-fold selectivity for IGF1R versus InsR
(L2, T2, T4). Interestingly, compounds T1 and T3 ex-
hibited a substantially stronger (5-10-fold) inhibition of T4 7 10
InsR versus IGF1R in our experiments. This selectivity
was similar or higher than that of almost all the known
small molecule inhibitors of IGF1R demonstrated in a
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Table 2. Inhibition of Met, Syk and BTK kinases by L- and T-series hit compounds.
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Fig. 5. Lineweaver-Burk plots for compounds L1 and T4
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valid biochemical assay [23], apparently reflecting a very
high degree of similarity between the receptors at their
catalytic sites and in their close vicinity. The single con-
centration data on the inhibition of the more distantly
related tyrosine kinases Met, BTK, and Syk (Table 2)
suggests no inhibition (compounds L1, T3) or weak in-
hibition for some of these kinases, with estimated IC,
values in excess of 50 uM.

Mechanistic kinetic studies

Two arbitrarily selected compounds representing both
series (L1 and T4) were used in the experiments of com-
petitive inhibition kinetics with IGF1R kinase to inves-
tigate the inhibition mechanism (Fig. 5). The Lineweav-
er-Burk plot analysis indicates that both compounds
exhibit non-competitive inhibition with regard to both
ATP and the substrate. This experimental conclusion is
consistent with the rationales used for the virtual selec-
tion of compounds for HTS and suggests an allosteric
inhibition mode of IGF1R kinase by both the L- and
T-type compounds. The binding site for T-type com-
pounds is likely to align with the allosteric site defined
for the prototypic indolealkylamines that were used to
establish our pharmacophore model [15] and is spatially
separated from the enzyme catalytic site. In the case of
L-type compounds, localization of their putative binding
site(s) on the kinase domain fragment is unclear. Some
prototypic compounds used for our modeling have also
been reported to be noncompetitive with ATP [19]; how-
ever, no substrate competition or extensive molecular
modeling data are available. Due to the generally higher

variability of the kinase domain regions distant from the
conserved active sites, the allosteric mode of binding has
more potential for fine-tuning the selectivity profiles of
the inhibitors during their synthetic optimization stage.

Therefore, the set of IGF1R inhibitors described
above meets the conventional requirements imposed
on high-throughput screening hits: reproducibility
and dose-dependence of the pharmacological response,
acceptable potency of the molecular target inhibition
(IC,,=10—25 uM) and selectivity versus related tar-
gets, absence of structural elements undesirable from
a medicinal chemical perspective, novelty of the com-
pounds, and availability of synthetic routes for their
modification. In addition, the compounds exhibit allos-
teric inhibitor properties, which was one of the objec-
tives of the project. In conclusion, the preliminary char-
acterization of the two inhibitor series identified in the
course of the screening campaign suggests that these
compounds can serve as attractive starting points for a
medicinal chemistry optimization towards novel, small
molecule therapeutics targeting IGF1R. @
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