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Abstract

In this post-genomic era, more and more susceptibility
loci of many possible genetic diseases are published.
As our knowledge about these susceptibility loci is
limited and partial, we should be very careful and re-
sponsible when patients seek genetic counseling about
these possible genetic diseases. We should apply Con-
fucius’s principle about knowledge and information to
genetic conseling, and tell the truth to our patients
about what we know and what we do not know. Like
many other cancers, breast cancer is a very compli-
cated, multifactorial disease; genetic factors, lifestyles
and eating habits, environmental factors, and viral
infections might be involved in breast cancer; hence,
it is difficult to figure out the real etiology of breast
cancer. It is not crystal clear that a person who carries
mutations of the breast cancer 1, early onset and/or
breast cancer 2, early onset genes would eventually
get breast cancer in her/his lifetime. No person should
undergo a preventive double mastectomy, unless we
know the etiology of breast cancer someday.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Genetic counseling; Genetic disease; Sus-
ceptibility loci; Breast cancer 1, early onset and breast
cancer 2, early onset genes; Preventive double mastec-
tomy
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Core tip: Many susceptibility loci of possible genetic
diseases are published. As our knowledge about these
susceptibility loci is limited and partial, we should be
very careful and responsible when patients seek ge-
netic counseling about these possible genetic diseases.
Currently, I have not seen any solid evidence in sup-
port of the linkage between breast cancer and breast
cancer 1, early onset (BRCAI) or/and breast cancer
2, early onset (BRCAZ2); and it is not crystal clear that
a person who carries mutations of the BRCA1 and/or
BRCAZ genes would eventually get breast cancer in
her/his lifetime. No person should undergo a preven-
tive double mastectomy, unless we know the etiology
of breast cancer someday.

Song L. Genetic counseling in post-genomic era: Don’t pretend
to know the meaning of a gene mutation if you don’t know.
World J Med Genet 2014; 4(1): 1-5 Available from: URL: http://
www.wjgnet.com/2220-3184/full/v4/i1/1.htm DOI: http://dx.doi.
org/10.5496/wjmg.v4.il.1

INTRODUCTION

You ecither know it or you don’t, don’t pretend to know
it if you don’t, this is the proper attitude toward knowl-
edge-Confucius (551-479 BC).

1 . .
Nenad ¢f al" raised concerns about genetic counsel-

ling in post-genomic era. Nowadays, it seems we have
known so many susceptibility loci of many possible ge-
netic diseases already, and more and more such suscepti-
bility loci will be published in the future. More than 2000
years ago Confucius told us that we should handle in-
formation and knowledge very carefully and responsibly,
the same attitude and spirit should be applied to genetic
counseling in post-genomic era.

Firstly, we should indicate and list all those clearly

established genetic diseases, such as Down syndrome'”,

sickle cell anemia™, Fanconi anemia”, and hernophﬂia[(’].

February 27,2014 | Volume 4 | Issuel |
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We know these genetic diseases relatively well, patients
can have their better choices after receiving genetic
counseling,

Secondly, we should also analyze and study the litera-
ture, in order to indicate and list all possible genetic dis-

7-12 - [13,14]
[ ], autlsrnf ’ ],

eases, such as some certain breast cancers
some types of obesity""”, and diabetes" ", As our knowl-
edge about these susceptibility loci is limited and partial,
we should be very careful and responsible when patients
seek genetic counseling about these possible genetic
diseases. We should tell them frankly what we know and
what we do not know, and try our best to help them to
make their hard decisions.

Thirdly, we should be able to tell patients that what
diseases are definitely not genetic diseases, such as bac-
terial, parasitic, and viral infections, even though many
congenital infections like toxoplasmosis, rubella, hepatitis
B, syphilis, herpes, cytomegalovirus, and human immuno-
deficiency virus can be transmitted from mother to child
during pregnancy, delivery or breastfeedingm.

Recently, actress Jolie®” underwent a preventive dou-
ble mastectomy. I personally disagree with this action.

IS BREAST CANCER A GENETIC DISEASE
DUE TO MUTATIONS OF BREAST
CANCER 1, EARLY ONSET OR/AND
BREAST CANCER 2, EARLY ONSET
GENE?

Breast cancer 1, early onset (BRCAT) gene is located on
[7-9]

chromosome 17q" 7, and breast cancer 2, early onset
(BRCA2) gene is located on chromosome 13", Be-
sides BRCA1 and BRCA2, there are some other suscepti-
bility loci of breast cancers” ",

A phenotype (trait) can be determined by one allele
(dominant) or by two alleles (recessive). As we know,
there are different types of genetic diseases. Some are
autosomal-recessive genetic diseases like cystic fibrosis,
sickle-cell anemia, and fanconi anemia (except Fanconi
anemia subtype B); some are autosomal-dominant ge-
netic diseases like Huntington’s disease; Fanconi anemia
subtype B, Duchenne muscular dystrophy, and Wiskott-
Aldrich syndrome are X-linked recessive genetic diseas-
es?: and Rett syndrome[27’28], X-linked vitamin D-resistant
rickets™ are X-linked dominant genetic diseases.

If some breast cancers were autosomal-complete
dominant genetic diseases, then all of the cartiers of
BRCAT or/and BRCA2 gene mutations should have
breast cancer too. But from the published data, we could
not conclude that was true, because only some of those
carriers developed breast cancer in their lifetimes™"?.,
We need to know whether breast cancer is an autosomal-
incomplete dominant genetic disease. On the other hand,
if some breast cancers were autosomal-recessive genetic
diseases, then we need to confirm this is true: both of
her/his patents of a breast cancer patient who carties the
homozygous genes of BRCAT ot/and BRCA2 mutations

(49
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should be carriers or patients of BRCAT or/and BRCA2
gene mutations. Homozygosity mapping should be pet-
formed to clarify this unclear problemm"w].

Currently, I have not seen any solid evidence in sup-
port of the linkage between breast cancer and BRCAT ot/
and BRCA2; and it is not crystal clear that a person who
carries mutations of the BRCA7 and/or BRCA2 genes
would eventually get breast cancer in het/his lifetime™™.

CONCLUSION

Like many other cancers, breast cancer is a very compli-
cated, multifactorial disease; genetic factors, lifestyles and
eating habits, environmental factors such as radiation,
toxic chemicals'**?, and viral infections” might be in-
volved in breast cancer; hence, it is difficult to figure out
the real etiology of breast cancer. For a complex disease,
a true linkage is so hard to find™ therefore, we should
perform honest and strict epidemiological and genetic
studies to evaluate the real risk of BRCA7 and BRCA2
gene mutations. While Angelina Jolie’s natural breasts are
gone already, we do not want to see more persons follow
her to undergo such a preventive double mastectomy in
the future, unless we are very clear and sure about the
genetic link between some types of breast cancer and the
mutations of BRCA7 and BRCAZ2 genes.
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Abstract

The acquisition of a storage information system beyond
the nucleotide sequence has been a crucial issue for
the propagation and dispersion of RNA viruses. This
system is composed by highly conserved, complex
structural units in the genomic RNA, termed functional
RNA domains. These elements interact with other re-
gions of the viral genome and/or proteins to direct viral
translation, replication and encapsidation. The genomic
RNA of the hepatitis C virus (HCV) is a good model for
investigating about conserved structural units. It con-
tains functional domains, defined by highly conserved
structural RNA motifs, mostly located in the 5-untrans-
latable regions (5'UTRs) and 3'UTR, but also occupying
long stretches of the coding sequence. Viral translation
initiation is mediated by an internal ribosome entry site
located at the 5’ terminus of the viral genome and reg-
ulated by distal functional RNA domains placed at the 3’
end. Subsequent RNA replication strongly depends on
the 3'UTR folding and is also influenced by the 5 end

JBaishideng® W]MG I WWWW] gnet.Com

of the HCV RNA. Further increase in the genome copy
number unleashes the formation of homodimers by di-
rect interaction of two genomic RNA molecules, which
are finally packed and released to the extracellular
medium. All these processes, as well as transitions be-
tween them, are controlled by structural RNA elements
that establish a complex, direct and long-distance RNA-
RNA interaction network. This review summarizes cur-
rent knowledge about functional RNA domains within
the HCV RNA genome and provides an overview of the
control exerted by direct, long-range RNA-RNA contacts
for the execution of the viral cycle.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Functional RNA domain; Cis-acting replicat-
ing element; Hepatitis C virus; Internal ribosome entry
site; RNA-RNA interaction; Untranslatable region

Core tip: This review summarizes the main aspects of
structurally conserved genomic RNA elements in the
hepatitis C virus (HCV) genome and their role in the
viral cycle. The genome of RNA viruses is a dynamic
genetic entity endorsed with an information storage
system defined by highly conserved, complex structural
units, termed functional RNA domains. The genome of
HCV contains several well-studied functional RNA do-
mains that control essential viral processes, as well as
transitions between them, by recruiting protein factors
and also by establishing a complex, direct and long-
range RNA-RNA interaction network.

Romero-Lopez C, Berzal-Herranz A. Structure-function relation-
ship in viral RNA genomes: The case of hepatitis C virus. World
J Med Genet 2014; 4(2): 6-18 Available from: URL: http://www.
wjgnet.com/2220-3184/full/v4/i2/6.htm DOI: http://dx.doi.
org/10.5496/wjmg.v4.i2.6
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INTRODUCTION

The genomes of RNA viruses are not passive elements.
The inherent high error rate of the viral polymerase dur-
ing replication provides an important evolutive advantage

by the generation of genotypically and phenotypically
different virus pools on which natural selection oper-
ates'". By using this strategy, viruses have got RNA ge-
nomes with numerous signals overlapping protein coding
sequences, thus achieving multiple levels of regulation
throughout the infectious cycle. All this information is
compactly packed in a minimal size for optimal propa-
gation. Viral RNA genomes use a information storage
system beyond the nucleotide sequence, defined by highly
conserved regions that exhibit complex folding and play
direct, functional roles in the viral cycle® ™. Two levels of
structure or folding can be distinguished within an RNA
molecule: (1) the secondary structure involves double and
single stranded regions arrangements; and (2) the tertiary
structure is determined by the relationships established
between secondary structure elements. The combination
of both conformational levels establishes the final shape
of the RNA to generate the so-called functional RNA
domains. These are dynamic elements since their struc-
ture can be selectively adopted from a wide variety of
possible foldings to execute a specific function by recruit-
ing protein factors, or modulating the conformation and
function of distant regulatory elements”. These mecha-
nisms achieve an active control of the gene expression.
Therefore, RNA folding acts as a regulatory machine to
diversify RNA genome functions with a minimal size.

Functional RNA domains are typically identified as
one or more stem-loops with highly conserved sequence
motifs located in the loops. These elements were initially
described located in the 5’-untranslatable regions (5’
UTRs) and the 3’UTRs of viral genomes, but now evi-
dences are accumulating for their widespread distribution
throughout the entire genomic RNA, They can be orga-
nized, either as well-defined, phylogenetically conserved
RNA structural motifs, or as sets of extensive folded
regions throughout the whole viral genome [genome-
scale ordered RINA structures (GORS)], following a clear
structural pattern that may change even between closely
related viruses'®”.

The recent advent of novel bioinformatic tools and
experimental techniques to probe and study RNA struc-
ture has provided high-resolution pictures of numerous
viral RNA molecules. Among them, structural elements
of the hepatitis C virus (HCV) genomic RNA are one
of the best characterized from many different viruses.
HCV infection affects to more than 3% of the world
population, with high incidence of cirrhosis, hepatic
steatosis and hepatocellulat carcinoma. To date, no ef-
ficient vaccines have been developed against HCV and
current treatments based on pegylated-interferon o and
ribavirin are the standard of care (SOC) regimen with a
limited efficacy of around 40% of the patients. Addition-
ally, this therapy has important side effects. Recently, two
direct-acting antiviral drugs targeting the viral protease
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NS3, telaprevir and boceprevir, have been approved
by the United States Food and Drug Administration™.
These compounds can be administered in conjunction
with pegylated-interferon o and ribavirin for a short
period of time to achieve an improved sustained virologi-
cal responsem with respect to the SOC. Unfortunately,
prolonged treatments lead to the appearance of resistant
variants. Other drugs targeting cither the protease NS3
(simeprevir) or the viral polymerase NS5B (sofosbuvir)
are currently being tested in Phase II /1 clinical trials.
HCV belongs to the Flaviviridae family, which includes
yellow fever virus, bovine diarrhea virus and dengue vi-
rus. The HCV genome shows such a variability that up to
six different genotypes, with hundreds of subtypes and
isolates, have been identified™'". Viral genotype cleatly af-
fects the success of interferon therapy, although no clear
correlation with virulence exists. Further, the HCV popu-
lation infecting a patient is structured in terms of quasi-
species. This term defines the closely related sequences
of a heterogeneous viral population infecting a single
individual"". Quasispecies structure has been associated
with the failure of infected people to clear the virus and
the subsequent development of a chronic infection!”
Therefore, the identification of conserved therapeutic
targets and the search for fully effective antiviral com-
pounds is a major goal of HCV research. The functional
importance of genomic structural elements for virus
persistence and their high conservation rate suggests they
might make good therapeutic targets. This review focuses
in the main structural features of the HCV genomic
RNA functional domains and their roles in the viral cycle.

HCV RNA GENOME ACTIVELY

CONTROLS THE INFECTIVE CYCLE

The HCV genome is about 9600 nucleotides-long, single
stranded positive RNA molecule! " that encodes for a
single open reading frame (ORF) flanked by two highly
conserved UTRs (5’UTR and 3’UTR) (Figure 1A). The
viral genome controls important processes of the infec-
tive cycle. During early infection, the genome acts as
mRNA to generate the viral structural (core protein C, p7
and the envelope proteins E1 and E2) and non-structural
proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B).
HCV translation is initiated by an internal ribosome entry
site (IRES)-dependent mechanism"*'" different to the
cap-dependent method used for most cellular mRNAs.

The IRES element is mostly located at the 5’UTR and
[18,19]

spans a short stretch of the core coding sequence
(Figure 1B). Both the initiation translation step and the
subsequent elongation phase are influenced by the pres-
ence of domains located at the 3’ end of the HCV ge-
nome”™ ™, This process is dependent on the acquisition
of a circular topology resembling the closed-loop struc-
ture adopted by cellular cap-mRNAs. Such architecture is
achieved by both the recruitment of protein factors, able
to simultaneously bind to the 5’UTRs and 3’UTRs of the

genomic HCV RNAP#2 and also by the establish-
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Figure 1 Genetic organization of the hepatitis C virus genomic RNA. A: A schematic view of the hepatitis C virus (HCV) genome, showing the 5" and 3’ untrans-
latable regions (UTRs) and the genes encoding for the different viral proteins. Numbers allude to codon positions; B: A detailed diagram of the secondary structure
proposed for the 5’ and 3’ ends is pictured. The region required for internal ribosome entry site (IRES) activity is indicated. The 3’ end of the viral genomic RNA is
organized into two well-defined structural elements: the cis-acting replicating element region containing the essential domain 5BSL3.2, and the 3'X-tail, separated
by a hypervariable sequence (HV) and a polyU/UC tract. Start and stop translation codons, placed at positions 342 and 9371, respectively, are indicated by arrows.
Numbers refer to the aminoacid positions according to the HCV Con1 isolate (GenBank accession number AJ238799). RdRp: RNA-dependent RNA polymerase; IFN:

interferon; ORF: Open reading frame.

. . .93
ment of direct, long-range RNA-RNA interactions™”".

Once viral proteins levels have reached a certain thresh-
old, the genomic RINA serves as a template to initiate
replication at the 3’'UTR in a structure dependent man-
ner. This process is also influenced by the 5" end of the
HCV RNA", The accumulation of viral genomes en-
hances the formation of homodimers by the interaction
of two viral RNA molecules in the presence of the core
chaperone proteinl%m. Packaged genomic RNA is finally
enveloped and released to the extracellular environment.

The maintenance of a proper balance between these
processes involves fine regulation mechanisms, which
involve the interplay of functional RNA domains located
throughout the entire ORF"™. The 5 core coding se-
quence helps in the preservation of structures impot-
tant for IRES activity and replication (Figure 1B)!" I,
Within the 3’ end of the NS5B coding sequence, the
stem-loop 5BSL3.2 is embedded in a cruciform structure
that has been identified as a cis-essential element for viral
RNA synthesis [cis-acting replicating element (CRE)]
(Figure 1B)** and as a regulatory partner of the IRES
function™".

An interesting feature of all these functional RNA
domains is that they do not operate only by recruiting

JRaishideng®
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protein factors. Instead, they establish a complex and dy-
namic network of contacts, which fits viral necessities to
promote the consecution of different steps of the viral
cycle, as well as the switch between them. Furthermore,
this interacting web provides important benefits, such as
minimizing protein requisites.

Next sections will outline the current knowledge
about different HCV functional RNA domains and their
involvement in the complex interaction network that gov-
erns the initiation of essential viral events and the transi-
tions between them.

THE HCV IRES REGION

The initiation of the HCV protein synthesis is driven by
the high affinity interaction IRES-408""*, "This primary
contact promotes conformational changes that directly
clamp the viral RNA to the ribosomal subunit and thus
position the appropriate start codon in the P site™. The
further binding of elF3 aids the incorporation of the
ternary complex elF2-GTP-tRNA™ to yield the 48S pat-
ticle®™. The formation of the active translation complex
80S is assessed by the GTP hydrolysis for the concurrent
release of elF2 and eIF3”" and the final joining of the
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60S subunit. It is noteworthy that this mechanism is pri-
marily accomplished by functional RNA domains, thus
minimizing protein factor requirements and simplifying
the pathway for the assembly of the fully active ribosome.

The secondary structure of the HCV IRES region
was originally proposed by Brown ez al’ and latter re-
fined to include several new motifs and interactions. Un-
der physiological magnesium conditions, the HCV IRES
folds into two major domains with well defined functions
(I and III; Figure 2)®”, plus a short stem-loop contain-
ing the start codon (domain IV) > Rather than forming a
tightly packed element, domains II and Il are extended
and aligned at both sides of a complex double pseudoknot
structure (PK1 and PK2; Figure 2)**. The 3D archi-
tecture and several single RNA structural elements are
highly conserved among other closely related viruses
from the Flaviviridae family"**",

Domain 1I is an autonomously folded module com-
posed of two short helical segments, the basal subdomain
[a and the apical subdomain I b, separated by a highly
conserved internal E—loop[%’ss] and capped by an apical
loop (Figure 2). Domain II adopts an overall distorted
L-shape conformation™ because of the twist forced by
the internal E-loop. This folding is conserved in HCV
and related viruses""

While domain II is not essential for 40S recruit-

47,6061] - . .
B79%51 it has been shown that its deletion decreases

ment
viral protein synthesis yield up to five-fold by blocking
the formation of the translationally active 80S com-
plex[46’48’60’62’63]. Analysis by cryo-EM have demonstrated
that the bend in domain II is a requisite for changing
the conformation of the 40S ribosomal subunit®*¥,

reminiscent manner to that shown by elF1 in the canoni-
[65]

ina

cal cap-dependent translation initiation mechanism
The apical loop placed in subdomain IIb would also
contribute to this structural rearrangement in the ribo-
some. Remarkably, all these conformational reorganiza-
tion events do not only account on ribosomal proteins
but also on the 18S tRNA. This could be the tesult of
the coordinated action mediated by long-distant con-
tacts established between domains II and IV, Ribo-
some folding rearrangements further induce eIF2-GTP
hydrolysis, triggering the release of protein factors and
the recruitment of the 60S subunit to constitute the 80S
complexm’m‘“’(’ﬂ.

The large, highly branched domain III consists of six
hairpins (designated subdomains Illa to IIf) organized
around three- and four-way junctions (Figure 2) b2 which
can be identified as recruiting centers for the translational
machinery. The apical [labc junction is the platform for
the binding of eIF3™"). The main goal of this interac-
tion seems to be the relief of the competition between
elF3 and the IRES for a common site in the 40S ribo-
somal subunit, as well as avoiding the formation of ca-
nonical 43S translational complexesm. This assesses that
HCV mRNA translation is specially favored over that of
host mRNAs.

The middle section of domain III is defined by a
three-way junction that contains the essential G-rich
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subdomain IId (Figure 2). This element is the core 40S
binding center™", Tts structure is that of a dynamic
stem-loop with an internal E loop motif and an apical
loop with typical U-turn geometry”>"™. This architecture
exposes the bases placed in the apical loop and favors
their interaction with viral and host ligands, both nucleic
acids and proteins. Further, the subdomain [Id seems to
be a determinant partner in the acquisition of the func-
tional folding of the surrounding domains™.

The basal fragment of domain Il (subdomains Ille
and II[f) includes the highly conserved, complex double-
pseudoknot motif (PK1 and PK2; Figure 2)™, which de-
fines a four-way junction to constrain the position of the
AUG codon at the P-site of the 40S ribosomal subunit.
Remarkably, the spatial distance between the pseudoknot
and the AUG firmly resembles to that observed between
the canonical Shine-Dalgarno motif and the initiation
codon in prokaryotic mRNAs™. As noted above, the
structural element PK1-PK2 also guides domains II and
[abc in an extended conformation to get the easy access
of protein factors.

Domain IV exposes the AUG start codon, at nucleo-
tide 342, in an apical loop enclosing a helical motif (Figure
2). This structure is not conserved in other HCV-like IR-
ESs"™. In fact, the stem must be unwound to allow for
the recognition of the AUG codon, which could entail
some disadvantages. This is in good agreement with data
demonstrating that the stability of stem-loop IV is in-
versely correlated to IRES translational efficiency®™.

Therefore, the HCV IRES is defined by a set of RNA
domains that replace the functions played by many host
factors to provide a simplified way for the initiation of
the viral proteins synthesis. Moreover, these functional
domains are able to manipulate the translational machin-
ery to assess the preferential reading of the HCV mRINA.

ESSENTIAL 3'UTR

The HCV 3’'UTR is of primary importance for the initia-
tion of the minus RNA strand synthesis during the viral
replication step[33’77’78] and also may act as enhancer of

the IRES function™ ™. It is about 240 nts long sequence
[79]

placed at the 3’ end of the viral genome" ", with evolu-
tionarily conserved secondary structure elements that de-
fine three functionally and conformationally independent
modules (Figure 3). From 5’ to 3”: (1) A pootly conserved
sequence of around 40 nts, termed hypervariable region
at the 5’ end of the 3’UTR. It folds as a single stem-loop,
which is not completely required for viral replication™";
(2) A polyU/UC tract, whose length and composition is
a critical determinant of efficient HCV replication in cell
culture™. It has been proved that a minimum of 26 U
nts homopolymer is enough for efficient amplification of
the viral RNAP™. Further, it can act outside of its usual
molecular context, thus suggesting that this is not only a
linker region[sm. The polyU/UC stretch also interacts with
host factors related to cellular protein synthesis, such as
polypyrimidine tract-binding protein[m’sz], the La autoanti-
gen'™ heterogeneous nuclear ribonucleoprotein C (Gon-
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tarck, 1999 #1925) and glyceraldehyde-3-phosphate de-
hydrogenase[gﬂ, among others®™*, Tt seems likely that the
recruitment of these factors could contribute to regulate
viral translation mediated by the IRES region™; and (3)
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e entry site (IRES) activity is depicted. Domains involved in the interaction with elF3
indicated as PK1 and PK2. The translation start codon is shown in bold. Nucleotide

The 3’X-tail is a highly conserved, 98-nts long sequence,
located at the 3’ termini of the HCV genome. It theoreti-
cally folds into two alternate and mutually exclusive con-
formations" (Figure 3). Both predicted structures pre-
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serve the essential 3°SL | placed at the very 3’ end, which
has important implications for the initiation and specific-
ity of the viral RNA replication™ ™. The 55 nts segment
placed upstream of 3’SLI folds either as two stem-loops,
named 3’SLII and 3’SLII, or as a single stem-loop ex-
posing a 16 nts long palindromic sequence [dimer linkage
sequence (DLS)] (Figure 3). Both conformers assume
different functionalities during the HCV cycle and are
therefore related to transitions between different steps of
the viral infection.

The molecular basis of the 3’UTR functioning are not
well understood. Several reports have described the bind-
ing of both viral and host factors to the different struc-
tural elements of the 3UTR™ ™ but these findings
do not provide completely satisfactory explanations for
many of the experimental observations. The involvement
of the 3’UTR in a long range RNA-RNA interaction
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network with other genomic elements would likely fill the
. L. . . [30,31,33,98,99]
gaps in the complex functioning of this region .

FUNCTIONAL RNA DOMAINS WITHIN
THE CODING SEQUENCE

Cis-acting elements within the core coding sequence

Advances in novel bioinformatic tools have allowed for
the extensive search of evolutionarily conserved RNA
domains, resulting in the identification of domains dis-
tinct from those present in the UTRs. Comparative analy-
ses of numerous HCV isolates sequences revealed an
unusual high degree of conservation in the 5’ end of the
core protein coding sequencelwoj. Interestingly, this con-
servation could not be explained only by the preservation
of the amino acid sequence since synonymous substitu-
tions were suppressed. This finding entails a functional
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Figure 4 Long-range RNA-RNA interactions in the hepatitis C virus genome. Detailed diagram of the interacting network in the genomic hepatitis C virus RNA.
The minimum region for internal ribosome entry site (IRES) activity is marked. The 3’ end of the viral genome, containing both the cis-acting replicating element (CRE)
and the 3" untranslatable region (UTR), is included. Functional RNA domains involved in the establishment of long-distant contacts are indicated. Figure adapted

from®,

constrain that was related to the presence of an alterna-
tive ORF coding for the so-called protein F'™"'*? (Figure
1A); and to the existence of structural RNA domains
with functional roles in the HCV cycleml (Figure 2).
While the production and biological role of protein F
is still 2 controversial issue"”, it has been demonstrated
that the 5’ core coding sequence folds as two stem-loops
(domains V and VI; Figure 2) important for IRES activ-
ity and viral replication“%o’“’m.

The mechanism of action of domains V and VI is
unclear. It has been proposed their participation in a
long-range RNA-RNA interaction involving nucleotides
24-38 of the linker region between domains [ and II
in the 5’UTR, and 428-442 placed in domain VI (Figure
4 This contact would render a locked conformation
of the IRES, which could be released by the interaction
of the liver-specific microRNA miR-122 with nucleotides
22-28 of the HCV RNA"". This hypothesis provides
a mechanism for the involvement of domain VI in viral
translation, as well as supporting the essential role of
miR-122 in HCV infection!""""". Alternatively, Roberts
et al'”” found that viral translation regulation mediated
by miR-122 is strictly dependent on Argonaute proteins
and does not involve the structural transition previously
proposed. It should be noted that investigations were
performed with different experimental tools and model
systems. Hence, it is not possible to discard any of the
proposals; neither they are mutually exclusive in a cellular
context.

Cis-acting replicating element in the viral RNA
polymerase coding sequence

In addition to the core coding sequence, the 3’ end of the
HCV OREF also harbors evolutionarily conserved struc-
tural RNA elements. Up to six different stem-loop motifs
have been identified by using a combination of sequence
alighment and thermodynamic folding softwares, as well
as classical comparative analysispg’”’ms’m%. One of these
structural elements, the so-called domain 5BSI.3.2 or
S1.9266, is embedded into a cruciform structure delim-
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ited by two adjacent stem-loops, 5BSL3.1 and 5BSL3.3
(CRE, Figure 3). While the essentiality of 5BSL3.2 for
virus replication has been largely demonstrated' ™"
the role of the two additional domains 5BSI.3.1 and 3.3
is still unclear™”.

The 5BSL3.2 stem-loop consists of two G-C rich
helices connected by an eight-base bulge, and capped by
a 12-base apical loop (Figure 3)[45’98]. Disruptions in either
the sequence or its folding lead to replication-incompetent
HCV genomes“s’%]. Moreover, subtle changes in the apical
loop prevent RNA replication, indicating that sequence
specificity is required for interaction with protein factors,
such as the NS5B protein (viral RNA dependent RNA
polymerase)“ml and, more likely, distal RNA functional
elements™””'"” Relocation of 5BSL3.2 was only pos-
sible to the 3’ variable region preceding the poly(U/UC)
tract, involving a functional link with the 3’UTR"™. Do-
main 5BSL3.2 has been also shown to act as an inhibitory
element of the viral IRES function™, even in the pres-
ence of a translational enhancer such as the HCV 3’UTR.
This action is strictly dependent on the sequence and the
structural integrity of the bulge, pointing again to the
existence of interactions with distant functional RNA
domains of the viral genome.

LONG-RANGE RNA-RNA INTERACTION
NETWORK IN THE HCV GENOME

As it has been mentioned, the preservation of a proper
equilibrium among different viral process and the ad-

equate transitions between them must be assessed for
reaching adaptive fitness and virus persistence. To ac-
complish this, the available functional genomic RNA do-
mains establish an intricate and dynamic interacting web
that is mediated, not only by the well-known protein-
related 5"UTR-3’UTR bridges” ***"**""! but more im-
portantly by the formation of direct RNA-RNA contacts
that minimize protein requisites.

The domain 5BSL.3.2 is a good example of an all-
RNA-based mechanism. This element participates in
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etrate inside the cell and the genomic RNA is released in the cytoplasm to initiate viral translation (1). The 40S ribosomal subunit binds to the Illd subdomain of the
internal ribosome entry site (IRES) region and avoids its interaction with domain 5BSL3.2, thus favoring the contacts Alt-5BSL3.2-3'SLII. Once protein levels have
surpassed a certain concentration (2), replication complexes are fixed on the surface of the endoplasmic reticulum (ER) to initiate the genomic RNA amplification. The
recruitment of protein factors at the 3'X-tail would hide the 3'SL I domain. This would displace the interactions balance toward the 1Id-5BSL3.2 contact, thus imped-
ing efficient translation. Importantly, a considerable pool of molecules should alternatively display a preferred folding defined by the interaction Alt-5BSL3.2, which is
indispensable for replication. The accumulation of newly naked viral genomes (3) could induce a replication-defective state by the acquisition of a favored conforma-
tion involving the interaction IId-5BSL3.2, which would yield the dimer linkage sequence (DLS) exposed in an apical loop. The presence of the viral core chaperone
protein would participate in the formation of dimeric genomes (4), which would be finally encapsidated, enveloped and released to the extracellular medium. Improb-

able contacts are indicated by grey lines at each step. Figure adapted from®".

viral translation and replication by its integration in a Importantly, it has been recently reported that all these
complex network of interactions with distant regions interactions are equally probablemz]. Therefore, choosing
of the HCV genomic RNA (Figure 4). The apical loop between different contacts might depend on the presence
of 5BSL3.2 is complementary to the apical loop of the of additional host and/or viral proteins.

3’SLII within the 3X-tail ™", The resulting kissing Based on these findings, it has been recently proposed
loop contact contributes to the structural organization of a working model™, which integrates current knowledge
the 3’X-tail and is essential for HCV replication[%]. The concerning to RNA-RNA interactions in the HCV ge-
8-nts bulge may establish two different interactions: (1) nome, and their implications for the consecution of the

one with the apical loop of the subdomain IlId of the viral cycle (Figure 5). In the first stage of the infection,
IRES region[zg’m], which is related to the aforementioned the HCV IRES would be occupied by the translational
translational inhibitory effect”; (2) the second with the machinery, thus avoiding any contact with the 5BSL3.2
Alt sequence, centred around position 9110, upstream of domain. This would favor the establishment of the inter-
the CRE element””'"""”. This interaction is again critical actions 5BSI1.3.2-3°SLL1II, which occludes the DLS motif,
for the synthesis of the viral genomic RNA"". Analyses and 5BSL3.2-Alt. After protein synthesis, the CRE and
by different biochemical techniques have proved that the 3’X-tail would recruit the viral polymerase (INS5B)
the complex interplay IRES-5BSL.3.2-3’X-tail influences and other replication complex factors (both RNA and
the global architecture of the affected regions and the proteins)[gz’loq’l“‘m’m]. In this context, both the 5BSLL3.2-

surrounding functional RNA clements™””), Thus, the [Id and 5BSL3.2-Alt interactions could be equally feasi-
3’ end of the HCV RNA genome, which contains both ble. Swapping between them could contribute to the cre-
the CRE and the 3’UTR elements, fine-tunes the three ation of a translational repressed state™ and an enhanced
dimensional structure of the IRES regionm, which could replicative process“oq]. The subsequent amplification

be associated to the regulation of viral translation'™ of viral RNA molecules would displace the structural

Conversely, the interaction [Id-5BSL3.2 induce structural equilibrium between the 5BSL3.2-1Id and 5BSL3.2-Alt

rearrangements in the 3°X-tail that finally lead to the con- interactions toward the long-range IRES-CRE contact.
formational transition of the essential domains 3’SLTI This would increase the proportion of RNA genomes
and 3’SLII, which switch to a single stem-loop folding exposing the DLS motif in the apical loop of the dimer-
that exposes the DLS motif in an apical loopm (Figure 3). izable conformation, leading to the formation of dimeric
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genomic particles in the presence of the core chaperone
proteinm].

Therefore, domain 5BSL.3.2 would occupy the central
position in a complex and dynamic interacting web that
would help to bring the ends of the HCV genome into
close proximity to support the formation of a biologi-
cally favoured close-loop topology. Swapping between
different RNA structural partners through the viral cycle

would thus control the course of the infectious process.

EXTENSIVE STRUCTURED REGIONS IN
VIRAL RNA GENOMES

The search for novel conserved RNA structural units in
viral genomes has been prompted in recent years by the
appeatrance of bioinformatic tools that allow the study
of the secondary structure of whole RNA genomes.
Initial investigations based on the study of folding free
energies in many positive stranded animal and plant viral
RNA genomes identified extensive secondary structure
regions that followed well-defined patterns[ﬁ’w]—the sO-
called GORS. They were initially related to different
mechanisms for controlling viral replication, yet their
prevalence appeared to be quite variable among different
genera. For example, extensive base-pairing within the
coding sequence was thermodynamically predicted for
the hepacivirus genome, while in the closely related Pest/-
virns and Flavivirns genera this pattern was cleatly absent.
Since replication strategies are usually conserved among
the members of a same family, it is unlikely that GORS
work as fundamental base for the execution of the viral
cycle. Remarkably, GORS are strongly associated to viral
persistencem, thus raising the question whether they can
be involved in the suppression of innate intracellular
defence mechanisms. Thermodynamic predictions and
phylogenetic studies based on base-pairing rules have
recently been combined with oligonucleotide probe ac-
cessibility and atomic force microscopy studies to investi-
gate the link between theoretical predictions and the 3D
conformation of viral genomes with and without GORS
in solution!”. The results showed that the HCV genome
is a tightly compact molecule, in contrast to RNA ge-
nomes that lack GORS, such as that of poliovirus which
folds pleomorphically, commonly involving long single
stranded stretches. These studies have contributed to un-
derstand how RNA conformation could be related with a
virus defence system. Thus, it seems likely that extensive
folding areas could interfere with the antiviral cellular
pathways triggered by double-stranded RNA, such as the
interferon production during the initial infection, in an
analogous manner to the expression of structured RINA
transcripts by large DNA viruses' . Though much re-
mains to be investigated about this phenomenon, it has
an undeniable relevance for virus-host interactions.

CONCLUSION
During last years, the great advances in the fields of RNA
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structure determination by high-throughput techniques
and bioinformatic tools have enabled the first pictures for
the structural organization of the eukaryotic transcrip-
tome, the so-called structure. In moleculat virology, these
advances have gained special relevance for their implica-
tion in the identification of functional RNA domains.
These structurally conserved RNA elements interact
with protein factors and other RNA domains to direct
and regulate essential viral functions as well as switch-
ing between different steps of the viral cycle. Interfering
with the functioning of these structural domains offers a
potential means of treating viral infections, such as that
caused by the HCV. Further implementations of the cur-
rent methodologies will undoubtedly improve the iden-
tification and validation of functional RNA domains in
the near future, thus extending our knowledge of RNA-
mediated regulation not only in viral systems, but also in
many cellular processes.
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Abstract

Although safe and effective vaccines against hepatitis
B virus (HBV) have been available for three decades,
HBV infection remains the leading cause of chronic
hepatitis, cirrhosis and hepatocellular carcinoma (HCC)
worldwide, especially in Asian countries. HBV has been
classified into at least 9 genotypes according to the
molecular evolutionary analysis of the genomic DNA
sequence and shown to have a distinct geographi-
cal distribution. Novel HBV genotypes/subgenotypes
have been reported, especially from Southeast Asian
countries. The clinical characteristics and therapeutic
effectiveness of interferon (IFN) and nucleos(t)ide ana-
logues vary among different HBV genotypes. Mutations
at T1653C in subgenotype C2 from Japan and South
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Korea, C/A1753T and C1858T in subgenotype C1 from
Vietnam, and C1638T and T1753V in subgenotype B3
from Indonesia were reported to be associated with
advanced liver diseases including HCC. Genotype dis-
tribution in Japan has been changed by an increasing
ratio of subgenotype A2 in chronic hepatitis B. While
a large number of epidemiological and clinical studies
have been reported from Asian countries, most of the
studies were conducted in developed countries such as
Taiwan, China, South Korea and Japan. In this review,
the most recent publications on the geographical dis-
tribution of genetic variants of HBV and related issues
such as disease progression and therapy in Asia are
updated and summarized.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Hepatitis B virus; Genotype; Subgenotype;
Molecular epidemiology; Asia; Pathogenicity; Drug re-
sistance

Core tip: Chronic hepatitis B virus (HBV) infection usu-
ally progresses to liver cirrhosis and hepatocellular
carcinoma. The variation of the HBV genotype is re-
lated to the geographical distribution. Also, the clinical
characteristics and therapeutic effectiveness of inter-
feron and nucleos(t)ide analogue vary among different
HBV genotypes. A large number of epidemiological and
clinical studies have been reported from Asian coun-
tries. However, most of the studies were conducted
in developed countries such as Taiwan, China, South
Korea and Japan. In this review, epidemiologically and
clinically important aspects of HBV genotypes/subgeno-
types found in East and Southeast Asian countries are
updated and summarized.
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INTRODUCTION

Although safe and effective vaccines against Hepatitis
B virus (HBV) have been available for more than three
decades, HBV infection remains a burden to global
public health, resulting in 600000 to 1 million deaths
per year worldwide''. Two billion people are estimated
to be exposed to HBV infection once in their life and it
causes a wide spectrum of liver disease, including acute
or fulminant hepatitis, inactive cartier state, reactivation,
chronic hepatitis, cirrhosis and hepatocellular carcinoma
(HCC)®. More than 420 million individuals in the world
are estimated to have chronic HBV infections; 15%-40%
of them are at risk of death due to liver failure or HCC.
The prevalence of HBV infection varies markedly in dif-
ferent geographical ateas of the wotld. Overall, approxi-
mately 45% of the global population live in ateas of high
HBYV prevalence, such as sub-Saharan Africa, the Pacific
and particularly Asia'.

HBYV has been classified into at least 9 genotypes
(A through H and J) and shown to have a distinct geo-
graphical distribution™. In Asia, HBV genotypes B and
C ate prevalent, with genotype C having been shown to
cause more serious liver diseases than genotype B. High
prevalence of HBV mutants with various forms, such as
the pre-S mutants, basal core promoter (BCP) mutants,
YMDD motif mutants and vaccine escape mutants™”,
were seen in Asia and these were found to be related to
severe liver diseases and resistance to treatment and pre-
vention. This article provides an overview of the molecu-
lar-based epidemiology of HBV in Asian countries.

HBV GENOME

HBV contains a partially double-stranded DNA genome
of approximately 3200 base pairs. HBV replicates via a
RNA intermediate anti-genome sequence, which encodes
a potentially error-prone polymerase without proof-read-
ing activity. The error frequencies are similar to those of
retroviruses and other RNA viruses. The HBV genome
encodes viral proteins through four open and partially
ovetlapping reading frames: surface (), core (C), poly-
merase (P) and X genes. This unusual genomic structure
can compress a large amount of information into short
sequences but implies a constrained evolution for the vi-
rus. This constraint can be reflected on the calculated rate
of substitution, 107 per site per year, slower than the rate
displayed by the retroviruses of around 107 per site per

year”,

EPIDEMIOLOGY OF HBV INFECTION

The prevalence of chronic HBV infection vaties greatly
in different parts of the world and can be categorized as
high (= 8%, intermediate (2%-7%) and low (< 2%) en-
demicity. Table 1 shows the prevalence of hepatitis B sut-
face antigen (HBsAg)-positive individuals in the general
population of Southeast Asia and East Asia. HBV infec-
tion is highly endemic in Myanmar""; has intermediate to
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Table 1 Prevalence of hepatitis B surface antigen in the

general Asian population

Country HBsAg positivity (%) Ref.

Southeast Asia

Brunei 47 Sebastian ef al™
6.0 Alexander et /™"
Cambodia 7.7 Ol et al™
10.8 Sa-Nguanmoo et al™”
Indonesia 3.59.1 Hasan!™
49 Achwan et al™
2.1-10.5 Lusida et al™
Laos 6.9 Jutavijittum et al®"
8.7 Sa-Nguanmoo et al™”
Malaysia 3.0-5.0 Merican et al™
0.5-1.8 Yousuf et al™
Myanmar 9.7 Sa-Nguanmoo et al"”
Philippines 10.0 Lingao et al'"”
2.0-16.0 Lansang et al™
16.7 Wong et al™
Singapore 3.6-4.0 James et al™
2.7-4.0 Ang et al®
Thailand 4.0 Suwannakarn et al™
13.8 Louisirirotchanakul ef al™
Vietnam 114 Viet et al™
73 Reekie ef al™!
East Asia
China 24 Ting-Lu et al™
1.0 Liu et al™
10.6 Chen et al””
Japan 0.8 Merican et al™
South Korea 3.0-4.0,6.0 Kim et al™
6.0 Hyun et al™

HBsAg: Hepatitis B surface antigen.

high endemicity in Indonesia ", Cambodia"'"", Thai-
land"'" the Philippines' ", Vietnam™* and Laos""*";
low to high endemicity in Malaysia[ZZ‘B] and Chinalzsm];
and intermediate endemicity in Singaporelzg’z()], Brunei””"
and South Korea™). Japan is the only country with low
endemicity of HBV infection in Asia™”.

HBYV infection is highly endemic in developing regions
with a large population such as Southeast Asia and China,
where at least 8% of the population are HBV chronic car-
riers. For example, in Indonesia, which consists of thou-
sands of islands with many ethnicities, the endemicity of
HBYV infection greatly varies even within the country. The
wide range of the HBV prevalence is largely related to dif-
ferences in age at the time of infection”.

HBV GENOTYPES/SUBGENOTYPES AND
THEIR GEOGRAPHICAL DISTRIBUTIONS

HBYV is currently grouped into at least 9 genotypes (A
through H and J, with I still being controversial) 16.343).
based on a full genome diversity of more than 8% at
the nucleotide (nt) level, and phylogenetic analyses have
shown that most of the genotypes can be further divided
into subgenotypes differing by at least 4% of their full
genome sequences. The prevalence of each HBV geno-
type and subgenotype varies in different geographical

regions and is strongly associated with ethnicity™.
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Figure 1 Genotype/subgenotype distribu-
tion in East and Southeast Asia. Subgeno-
types of genotypes B and C commonly found

South Korea

in Asia are encircled with dotted lines.

&

Myanmar

<
Malaysia s
Tyt 9

Genotype A is highly prevalent in Sub-Saharan Africa
(Al or Aa: a for Africa), Northern Europe (A2 or Ae; e
stands for Europe) and Western Africa (A3). Genotypes
B and C are the major HBV genotypes circulating in Fast
and Southeast Asia"’ (Figure 1) and co-infection has
led to a frequent occurrence of recombination between
these two genotypes”™”. Subgenotype B1 (or Bj; j for
Japan) is found almost exclusively in Japan and B2 (or Ba;
a for Asia) is found in the rest of Asia™*! but mainly in
China and Vietnam. B1 is not a recombinant while B2 is
considered to be B/C recombinants with the precore and
core genes from genotype C. B3 is mostly found in Indo-
nesia'” while B4 is in Vietnam". B5 was initially reported
in 2006 from the Philippines™. B6 was identified in 2007
from the Arctic™. B7 to B9 were isolated in eastern In-
donesia during the years 2007 to 2011"*. C1 (or Cs: s
for Southeast Asia) is the dominant strain in Southeast
Asia and southern China, while C2 (or Ce: e for East
Asia) is found mainly in East Asia (South Korea and Ja-
pan) and the northern part of China, C3 in Oceania™’
and C4 in the Aborigines from Australia™. C5 was initial-
ly reported in 2006 from the Philippines with B5™. C6
was identified from a Papuan population in Indonesia*"
and the Philippines[sm in 2008. Surprisingly, ten novel sub-
genotypes (C7 to C16) were isolated in Indonesia during
2009 to 2012157134, Subgenotypes D1 to D4 of genotype
D are widely distributed globally”, D5 in India®” and D6
in Papua, Indonesia”. Genotype E is found mainly in
sub-Saharan Africa. Genotypes I and H are found mainly
in South and Central America, respectively. Genotype
G has been found in Europe, United States and Japan.
Genotype I was originally identified in Laos™, Vietnam
and Southern China. However, this classification is still
controversial as the sequence divergence hovers at but is
slightly less than 8%, with a close relationship to geno-
type c™, Genotype | was found in a Japanese soldier
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who was thought to have been infected in the forests in
Kalimantan, Indonesia, during World War II P71 Thus,
novel HBV genotypes and novel subgenotypes have been
found in Southeast Asia, especially in Laos, Vietnam,
the Philippines and Indonesia, all consisting of many
islands and ethnic groups. In addition to genotypes B
and C which are common in Asia, an increasing rate of
infection with rare HBV genotypes, such as genotypes
A, D, E, G and H, has been recognized throughout Asia.
Globalization may yield HBV strains of possible novel
genotypes containing novel nucleotide sequences in the
precore/core region””. The distribution of genotypes/
subgenotypes varies even in different regions of a coun-
try, as observed in Indonesia, which may partly be related
to the ethnic origin of the infected patients.

HBV GENOTYPES AND DISEASE
PROGRESSION

Chronic HBV infections usually progress to liver cirtho-
sis and HCC. Several studies revealed that the presence
of hepatitis B e antigen (HBeAg) and high levels of HBV
DNA were independent risk factors for the develop-
ment of liver cirrhosis and HCC™*?, HBV genotypes are
also related to the clinical characteristics'®. In northeast
Asian countries, where genotypes B and C ate prevalent,
the dominant mode of transmission is vertical (mothet-
to-child). A large number of studies have shown that
genotype B is associated with HBeAg seroconversion
at an ecarlier age, more sustained remission after HBeAg
seroconversion, less active hepatic necroinflammation, a
slower rate of progression to cirrhosis, and a lower rate
of HCC development compared to genotype C™***,
On the other hand, genotypes D and A atre prevalent in
the southwest Asian countries, such as India and Paki-
. The transmission route among Pakistanis, includ-

stan
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Table 2 Summary of nucleos(t)ide analogues

Lamivudine Adefovir Entecavir Telbivudine Tenofovir Ref.
Analogue type Nucleoside Nucleotide Nucleoside Nucleoside Nucleotide
Introduction (yr) 1999 2002 2005 2006 2008
Product name (company) Zefix (GSK) Hepsera (Gilead) Baraclude (BMS) Sebivo (Novartis) Viread (Gilead)
Dose 100 mg 10 mg 0.5 mg 600 mg 300 mg
Once daily Once daily Once daily Once daily Once daily
Advantage Low cost Effective for HIV Possible for Effective for HIV [89]
coinfection pregnancy coinfection
Disadvantage High rate of drug ~ Renal dysfunction Not recommend for pregnancy Renal dysfunction Renal dysfunction
resistance Fanconi anemia Fanconi anemia
Undetectable HBV-DNA
HBeAg positive 36% 21% 67% 60% 76% [90]
HBeAg negative 89% 72% 90% 88% 93%
HBeAg seroconversion 22% 12% 21% 23% 21% [91]
Drug-resistance 24% 0% 0.2% 4% 0% [92]

V1731, L180M,
A181T, M204V /1

Drug-resistant mutation A181V/T, N236T

1169T, L180M, T184A /F/L/S,

M204V/1 A181V/T, N236T

5202G/1, M204V, M250V

GSK: Glaxo Smith Kline; BMS: Bristol-Myers Squibb; HIV: Human immunodeficiency virus; HBV: Hepatitis B virus; HBeAg: Hepatitis B e antigen.

ing Afghan refugees, is not only vertical transmission but
also through unsterilized materials and intravenous drug
use ™™, Reports concerning the risk factors of advanced
liver diseases are still limited in those countties.

Mutations in the viral genome, including the X region,
are also important factors in association with disease pro-
gression. A study from Taiwan revealed that the precore
G1896A wild-type and the BCP A1762T/G1764A mu-
tation were strongly associated with HCC development
among genotype C'"'. A study from north India also
showed that the BCP A1762T/G1764A mutation was as-
sociated with progressive liver diseases among genotype
D", In Japan and South Korea, the T1653C mutation
was reported as a predictive factor for the development
of advanced liver diseases in HBV genotype C2 infec-
tion™"™, Whereas the C/A1753T and C1858T mutations
were associated with advanced liver diseases in genotype
C1 infection in Vietnam, C1638T and T1753V were
independent risk factors for advanced liver diseases in
genotype B3 infection in Indonesia™®"™. In addition, sev-
eral studies from Taiwan and Japan showed that the pre-S
mutation also contributed to the progressive liver disease
and HCC"". The progression from acute hepatitis to
chronic infection occurs more frequently in genotype A
(23%) compared with genotypes B (11%) and C (7%)".
This might change genotype distribution in the future. In
Japan, indeed, the prevalence of genotype A in chronic
hepatitis B increased from 1.7% to 3.5% during the pe-
riod between 2000 and 2006

HBV GENOTYPE AND ANTIVIRAL
THERAPY

The purpose of antiviral therapy for chronic hepatitis
B is the sustained suppression of HBV replication, bio-
chemical remission, HBeAg seroconversion and ultimate-
ly HBsAg seroconversion. The annual rate of spontane-
ous HBsAg seroclearance is approximately 0.4%-2.3%,
and the HBsAg seroclearance rates of genotypes A and
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B are higher than that of genotypes C and D™**!!

Interferon (IFN) and nucleos(t)ide analogues (NA)
are commonly used for the treatment of chronic hepa-
titis B. Antiviral regimens for chronic hepatitis B are
decided based on the age, HBV-DNA viral load, alanine
aminotransferase (ALT) levels and the degree of fibrosis.
In general, younger patients with high ALT levels are
recommended to be treated with IFN therapy and older
and/or clinically advanced patients with NA. Due to the
economic growth, the treatment of chronic hepatitis B
has become universal in most developed and developing
Asian countries. However, most of the clinical studies
about antiviral therapy were reported from developed
countries, with few studies being reported from develop-
ing countries. IFN has antiviral, antiproliferative and im-
munomodulatory effects. The response to IFN treatment
is poorer in Asian patients compared with Caucasian
patients, which may be due partly to the difference in
the genotype distribution™. It was shown that patients
infected with HBV genotypes A and B showed better re-
sponse than those with genotypes C and D™, A meta-
analysis also revealed that IFN therapy was more effec-
tive in patients infected with genotype A than in those
with genotype D, and also more effective in genotype B
than in genotype C infection™.

Currently, lamivudine, adefovir, entecavir, telbivudine
and tenofovir have been approved for the treatment of
chronic hepatitis B (Table 2). Lamivudine (Zeffix®) was
first introduced in 1999 and the clinical efficacy was
shown by a long-term follow-up study”>”*
drug-resistant mutations, especially multidrug-resistant
mutations, are the major concern with patients receiving
long-term NA treatment. It was reported that the drug
resistance against lamivudine monotherapy reached 70%
after 4 years of treatment”™”. Entecavir (Baraclude®) is
widely used and a first-line drug in many Asian countties,
including China, South Korea, Thailand, Hong Kong
and Japan. Entecavir is still expensive but the occur-
rence of drug resistance is very low for naive patients.

I However,
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However, the chemical structure of entecavir is similar
to lamivudine, which resulted in the cross-resistance
between lamivudine and entecavir. Recent long-term
follow up studies conducted in South Korea and Hong
Kong revealed that entecavir reduced liver-related death
and HCC"™, Adefovir (Hepsera®) is effective against
lamivudine-resistant mutants and add-on therapy of
adefovir and lamivudine is common for suppression of
lamivudine-resistant mutants. Tenofovir (Viread®) and
telbivudine (Sebivo®) are also safe and effective drugs
but their introduction to clinical use is still limited. Tel-
bivudine has recently been approved and is being used
as a first-line drug in Indonesia. Unlike IFN therapy,
meta-analysis revealed no significant difference between
genotypes and response to NA®™ However, as entecavir
and telbivudine were introduced recently in developing
countries, further studies will be needed to assess their
efficacy against the different HBV genotypes/subgeno-
types prevailing in those countries.

CONCLUSION

HBYV is widespread in Asian countries and contributes
to the mortality from HCC. To reduce HBV infection
and HCC mortality, appropriate national immunization
programs are required in HBV-endemic countries, includ-
ing Japan. Although HBV infection is predominant and a
number of novel genotypes/subgenotypes have been dis-
covered in Asian countries, studies have not been suffi-

cient regarding disease prognosis and antiviral treatment.
It is possible that certain genotypes or variants of HBV
prevailing in these regions possess stronger pathogenicity
and are associated with mote severe outcomes of liver
diseases. The studies on HBV genotypes related to their
pathogenicity in chronic liver diseases, including liver cir-
rhosis and HCC, and their effects on treatment outcome
are awaited with great interest, especially in Southeast
Asia, which is the most endemic region of HBV in Asia
with unique HBV genotypes/subgenotypes.
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Abstract

Vibrio cholerae (V. cholerae) genome is equipped with a
number of integrative mobile genetic element (IMGE)
like prophages, plasmids, transposons or genomic
islands, which provides fitness factors that help the
pathogen to survive in changing environmental con-
ditions. Metagenomic analyses of clinical and envi-
ronmental V. cholerae isolates revealed that dimer
resolution sites (dif) harbor several structurally and
functionally distinct IMGEs. All IMGESs present in the dif
region exploit chromosomally encoded tyrosine recom-
binases, XerC and XerD, for integration. Integration
takes place due to site-specific recombination between
two specific DNA sequences; chromosomal sequence
is called attB and IMGEs sequence is called attP. Dif-
ferent IMGEs present in the attP region have different
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attP structure but all of them are recognized by XerC
and XerD enzymes and mediate either reversible or ir-
reversible integration. Cholera toxin phage (CTX®), a
lysogenic filamentous phage carrying the cholera toxin
genes ctxAB, deserves special attention because it pro-
vides V. cholerae the crucial toxin and is always pres-
ent in the dif region of all epidemic cholera isolates.
Therefore, understanding the mechanisms of integra-
tion and dissemination of CTX®, genetic and ecological
factors which support CTX® integration as well as pro-
duction of virion from chromosomally integrated phage
genome and interactions of CTX® with other genetic
elements present in the genomes of V. cholerae is im-
portant for learning more about the biology of cholera
pathogen.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Vibrio cholerae; Cholera toxin phage; VGI®;
Plasmids, Integrative mobile genetic element; XerC;
XerD; Dimer resolution sites; attP; attB

Core tip: Integrative mobile genetic element (IMGE) like
prophage, plasmid, transposon or genomic island plays
crucial roles in the evolution of bacterial pathogens. The
Vibrio cholerae (V. cholerae) genome harbors several
such IMGEs, which provides virulence, antibiotic resis-
tance and other fitness traits to cholera pathogen and
directly contributes in its evolution. Cholera toxin encod-
ing phage (CTX®) is a well characterized IMGE, found
integrated in the dimer resolution sites of all epidemic
V. cholerae strains and exploits host encoded XerC and
XerD recombinases for its lysogenic conversion. In this
review we discussed about integration and dissemina-
tion of CTX® and related IMGEs of V. cholerae.

Das B, Nair GB, Bhadra RK. Acquisition and dissemination
mechanisms of CTX® in Vibrio cholerae: New paradigm for dif
residents. World J Med Genet 2014; 4(2): 27-33 Available from:
URL: http://www.wjgnet.com/2220-3184/full/v4/i2/27.htm DOI:
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INTRODUCTION

Bacterial genomes are highly dynamic and equipped
with large number of integrative mobile genetic ele-
ment IMGE) like, prophages, plasmids, transposons or
genomic islands (GIs), which allow bacteria to respond
rapidly to changing environmental conditions and help
them to survive in hostile environments'". The move-
ment of genetic traits attributed to horizontal gene trans-
fer systems is mediated by variety of homologous and
non-homologous recombination processes that integrate,

excise, and translocate genes into specific sites by DNA
recombinases. The polynucleotidyl transferase that cata-
lyzes the cutting and joining of phosphodiester bonds
between DNA molecules necessary to move a segment
of DNA is termed recombinase. DNA recombinases
are generally needed to act at specific DNA sequences.
Most IMGEs encodes specific dedicated recombinase
for their movement”. Among several IMGEs, phages are
the best-characterized genetic elements, which play major
role in real-time evolution of toxigenic bacterial patho-
gens . Most pathogenic bacterlal cells acquired their
virulence tta1ts either from phages" or other IMGEs like,
plasmids transposons or GIs" . Understanding the
biology that supports emergence of pathogenic bacteria
would be worthy to reduce disease burden and develop-
ment of therapeutic agents. Vzbrio cholerae (1. cholerae), the
etiological agent of the acute secretory diarrheal disease
cholera, represents a paradigm for toxin gene acquisition
from cholera toxin phage (CTX®) and evolution from
non-pathogenic strains to toxigenic cholera pathogenm

Both toxigenic and non-toxigenic . cholerae strains
are autochthonous inhabitant of estuaries and are intro-
duced into the human intestine through contaminated
water or food"”. Only toxigenic . cholerae isolates be-
longing to the serogroup O1 or O139 cause epidemic
or pandemic cholera. Toxigenic 1. cholerae harbor one or
multiple copies of integrated CTX® either in large or in
small or in both chromosomes. CTX® exploits host en-
coded tyrosine recombinases XerC and XerD to integrate
into the chromosome dimer resolution site, called dimer
resolution sites (dif), present in close proximity of the
replication termination region of either chromosome of
. cholerad”.

In this review, we provided a brief view about the
genome of cholera pathogen, the major IMGEs reported
in the genome of cholera pathogen and molecular in-
sights into integration mechanisms of CTX® in the
V. cholerae chromosomes. The main emphasis is on the
mechanistic part of CTX® integration, how (+)ssDNA
genome of CTX® is recognized by the XerC and XerD
enzymes and proceed for unusual irreversible integration.
We also discussed about other IMGE:s that follow CTX®
like integration. Finally, we discussed how cooperative in-
teractions between CTX® and other IMGEs could lead
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Figure 1 Schematic representation of the integrative mobile genetic ele-
ments present in the chromosome 1 (large) or 2 (small) of Vibrio cholerae.
Except CTX®, all other IMGEs have unique attB site either in large or small
chromosome. IMGEs present in the dif region exploit host-encoded recombi-
nases for integration while the genome of other IMGEs encode their own re-
combinases for integration (see detail in the text). Except CTX®, integration of
rest of the IMGEs relies on their dsDNA genome and the integration is revers-
ible. IMGE: Integrative mobile genetic element; CTX®: Cholera toxin phage;
ICE: Integrative conjugative elements; VPI: Vibrio pathogenicity island; VSP:
Vibrio seventh pandemic; TLC: Plasmids; dif. Dimer resolution sites.

to dissemination of CTX® among closely or distantly
related bacterial cells.

CTX® AND OTHER IMGEs IN

V. CHOLERAE CHROMOSOMES

IMGE:s are segments of DNA that encode or exploit
host encoded recombinase(s) for intra- and inter-
chromosomal movement within or between closely or
distantly related bacterial cells. Comparative analysis of 1.
cholerae genomes revealed presence of IMGE:s in both the
chromosomes of toxigenic and non-toxigenic strains’’.
Three major classes of IMGEs are reported in cholera
pathogens: prophages, GIs and integrative conjugative
elements (ICEs) as shown in Figure 1. Both pathogenic
determinants and antimicrobial resistance traits of chol-
era pathogen are encoded by these IMGEs".

As mentioned, CTX® and several other phages al-
ways integrate in the dif site present one in each of the
two circular chromosomes of 1. cholerad™". The dif
sites present in the large and small chromosomes are
called dif! and dif2, respectively. dif consists of 28-bp
DNA sequences, 11-bp binding sites for XerC and XerD
separated by a 6-bp central region“zj. Strand exchange oc-
curs immediately after binding sites of XerC and XerD.
CTX®d, RS1 and TLC element integrates as a single copy
or in multiple tandemly arrayed copies in diff"*"”. Other
IMGEs were found integrated at the dif sites as a single
copym. Prophages and other genomic elements present
in the dif regions do not encode any recombinase but
exploit host encoded XerC and XerD enzymes for their
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inter- and intra-chromosomal movement.

Other than prophages, almost all the current 7" pan-
demic 1. cholerae isolates harbor four other Gls, namely,
Vibrio pathogenicity islands-1 (VPI-1) and VPI-2 and
Vibrio seventh pandemic islands-1 (VSP-1) and vsp-2"Y
as shown in Figure 1. All four GIs encode putative ty-
rosine recombinases for their integration and excision.
Although no experiment has yet been conducted to dem-
onstrate the integration of Gls in the 1. cholerae chro-
mosomes, their excision has been established by conven-
tional genetic analysis'"”, Among the four pathogenicity
islands, VPI-1 is crucial since it participates at different
levels in the CTX® associated cholera development: (1)
VPI-1 encodes toxin co-regulated type-IV pilus that acts
as a receptor for CTX® as well as it is a major coloniza-
tion factor of 1. cholerae and is essential for the discase
development; and (2) it encodes the transcriptional factor
ToxT that positively regulates the expression of cholera
toxin (CT) genes xAB"" VPI-1 is a 41-kb DNA seg-
ment physically linked to a tmRNA gene (ss52:4), flanked
by two nearly identical repeat sequences”. Tt is found
preferentially in the toxigenic strains. VPI-1 carries two
putative tyrosine recombinases, called Intwi and VpiT[15J.
Sequence analyses of these two putative recombinases in-
dicate that they are quite different from each other. While
Intwi contains the conserved R1-H-R2-Y signature motif
of the tyrosine recombinases, this motif is not clear in
VpiT. VPI-1 appeared to be mobile since an extrachro-
mosomal circular form was detected in 17 cholerae cells.
This is further supported by the fact that it is absent in
the genomes of non-pathogenic 1, cholerae strains"™.

Presence or absence of VSPs could serve as distinct
genetic signatures to differentiate the previous (6™ and
the current (7" pandemic 1. cholerae isolates. VSP-1, a
16-kb DNA segment, harbors 13 open reading frame
(ORF)s found in the sequenced seventh pandemic /.
cholerae strain N16961 (Heidelberg ez /' 2000). A Xe-
rCD like putative tyrosine recombinase (Intvsp-1) is pres-
ent in the VSP-1 might participate in the integration and
dissemination of VSP-1 island. Compared to other Gls,
VSP-1 is highly conserved among O1 El Tor isolates.
Recent study has demonstrated that the VSP-1 encoded
enzyme DncV preferentially synthesizes hybrid c-AMP-
GMP molecule, which directly contribute to the fitness
of cholera pathogen!"”

ICEs are usually large DNA fragments that can in-
tegrate in specific positions of bacterial chromosomes
using their own tyrosine recombinase and able to excise
and disseminate in closely or distantly related bacterial
species by conjugation. Diverse ICEs have been detected
in several gram-positive and gram-negative bacteria™.
sulfamethoxazole and trimethoprim resistance traits
(SXT), a 99.5 kb ICE, was first discovered in the chro-
mosome of 1. cholerae 0139 MO10 strain from Southern
India and it encodes resistances to several antibiotics like
sulfamethoxazole (s#/2), trimethoprim (df2A18 ot dfirAT)
chloramphenicol (foR), streptomycin (st2A4 and s#rB),
tetracycline (tezA4 and 7/R), ert”". Wozniak ez a/* have se-
quenced and analyzed several SXT like elements present
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in diverse bacterial species including 1. cholerae and their
analysis indicated that similar organization and conserva-
tion of the core genes of these elements.

CTX® AND ITS INTEGRATION IN THE

CHROMOSOMES OF V. CHOLERAE

All epidemic 1. cholerae isolates carry CTX prophage in
their large and/or small chromosomes. CT, the toxin
responsible for profuse diarrhoeal disease cholera, is en-
coded by the genome of CTX®. CTX prophages char-
acterized from different toxigenic /. cholerae strains are
fairly different at the DNA sequence level but their ge-
nomic organization and function of each of the protein
encoded by the phage genome ate identical. CTX® has a
approximately 7000-nt ss (+) DNA genome arranged in
structurally and functionally distinct two modular struc-
tures, RS2 (repeat sequence 2) and core (Figure 2). RS2
comprises three genes designated as 757R, 7524 and rsB.
RstA, initiator of rolling circle replication, is essential for
phage replication™, Tt carries a conserved Y-X-X-X-Y
motif for initiation and termination of phage replica-
tion at or7 region. RstB, a single stranded DNA binding
protein, plays a crucial role in phage integration[gj. It was
proposed that RstB maintains proper (+) a#P structure
of CTX® that is recognized by XerC-XerD and prevents
access of cytoplasmic single stranded DNA binding
proteins interference in phage integration[zs]. RstR acts
as a transcriptional modulator and repressed transcrip-
tion of 7524 and 7B from Prz4, the only phage promoter
required for CTX® replication and integration™. Core
region comprises of seven genes responsible for phage
morphogenesis and toxin production. Five genes, namely,
psh, cep, gl X ace and zot encode proteins essential for
phage morphogenesis and phage assembly. The Psh, Cep,
OrfU (pIIT""™) and Ace proteins are phage structural pro-
teins, which encapsulate single stranded phage genome
whereas Zot protein play central role in phage assembly'”.
Interestingly, ¢t and ¢xB genes coding for CT ate not
required for phage morphogenesis but is essential for dis-
ease development as discussed above.

Replicative genome of CTX® is detrimental to .
cholerae growthm. All toxigenic 7. cholerae cells harbor in-
tegrated CTX® in large and/or small chromosomes. Al-
though CTX® does not encode any recombinase for its
integration, the replicative genome of CTX® carries two
XerC-XerD binding sites in inverted orientations, called
attP1 and a#P2™, In anP1, XerC and XerD binding sites
are separated by 12-bp ovetlap region while in a#P2 the
length of the overlap region is 5-6 bp. Both a#Ps are
connected by a 90-bp DNA sequence. In the (+)ssDNA
phage genome the 150-bp region encompassing a#P7 and
attP2 formed a hairpin structure by intra-strand comple-
mentary base pairing, which creates a phage integration
site a##P(+) (Figure 2).

The integration of CTX® is mediated by a complex
DNA-protein reaction within a nucleoprotein complex
consisting of one pair each of host encoded XerC and

May 27,2014 | Volume 4 | Issue2 |



Das B et a/. Integration mechanism of CTX®

. %

A Replicative CTX-phi genome g (+)ssDNA CTX-phi genome
| 1
R 8/
A\ d/

\ -‘\\ &Q 1’

oy
/‘{/
Qe pHCD( $ (.;vl’/‘
Core i e, —

attP(+)

Figure 2 Replicative and integrative genomes of cholera toxin phage. Replicative genome of CTX® arranged in structurally and functionally distinct two modular
structures RS2 and core. RS2 encoded proteins are essential for phage replication, integration and transcriptional regulation of phage genes. Core encoded proteins
are essential for phage morphogenesis and virion production. Folded (+)ssDNA phage genome is essential for phage integration. Functional XerCD binding site,
attP(+), is formed by complementary base pairing between attP1 and attP2 of (+)ssDNA of phage genome. We have used similar color codes for replicative and inte-
grative phage genomes for easy understanding of genetic attributes of aftP(+) region. CTX®: Cholera toxin phage; RS2: Repeat sequence 2.

XerD recombinases, a#P(+) and dif site. Within this
nucleoprotein complex, first the XerC recombinase cata-
lyzes the cleavage of the phosphodiester bond between
last base of its binding site and first base of overlap
region and creates transient XerC-DNA covalent phos-
photyrosyl linkages with its binding site and leave free
5’ hydroxyl extremities on the overlap side. After cleav-
age, few bases from the 5’ end of both overlap regions
melt from their complementary strand and attack the
XerC-DNA phosphotyrosyl bond of their recombining
partner. For the formation of covalent phosphodiester
bond between overlap region base and XerC binding
site of a#P and dif, stabilization of exchanged strand by
Watson-Crick or wobble base-pairing interactions is es-
sential”’. Strand stabilization between exchanged strands
determines the tropism of phage integration. Although
both Xer proteins are essential for integration reaction,
CTX® integration needs only the XerC catalytic activity
for one pair of strand exchange and final integration””.
As a consequence, djf compatibility of CTX® solely de-
termines by the homology between the overlap region
bases next to XerC binding sites. The pseudo-Holliday
junction form after XerC mediated strand exchanges is
probably resolved during host chromosome replication.
Once integrated, a#P(+) is again converted to a#P7 and
attP2, none of these sequences are suitable for Xer-me-
diated reactions. This process makes CTX® integration
irreversible. The only possibility to form the a#P(+) hair-
pins from integrated phage genome is by cruciform, Ze.,
two opposite hairpins could extrude through intra-strand
complementary base pairing. This phenomenon is very
rare and zz vivo the cruciform structure is very unstable. [
cholerae cells carry several ssDNA nucleases, which could
easily destabilize a#P(+). Probably, for this reason CTX®D
excision is not detected under standard laboratory condi-
tion. Recently, CTX® excision from toxigenic . cholerae
isolates has been reportedmj. Although, the mechanisms
of excision and detail genotype of the reported 1. chol-
erae strain have not been investigated, it might be due to
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lack of some ssDNA nucleases, which stabilize the loop
structure and form a#P(+) for XerC-XerD mediated ex-
cision. Other possibilities might be some other IMGEs
co-integrate with CTX® and provides functional XerC-
XerD binding sites, hence clearance of CTX®.

CTX® VARIANTS: CONVENTIONAL VS
CURRENT GROUPING

Conventionally, sequence of 7R gene is used for clas-
sification of CTX®s. Based on the sequence similarity
of rs/R, CTX® has been grouped into four categories:
CTX®"", CTX®", CTX®™" and CTX®"™. Name of
each of the phage classes has been chosen according to
the host cells in which they were most frequently isolated.
CTX® isolated from current pandemic isolates harbored
a mosaic genome, few ORFs are identical to CTX®""
and few are similar to CTX®". For example, CTX pro-
phages present in the genome of current African (B33)
and Asian (M]-1236) isolates carry ¢/xB allele of CTX@"
type whereas 75/R genes in the RS2 region are identical to
those of CTX®"" phage™. Nevertheless, recent Haitian
1. cholerae isolates carties ¢/xB allele®™ neither identical to
ctxB” or ctxB"".

On the other side, CTX® can be classified into three
broad classes based on their dif compatibility (Table 1).
CTX® isolated from 6" pandemic . cholerae isolates
could integrate at both dif7 and dif2 sites. Bases immedi-
ate to XerC cleavage site of a#P(+) could form Watson-
Crick or Wobble base pair interaction with the similar
bases of overlap region of both dif7 and dz]?mj. In con-
trast, most well charactetized CTX® from 7" pandemic
El Tor cholera isolates could form such interaction only
with the ovetlap region of djf! but not with 47f2. Thus,
the integration CTX® is specific for difl. Recent 1.
cholerae isolates from Africa and India harbour CTX®
in either chromosomes indicating their a#P is similat to
attP of CTX® isolated from 6" pandemic 17 cholerae. In
contrast, some environmental isolates carry dif sequenc-
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Table 1 Cholera toxin phage variants and their dimer

resolution sites sites specificities

CTX® variants  Isolated from Chromosomal Ref.
integration site

CTXo" O1 El Tor difA, difl Das et al®™
Das et al™

CTX0"? O1 classical difA, difl and dif2  Das et al™
Das et al™

CTX®* Environmental difG Das et al®
Das et al™”

CTX®: Cholera toxin phage; dif: Dimer resolution sites.

es™, which support integration of only specific type of
phage, CTX®". All these CTX® variants are different
in terms of their integration specificity as well as inte-
gration efficiency. Highest level of integration efficiency
was reported in between 47f7 and CTX® isolated from
7" pandemic El Tor cholera isolates while the lowest
integration efficiency is detected in between difG and
CTX®" isolated from environmental . cholerad™. Our
extensive work on the integration mechanisms revealed
that integration specificity and efficiency of all CTX
phages including Haitian and altered variants rely only
on their a#P sequence but not on the type of ¢xB allele
present in the core genome.

ECOLOGY OF V. CHOLERAE DIF SITES

EBach V. cholerae genome carries two dif sites, one for each
of the two circular chromosomes of the bacterium. Till
now, four different djf alleles have been identified in 1/
cholerae strains, difA, dift, dif2 and difG"". difA and dif! are
identical except two bases in the XerC binding site! """,
All dif sites consist of 28 bp DNA sequence, 11 bp bind-
ing sites for XerC and XerD separated by a 6 bp central
region. difl, dif? and djfG have different bases in the over-
lap region at the borders of which XerC and XerD medi-
ate strand exchanges during chromosome dimer resolu-
tion or IMGE:s integration"”. Metagenomic analysis of
clinical and environmental 1. cholerae isolates revealed dif?
could be the integration site of several IMGEs, including
phages (CTX®, VGJ®, VE]®, VSK, fs2, {237, V{33),
satellite phages (RS1), plasmids (TLC) and small GIs".
Several 1. cholerae cells have different arrangements of
IMGE at dif1 site, e.g., single or multiple IMGE(s) in mul-
tiple combinations'”. Almost all integrated IMGEs are
flanked by dif like sequences. Several 7 vivo and in vitro ex-
periments have been conducted to demonstrate the XerC
and XerD mediated integration of CTX®, RS1, VGJD,
and TLC®*Y Based on the sequence of a#P site,
IMGEs have been classified into three groups, CTX®-
type, VGJ®@-type and TLC-type (Figure 3). Although, all
of them rely on Xer recombinases for their integration,
the integration mechanisms are very different (Figure 3).
While the integration of CTX®d-type IMGE rely on its
folded single stranded genome, VGJ®-type and TLC-
type IMGEs use their replicative double stranded DNA
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for integration. Integration of CTX®-type IMGE are
irreversible, other two could excise from the chromo-
somes. Both CTX®-type and VGJD-type IMGEs use
only XerC catalytic activity but this is not clear for TLC.
Bases in the ovetlap region of CTX®-type and VGJ®-
type a/tP have homology to difl next to the XerC binding
site only, but the bases of overlap region of TLC-type
atP has homology next to both XerC and XerD binding
sites. At this point it is not clear whether TLC uses cata-
Iytic activity of XerC or XerD or both. Since the XerD
binding site of a#P of TLC is very degenerative it is not
clear whether any other accessory protein(s) is needed
for its integration. Currently, Barre and his colleagues at
CGM-CNRS, France are working on TLC to address all

these unanswered issues.

CONCLUSION

Integration mechanism of CTX® and related elements
like RS1, CUS®, Ypf® are quite similar to the integration
mechanism of integron cassette. In both the cases a#P
site is formed by intra-strand DNA base pairing which is
recognized by tyrosine recombinases followed by catalysis
of single pair of strand exchange with double stranded
atB. The resulting pseudo-Holiday junction is resolved ei-
ther by DNA replication or other DNA repairing system.
Since integration of CTX® is irreversible, phage produc-
tion from the integrated prophage genome relies on roll-

ing circle replication. Virion production from integrated
phage genome is detected only when multiple CTX
prophage are present in tandem or CTX-prophages are
flanked by pre-CTX or RS1 element. Recent metagenom-
ic analysis revealed that several toxigenic . cholerae iso-
lates carry a single copy of the CTX prophage in the dif
region. It is not clear whether these isolates are unable to
produce virion or the special genotype of such toxigenic
isolates could allow phage production due to excision of
CTX prophage by forming cruciform structure under
specific environmental conditions. Nevertheless, CTX®
could replicate only in 1. cholerae and few other vibrios
but not in all species of [7brio or other y-proteobacteria like
Escherichia coli. Further research is needed to determine
what are the host factors involved in CTX® replication
and what type of signal is recognised by the prophage
to initiate rolling circle replication and virion production
from toxigenic cholera pathogen. Clinical 1. cholerae iso-
lates carrying CTX® in the large chromosome also carry
single or multiple copies of TLC element. Although,
TLC is not essential for CTX® replication or integration,
at least in the laboratory conditions, it is not cleat why
CTX® is always accompanied by the TLC element. More
importantly, it is quite interesting to know the precise
integration mechanism of TLC element, and whether
the integration and excision of TLC could help CTX®
dissemination in clinical and environmental 1. cholerae
strains. A recent study reported that TLC may promote
CTX® integrations by contributing ideal attachment site
(difT) to the host chromosome!”. Further work in this
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Figure 3 Schematic representation of the integration mechanisms of three classes of integrative mobile genetic elements present exclusively in the dimer
resolution sites of bacterial genome. C-O-D denotes XerC-Overlap region-XerD. The XerC-XerD recombinases, attachment site of phage and bacterial genome
are essential components of nucleoprotein complex. Compatibility of terminal bases attP with attB immediate after XerC or XerD cleavage is indicated by V. The
nucleoprotein complex and the sequential strand exchanges are not yet characterized for TLC and related genetic elements. CTX® integration is irreversible. By
contrast, VGJ® and TLC integration is reversible. Key steps in the life cycle of CTX®, VGJ® and TLC are also indicated. Host-encoded TCP and MSHA served as
phage receptors for CTX®, VGJ® and TLC, respectively. Generally, TLC exploit fs2 encoded protein for encapsulation of its sSSDNA genome and produces virion. Vi-
rion recognizes specific receptor present on its host cell surfaces and delivers its single-stranded DNA genome into the host cytoplasm. Once inside the host cell, the
ssDNA phage genome is either converted into a double-stranded replicative phage genome by host machineries or directly integrated into the host chromosome. TLC:
Plasmids; CTX®: Cholera toxin phage; TCP: Toxin co-regulated pilus; MSHA: Mannose sensitive hemagglutinin A.
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Abstract

Osteopathia striata with cranial sclerosis (OSCS,
OMIM#300373) is an X-linked dominant sclerosing
bone dysplasia that shows a distinct phenotype in fe-
males and males. In 2009, Zandra Jenkins ef a/ found
that germline mutations in the FAM123B/WTX/AMER1
gene, mapped to chromosome Xq11.2, cause both the
familial and sporadic forms of OSCS. Intriguingly, the
WTX gene was already known as a putative tumor sup-
pressor gene, since in 2007 Rivera et a/ had reported
inactivating W7X mutations in Wilms" tumor (WT), the
most frequent renal tumor of childhood. Here we re-
view the heterogeneous clinical presentation of OSCS
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patients and the involvement of W7X anomalies in
OSCS and in WT.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Osteopathia striata with cranial sclerosis
(OSCS), a condition often benign in females and severe
and lethal in males, has a clinically heterogeneous pre-
sentation. Germline anomalies affecting the W7X gene,
mapped to chromosome X, are causative of OSCS. De-
spite WTX mutations in Wilms' tumor (WT) that closely
mirror those identified in OSCS patients, individuals
with OSCS do not develop WT. This is in contrast with
other syndromic conditions, in which germline muta-
tions or epimutations, also found as somatic events in
sporadic WTs, predispose to WT development.

Cattaneo E, Ciceri S, Liberati N, Radice P, Tarani L, Selicorni
A, Perotti D. Osteopathia striata with cranial sclerosis, Wilms’
tumor and the WTX gene. World J Med Genet 2014; 4(2): 34-38
Available from: URL: http://www.wjgnet.com/2220-3184/full/
v4/i2/34.htm DOL: http://dx.doi.org/10.5496/wjmg.v4.i2.34

OSTEOPATHIA STRIATA WITH CRANIAL
SCLEROSIS

The X-linked inheritance pattern of osteopathia striata
with cranial sclerosis (OSCS, OMIM#300373), previously
predicted on clinical grounds, found confirmation when
germline mutations involving the WX gene, mapped
to chromosome Xq11.2, were identified as the cause of
OSCS". All mutations either deleted the whole gene ofr
resulted in the premature termination of translation'",

The FAM123B/WTX/AMERT gene encodes a
1135-amino acid protein with multiple protein-protein
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interaction domains and N-terminal phosphatidylinositol
4,5-bisphosphate binding domains mediating its localiza-
tion to the plasma membrane”. The WTX protein has
been demonstrated to regulate the stability of B—cateninm,
a key effector of the WNT/ [-catenin signaling pathway
(reviewed in Clevers and Nusse 2012, The critical im-
portance of this pathway during embryogenesis is clearly
demonstrated by the pleiotropic clinical presentation of
OSCS patients. The WTX gene has two splice forms,
WTXs1 full length and WTXs2, a shorter form encod-
ing a 858-amino acid protein that lacks residues 50-326
and does not localize to the plasma membrane™”, Only
WTXs1 is considered to be important in regulating the
WNT signaling in the context of the development since
disease-causing IWTX mutations that do not affect the
integrity of WIXs2 have been reportedﬂ’m.

Females affected with OSCS present a great vatiability
of the phenotype and, while previous studies” " suggest-
ed, at least in some cases, a nonrandom X-inactivation”""
that could explain this phenomenon'”, Jenkins ez a/" dem-
onstrated that in 19 WX mutation-bearing heterozygous
females X-inactivation ratios were not skewed.

Among the features that constitute the OSCS female
phenotype, sclerosis of bone (especially the increased
thickness and density mostly of the cranial base) and the
fine, uniform, linear striations of the tubular bones are
considered the hallmarks of the disease.

Cranial sclerosis is the most typical and eatly feature,
being present since birth. It appears before the longitu-
dinal striae that become evident in the first years of life.
Fan-like striations of the iliac bones are present in more
than 50% of cases. It is worth mentioning that longitu-
dinal striations at the metaphyses and diaphyses of the
tubular bones ate seen only in females and in males that
are mosaic for a ITX mutation™”'"?.

Other skeletal defects reported in the literature, al-
though quite rare, are thoracic (pectus excavatum, broad
flat ribs) and vertebral anomalies (2%), digital flexion
contractures, phalangeal duplication, syndactyly, short or
absent fibula and club feet (3%)[12]. Coronal craniosteno-
sis has been described in one patient only"”,

Facial dysmorphisms are rather frequent and some-
times the only pathological feature in addition to the
sclerosis of the skull and the longitudinal striation of
the long bones. Macrocephaly is documented in almost
half of patients, followed by frontal and occipital boss-
ing, prominent forehead, maxillary hypoplasia, mandible
overgrowth with protuberance of the jaw and dental
malocclusion. Female patients can also manifest ocular
hypertelorism, downslanting palpebral fissures, broad
and depressed nasal bridge, narrow high arched palate
and low set dysplastic cars"”*. Dental anomalies have
been reported in 30% of patients”. Regarding the neu-
rological manifestations, intellectual disability has been
described in a small percentage of patients, mainly as-
sociated with central nervous system defects (ventricular
dilatation, abnormal gyration, corpus callosum hypoplasia
or agenesis, hydrocephalus), as well as developmental and
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speech delay.

Conductive hearing loss can be considered a distinc-
tive symptom of the disease, occurring in almost 50%
of patients. In the remaining half, hearing loss is sensori-
07212202 Deafness is the result of
bone sclerosis of mastoid cells, narrowing of the middle

neural or of mixed type

eat cavity, the mastoid antrum and the Eustachian canal,
and of impaired mobility of the ossicles. High resolution
computed tomography of the temporal bone has shown
the presence in different patients of bilateral thickening
and bone sclerosis of the skull base and mastoid cells,
and the abnormal ossicular fixation to the bone surface
of the middle ear cavity[zﬂ. Sensorineural hearing loss
could instead be due to the nerve encroachment.

Other cranial nerve deficiencies (oculomotor and hy-
poglossal, abducens and maxillary nerves) due to the nar-
rowing of the nerve canals and foramina by the sclerosing
process are reported. Unilateral peripheral facial palsy and
congenital facial palsy were described in 4 patients™ ",
The optic nerve may also be involved due to the narrow-
ing of the optic foramina. Nerve palsy might be due to
the sclerosing bone process[zsl but it is also hypothesized
that disruption of the nerve supporting vessels may lead
to secondary cranial nerve deficiencies”". Lumbar spinal
stenosis, defined as narrowing of the lumbar spinal canal,
nerve root canal or intervertebral foramina, has been de-
scribed in one patient only and could be thought of as a
neurological complication of the disease™.

As already mentioned, OSCS manifests only with the
hallmarks of the syndrome (cranial sclerosis and longitu-
dinal striations of the long bones) accompanied by minor
facial dysmorphisms or in association with internal organ
anomalies, growth and mental retardation.

In female patients, the most frequently affected organs
are the heart, with congenital defects including ventricu-
lar septal defects, patent ductus arteriosus, pulmonary
atresia and valve stenosis, the lungs and the respiratory
system in general, and the gastrointestinal and urogenital
systems. The respiratory system may be affected in many
patients. In particular, laryngotracheomalacia, nasal ob-
struction and recurrent bronchitis are reported in 13.5%
(1220 Cleft palate (Pierre Robin’s triad) and
bifid uvula can also be observed. Gastrointestinal anoma-

of patients

lies, including omphalocele, intestinal malrotation and
Hirschsprung’s disease have been reported in 12% of pa-
tients””*”. Anal stenosis has been described in two girls
onlym’am.

OSCS in males is more severe than in females because
it follows an X-linked dominant pattern of inheritance
that determines hemizygosity of the mutation and, con-
sequently, a wide spectrum of severe clinical manifesta-
tions, such as abortion, stillbirth and post-natal lethality.
Despite this, cases with long survival are also described,
allowing a clinical distinction in severe and mild forms in
males. The male severe phenotype exhibits macrocephaly,
facial dysmorphisms (frontal bossing, hypertelorism, low
set ears, broad depressed nasal bridge and micrognathia)
and bony sclerosis (more marked than in females), with
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WTX mutations in OSCS

PtdIns(4,5)Pz. APCBD1 I APCBD2 - APCBD3

rrr !

WTX mutations in WT

Figure 1 WTX mutations in osteopathia striata with cranial sclerosis and Wilms’ tumor. The full length WTX protein possesses two phosphatidylinositol(4,5)-
bisphosphate [PtdIns(4,5)P2] binding domains, three adenomatous polyposis coli binding domains (APCBD) and a p-catenin binding region (red line)®. The smaller
WTX isoform lacks amino acids 50-326 (green line)"*. Functionally relevant mutations include whole gene deletions and truncating mutations. Arrows indicate the

position of mutations introducing a stop codon or causing a frameshift of the reading frame and a premature stop codon

no metaphyseal striations, while other features are less
frequent. The latter include genitourinary malformations
(18%), bilateral absence of fibula (65%), cardiac defects
(patent ductus arteriosus, atrial and ventricular septal
defects, left ventricular non-compaction, tricuspid insuf-
ficiency and vascular ring) (31%), omphalocele and cleft
of lips and palate (50%), ventriculomegaly and duplicated
phalanges (30%)™". Prominent lumbar lordosis, joint
luxation, camptodactyly and flexion contractures are also
present with a lower incidence. Gastrointestinal anoma-
lies such as omphalocele, duodenal web, malrotation of
the gut, inguinal hernia and Hirschsprung’s disease have
also been reportedlg’]()’21’27’32].

In the severe form, the prognosis is related to the
severity of visceral malformations and a short survival is
often present.

The mild phenotype is qualitatively different from
the severe one, being characterized by the presence of
mild neurodevelopmental delay (50% of patients), which
might be attributable to the relative longevity of these
patients and progressive neuromuscular disease, histologi-
cally similar to nemaline myopathym, and by the absence
of some anomalies such as fibular aplasia, duplicated
phalanges, syndactyly“’sj, and gastrointestinalp’m’z1’27’32]
diac™" and genitourinary malformations

Characteristic features of the mild form are short
stature, facial dysmorphisms and macrocephaly with cra-
nial sclerosis, frontal bossing, hearing loss, high arched
and cleft palate (75%), bifid uvula (25%), and extensive
bony sclerosis with absent metaphyseal striations. Mild-
er bony sclerosis has been detected in males with mosaic
mutation of WTX"". Striations of the long bones have
also been observed in molecularly confirmed or suspect-
ed mosaics for ITX mutations™ ",

A possible genotype-phenotype correlation between
the position of the WX mutation and survival in males
had been initially proposedlll but further studies showed
that this correlation is not absolute!®”.

[1,8,21,35,36]

WILMS’ TUMOR

Intriguingly, WTX has been also identified as a putative
tumor suppressor gene in Wilms’ tumor (WT). Since this
gene, as already mentioned, resides on the X chromosome,
it has been speculated that its anti-oncogenic activity can
be inactivated by a single “hit” both in hemizygous males
and in heterozygous females if the mutation affects the
only functional allele on the active X chromosome™.
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[1,6-8,12,24,38,39,44,46,47]

WT, the most common renal tumor of childhood, is an
embryonal malignancy of the kidney that is thought to
arise from metanephric mesenchyme. Histologically, it
resembles fetal kidney, with varying proportions of blas-
temal, epithelial and stromal elements™’. Approximately
40% of WTs occur in association with nephrogenic
rests (NRs), embryonal remnants in the kidney which
are known precursor lesions for WT™*!, The genetics of
WT is heterogeneous and the W7 gene at 11p13 and
the W12 locus at 11p15.5 have been associated with WT
pathogenesis (reviewed in Huff*” 2011, Royer-Pokora'’
2013). Further genes involved in WT development in-
clude, in addition to WTX, CTNNB7 and TP53"*".
WTX anomalies have been described in approximately
20% of WTs™** While WTX deletions and truncating
mutations are somatically acquired, missense mutations
of unknown functional relevance can be present in the
germline (reviewed in Huff* 2011).

OSCS, WT AND WTX MUTATIONS: IS
THERE AN ASSOCIATION?

Whole gene deletions represent the majority of WX
mutations in WTSs, whereas truncating mutations are
more common in OSCS (reviewed in Huff*” 2011).
However, the spectrum of WX truncating mutations in
OSCS patients and in WTs is very similar'"* (Figure 1).
Different syndromic conditions associated with sus-
ceptibility to WT, such as the WAGR, the Denys-Drash
and the Beckwith-Wiedemann syndromes, are due to
germline mutations or epimutations affecting genes/loci
also found involved in somatic events in sporadic WTs
(reviewed in Scott ef al® 2000). In contrast, individuals
with OSCS do not seem to have any predisposition to
develop either WT or other malignancies[1’22‘35], although
in a few of these patients the presence of bilateral mul-
tifocal NRs has been reportedl&m. However, it has to be
noted that NRs are found in approximately 1% of infant
autopsies and that most of them do not form WT but
spontaneously undergo regression or involution®”. Thus,
the detection of NRs in OSCS patients does not allow
establishing a link with WT. Consistently, the WTX-
knockout mice, despite exhibiting somatic overgrowth
and malformation of several organs including kidney, do
not appeat to be tumor pronemj. The lack of association
between OSCS and WT could be explained assuming that
WTX is mainly involved in WT progtression rather than
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in its early phase. This possibility is supported by a study
detecting various levels of WX mutation in different

microdissected areas of the same tumor

[46]

Overall, current evidence suggests a possible involve-

ment of the WX gene in kidney development but is not
consistent with its role in WT predisposition.
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Abstract

AIM: To study the differences in onset age and mul-
tiple primary cancers between familial and sporadic
esophageal squamous cell carcinoma (ESCC).

METHODS: The differences in onset age and multiple
primary cancers were analyzed between ESCC patients
with (7 = 766) and without (7 = 1776) a family his-
tory of the cancer. The cases analyzed constituted all
consecutive patients who had undergone cure-intent
surgery at the Department of Thoracic Surgery of the 4"
Hospital of Hebei Medical University from January 1 1975
to December 31 1989. Because we also originally aimed
to examine the difference in survival time, only older
subjects with a long follow-up period were selected.

RESULTS: Overall, patients with ESCC and a positive
family history of the cancer had a significantly younger
age at onset and more multiple primary cancers than
those without a positive family history (51.83 + 8.39 vs
53.49 £ 8.23 years old, 2= 0.000; 5.50% vs 1.70%,
P = 0.000). Both of these differences were evident in
subgroup analyses, however, no correlations were ob-
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served. While age at onset differed significantly by fam-
ily history in males, smokers, and drinkers, the differ-
ence in multiple primary cancers by family history was
significant in nonsmoking, nondrinking, and younger
onset patients. In multivariate analysis, age over 50
years, tobacco smoking, and multiple primary cancers
were found to be significant predictors of familial can-
cer: the corresponding OR (95%CI) and P-value were
0.974 (0.963-0.985) and 0.000; 1.271 (1.053-1.535) and
0.012; and 4.265 (2.535-7.176) and 0.000, respectively.

CONCLUSION: Patients with ESCC and a positive fam-
ily history of the cancer had a significantly younger on-
set age and more multiple primary cancers than those
without a positive family history. Sub-group analyses
indicated that younger onset age may be due to the
interaction of genetic predisposition and environmental
hazards, and multiple primary cancers may only be due
to genetic predisposition.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
Key words: Esophageal squamous cell carcinoma; Fa-

milial cancer; Sporadic cancer; Age at onset; Synchro-
nous primary carcinoma

Core tip: Patients with esophageal squamous cell
carcinoma (ESCC) and a positive family history had
a significantly younger onset age and more multiple
primary cancers than those without a positive family
history (51.83 + 8.39 vs 53.49 + 8.23 years old, P =
0.000; 5.50% vs 1.70%, P = 0.000). Both of these dif-
ferences were evident in sub-group analyses, however,
no correlations were observed. While age at onset dif-
fered significantly by family history in males, smokers,
and drinkers, the difference in multiple primary can-
cers by family history was significant in nonsmoking,
nondrinking, and younger onset patients. These results
suggest a genetic component in ESCC. Furthermore,
a younger onset age may be due to the interaction of
genetic predisposition and environmental hazards, and
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multiple primary cancers may only be due to genetic
predisposition.

Wen XD, Wen DG, Yang Y, Shan BE, Wang SJ. Earlier onset and
multiple primaries in familial as opposed to sporadic esophageal
cancer. World J Med Genet 2014; 4(2): 39-45 Available from:
URL: http://www.wjgnet.com/2220-3184/full/v4/i2/39.htm DOI:
http://dx.doi.org/10.5496/wjmg.v4.i2.39

INTRODUCTION

The incidence rates of most cancers increase with age,
suggesting that cancers develop due to the accumulation
of somatic mutations. If a germline mutation exists, how-
ever, fewer later life somatic mutations will be needed,
and the cancer will develop at a younger agem. The “two-
hit” hypothesis has been widely accepted to explain the
occurrence of both familial and sporadic cancers by the
inactivation of tumor-suppressor genes mechanism. In
familial cancer, because the function of one allele of a
crucial tumor suppressor gene has already been lost due
to inheritance of a germline mutation (the first-hit, which
theoretically is present in every cell), only inactivation of
the remaining allele by a second-hit is necessary. For a
sporadic cancer, however, both alleles have to be inacti-
vated by two fateful somatic mutations: the chance is so
small that under most circumstances only one cell is likely
to be implicated[z’3]. Therefore, differences in age at onset
and multiple primary cancers between cancer cases with
or without a family history may suggest a genetic compo-
nent in the etiology of the cancer"”,

In the Taihang mountain region in northern central
China, the incidence rates of esophageal squamous cell
carcinoma (ESCC) are the highest in the world, however,
the risk factors for ESCC are not yet clear””'”. On ana-
lyzing a large surgical cohort at a field cancer center, we
compared age of onset and multiple primary cancers in
ESCC patients with and without a family history of the
cancer. Our aim was to identify a genetic component us-
ing reliable clinicopathological data in a hospital-based
surgical cohort.

MATERIALS AND METHODS

Ethics
The study was approved by the Institutional Ethics Review
Board of the 4" Hospital of Hebei Medical University.

Subject selection

The high risk region and the Upper Gastrointestinal
Cancer Center were previously described™””. The data
source was a hospital-based surgical registry of ESCC
patients who had been operated on as eatly as October
1965. The subjects analyzed comprised all ESCC cases
who had undergone cure-intent surgery in the Depart-
ment of Thoracic Surgery of the 4™ Affiliated Hospital
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of Hebei Medical University (also the Hebei Province
Cancer Center) from January 1 1975 to December 31
1989. Because the 4" Hospital of Hebei Medical Uni-
versity used to be the only local cancer center capable of
performing thoracic surgery and all surgical resections of
esophageal cancer during that period were performed at
the hospital, the cases analyzed comprised almost all inci-
dent resectable ESCC cases in the population.

Definition of family history and onset age

As ESCC and gastric cardia adenocarcinoma (GCA) have
a common etiology in China"™" and have similar symp-
toms such as swallowing disturbance and substantial pain,
a recalled family history was unable to distinguish be-
tween these two types of cancer when crucial documen-
tation was missing[zo’zﬂ. Therefore, a positive family histo-
ry was defined as at least one first- or two second-degree
relatives diagnosed with ESCC/GCA. The family history
was usually obtained by the surgeon on the first day of
hospitalization. The onset age was the age at which the
symptoms first appeared. Information on a positive fam-
ily history of cancer included the site of cancer, blood re-
lationship, when and where diagnosed, and vital status of
the relative with cancer. In patients with a negative family
history recalled at the time of hospitalization, if a first- or
second-degree relative was subsequently diagnosed with
ESCC or GCA, this question was routinely asked in the
follow-up interview, and the information on family his-
tory was updated. Blood relationships were categorized
as first, second, and third degree relatives.

Definition of synchronous multiple primary cancers

As ESCC and GCA in China share a susceptible genetic
locus"™ we used not only multiple primary ESCCs,
but also the coincidence of ESCC and GCA as evidence
of genetic predisposition (a further explanation can be
found in the discussion section). The presence of mul-
tiple primary cancers was investigated by reviewing the
pathology report and slides of serial histological exami-
nations. Evidence of a second primary cancer did not
include high grade dysplasia or intraepithelial tumors as
the diagnostic criteria were not consistent for these le-
sions during 1975-1989. With regard to the definition of
second primaries, we used the following criteria: (1) both
lesions exhibited definite malighant morphologic features
and were not connected through the lymphatic system;
and (2) both tumors were surrounded by intraepithelial
tumors or dysplastic tissue. All 56 second primaries were
discovered by endoscopy or barium X-ray examination
during the out-clinic stage and were successfully resected.

Statistical analyses

Differences in demographic and clinicopathological dis-
tributions by family history were examined using the ZZ
test. A comparison of onset age between familial and
sporadic cases was made using the Student’s 7 test. A two-
sided P value of less than 0.05 was considered statistically
significant. To identify significant independent predic-

May 27,2014 | Volume 4 | Issue?2 |



Wen XD et a/. Evidence of genetic predisposition in esophageal cancer

Table 1 Difference in age at onset in patients with esophageal squamous cell carcinomas with and without a family history of the

cancer
Positive family history Negative family history Differences P t-test
n (%) Mean age (yr) + SD (1) n (%) Mean age (yr) + SD (2) (1)-(2) (1)-(2)
Total 766 51.83 +8.39 1776 53.49 +8.23 -1.66 0.000°
Sex
Female 229 (33.80) 52.46 +7.91 600 (29.90) 53.48 +7.81 -1.02 0.100
Male 537 (66.20) 51.56 + 8.58 1176 (70.10) 53.49 + 8.44 -1.93 0.000°
Tobacco
Nonsmoker 282 (36.80) 52.66 + 8.03 739 (41.60) 53.63 + 8.27 -0.98 0.090
Smoker 484 (63.20) 51.35 + 8.56 1037 (58.40) 53.38 +8.13 -2.03 0.000°
Alcohol
Nondrinker 480 (62.70) 52.10 £ 8.37 1200 (67.60) 53.38 + 8.21 -1.29 0.004°
Drinker 286 (37.30) 51.38 + 8.42 578 (32.40) 53.70 + 8.28 -2.32 0.000°
Surgery year
1975-1979 224 (29.20) 50.90 + 8.21 376 (21.20) 52.36 + 8.00 -1.46 0.034°
1980-1984 216 (28.20) 51.69 + 8.58 545 (30.70) 52.95+8.18 -1.26 0.050"
1985-1989 326 (42.60) 52.56 + 8.34 855 (48.10) 54.32 + 8.28 -1.76 0.001°
TNM
Tisa1NoMo 34 (4.40) 50.94 +£9.78 66 (3.70) 55.52+7.24 -4.57 0.010"
T23NoMo 422 (55.10) 51.64 + 8.30 983 (55.30) 53.30 + 8.37 -1.67 0.001°
T234N1Mo 310 (40.50) 52.19 £ 8.37 727 (40.90) 53.55+8.10 -1.36 0.010"
Resection
Exploratory 16 (2.10) 49.88 + 8.16 28 (1.60) 5257 +9.18 -2.70 0.340
R1 or R2 70 (9.10) 49.33 £ 10.00 152 (8.60) 54.73 + 8.49 -5.40 0.000°
RO 680 (88.80) 52.13 £8.17 1596 (89.90) 53.38 + 8.18 -1.25 0.001°

Positive family history vs negative family history, °P < 0.05, °P < 0.01.

tors of familial cancer, multivariate logistic analyses were
performed in a backward manner to study the association
between sex, age, smoking, drinking, presence of multiple
primary cancers and the occutrence of multiple ESCC/
GCA cases in the family. All calculations were performed
using SPSS software version 13.0%,

RESULTS

General demographic characteristics

The male:female ratio was 2.07:1 (1713/829) and the
average age at onset was 52.89 years in males and 53.20
years in females. All 2542 ESCCs diagnosed in the 2524
patients were considered resectable before surgery, how-
ever, the actual resection rate was 89.5% (2276/2542).
In general, no significant differences in demographic
and clinicopathological characteristics were observed
between the positive and negative family history groups
(Table 1).

Of the 2542 ESCCs analyzed, 69.87% (1776/2542)
developed in patients with no family history of the can-
cer and wete regarded as sporadic; 30.13% (766/2542)
were diagnosed in patients with a positive family history
and were regarded as familial.

On reviewing the pathology reports and slides of se-
rial histological examinations of the 2524 primary ESCC
cases, 16 cases (0.63%0) developed two primary ESCCs, 36
cases developed one ESCC and one GCA, two cases each
developed two primary ESCCs as well as another primary
GCA, and the remaining 2470 cases cach developed a
single primary ESCC. The 38 GCAs were taken as evi-
dence of second primary cancer of ESCC, but wete not
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included in the analyzed dataset of 2542 primary ESCCs.

Differences in age at onset in patients with ESCCs with
and without a positive family history of the cancer

As shown in Table 1, the average age at onset of ESCCs
(n = 766) with a positive family history was 51.83 years,
significantly younger than that of 53.49 years for ESCCs
with no family history (# = 1776, P = 0.000). Overall,
the difference was 1.66 years, and the difference in sub-
group analyses was significant for males, smokers, drink-
ers, non-drinkers, surgery during 1975-1979, 1980-1984,
1985-1989, tumor stage of TistNaMo, T23NoMo, To34NMo*,
complete resection (Ro) and partial resecton (R1/Rz) sub-
groups; but not significant for females, nonsmokers, and
the exploratory surgery subgroup.

Patients with ESCCs and a positive family history are
more likely to have multiple primary cancers
As shown in Table 2, 72 ESCCs had multiple primary
cancers as they were associated with one or more primary
ESCC/GCA in a single patient. The overall prevalence
of multiple primary cancers was 2.8% (72/2542). The
prevalence was 5.5% in the positive family history group
compared with 1.7% in the negative family history group.
The difference was significant (y{z = 27.80, P = 0.000).
When the sub-group analyses were performed, the
difference in multiple primary cancer by family history
persisted in all subgroups and was significant for males,
females, younger onset age (under 55 years old), non-
smoking, non-drinking, T23NoMo, and T234N1Mo groups;
but not significant for the older onset age (over 55 years
old), smoking, drinking and TisiNoMo groups.
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Table 2 Difference in the prevalence of multiple primary esophageal squamous cell carcinoma/gastric cardia adenocarcinoma in

patients with esophageal squamous cell carcinoma with and without a family history of the cancer

Classification Family history n (% of multiple primary cancer) Total Ve ‘P
Overall 72 (2.8) 2542
Negative family history 30 (1.7) 1776
Positive family history 42 (5.5) 766 27.80 0.000°
Sex
Male Negative family history 20 (1.7) 1176
Positive family history 27 (5.0) 537 15.30 0.000"
Female Negative family history 10 (1.7) 600
Positive family history 15 (6.6) 229 13.52 0.000"
Age
=55 yr Negative family history 23 (2.6) 877
Positive family history 15 (5.0) 303 3.29 0.070
<55yr Negative family history 7(0.8) 899
Positive family history 27 (5.8) 463 32.06 0.000°
Tobacco
Smoker Negative family history 20 (1.9) 1037
Positive family history 1.8 (3.7) 484 3.63 0.060
Nonsmoker Negative family history 10 (1.4) 739
Positive family history 24 (8.5) 282 3248 0.000"
Alcohol
Drinker Negative family history 16 (2.8) 576
Positive family history 13 (4.5) 286 1.84 0.230
Nondrinker Negative family history 14 (1.2) 1200
Positive family history 29 (6.0) 480 32.67 0.000°
TNM
Tisa1NoMo Negative family history 2(3.0) 66
Positive family history 2(5.9) 34 0.48 0.480
T23NoMo Negative family history 8(0.8) 983
Positive family history 20 (4.7) 422 23.29 0.000°
T234N1Mo Negative family history 20 (2.8) 727
Positive family history 20 (6.5) 310 8.03 0.010°

Positive family vs negative family, °P < 0.05, "P < 0.01.

Multivariate logistic regression analysis of factors
associated with the occurrence of multiple ESCC/GCA
cases in a family

When significant factors in univatiate analysis as well as
other related factors were entered into a binary logistic
model, backward stepwise analysis removed insignificant
variables step by step according to their contribution to
the model. The order in which the insignificant vatiables
were eliminated from the model was as follows: sex, pri-
mary tumor site, pre-surgical radiotherapy, and alcohol
drinking. In the final model, age over 50 years, tobacco
smoking, and multiple primary cancers were found to
be significant independent predictors of familial cancer:
the corresponding OR (95%CI) and P-value were 0.974
(0.963-0.985) and 0.000; 1.271 (1.053-1.535) and 0.012;
and 4.265 (2.535-7.176) and 0.000, respectively (Table 3).

DISCUSSION

In the present analysis, we found that cases with a posi-
tive family history developed ESCC at a significantly
younger age than those without such a family history.
This was not due to eatlier diagnosis as the stage distribu-
tion did not vary significantly between the two groups.
We also found that a positive family history was signifi-
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cantly associated with a higher rate of multiple primary
cancers. These observations suggest that this is a genetic
component in ESCC. In Table 1, age at onset differed
significantly by family history for males and smokers, but
not for females and nonsmokers. Conversely, the age at
diagnosis in males, smoking and alcoholic drinking cases
was younger than that in females, non-smoking and non-
drinking cases, respectively, when the family history was
positive (51.56 »s 52.46, 51.35 vs 52.66, and 51.38 »s 52.10,
respectively), but not observed when the family history
was negative (53.49 ps 53.48, 53.38 »s 53.63, and 53.70
vs 53.38, respectively). These findings suggest a younger
onset age of ESCC is due to the interaction between ge-
netic and environmental risk factors (Z.e., only when both
hazards are present).

Table 2 illustrates the different prevalences of mul-
tiple primary cancers by family history. What is interest-
ing about this difference is that it was significant in the <
55 years, nonsmoking and nondrinking groups, but was
non-significant in the > 55 years, smoking and drinking
groups. The underlying reasons for this may be because
age, smoking and drinking are established environmental
risk factors for ESCC!"". When these environmental risk
factors do not exist, genetic predisposition must play a
dominant role, therefore, significant differences in mul-
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Table 3 Significant and independent predictors of familial esophageal squamous cell cancer by multivariate logistic analysis

Variables entered at each step Regression coefficient Standard error Wald test value P-value OR 95%CI
Lower Upper

Step 1
Sex -0.057 0.146 0.153 0.696 0.944 0.709 1.258
Age -0.026 0.006 21.06 0.000° 0.975 0.964 0.985
Primary tumor site 0.235 0.349 0.451 0.502 0.791 0.399 1.568
Tobacco 0.153 0.140 1.195 0.274 1.165 0.886 1.532
Alcohol 0.113 0.112 1.019 0.313 1.120 0.899 1.396
Multiple cancer 1.427 0.267 28.49 0.000° 4.166 2.467 7.036
Presurgical radiotherapy 0.161 0.179 0.813 0.367 1.175 0.828 1.669
Constant 0.592 0.827 0.512 0.474 1.808

Step 2
Age -0.026 0.006 21.068 0.000° 0.975 0.964 0.985
Primary tumor site -0.241 0.349 0.479 0.489 0.786 0.397 1.556
Tobacco 0.187 0.108 3.001 0.083 1.206 0.967 1.491
Alcohol 0.123 0.110 1.250 0.264 1.131 0.912 1.402
Multiple cancer 1.427 0.267 28.497 0.000° 4.166 2.467 7.035
Presurgical radiotherapy 0.160 0.179 0.802 0.371 1.174 0.827 1.667
Constant 0.462 0.758 0.372 0.542 1.588

Step 3
Age -0.026 0.006 21.311 0.000° 0.974 0.964 0.985
Tobacco 0.185 0.108 2.926 0.087 1.203 0.973 1.487
Alcohol 0.122 0.110 1.236 0.266 1.130 0.911 1.401
Multiple cancer 1.446 0.266 29.56 0.000° 4.246 2.521 7.152
Presurgical radiotherapy 0.157 0.179 0.773 0.379 1.170 0.824 1.662
Constant -0.004 0.346 0.000 0.990 0.996

Step 4
Age -0.026 0.006 22.395 0.000° 0.974 0.963 0.985
Tobacco 1.187 0.108 3.000 0.083 1.206 0.976 1.491
Alcohol 0.117 0.110 1.146 0.284 1.125 0.907 1.394
Multiple cancer 1.438 0.266 29.282 0.000° 4213 2.502 7.092
Constant 0.037 0.343 0.011 0.915 1.037

Step 5
Age -0.026 0.006 22.364 0.000° 0.974 0.963 0.985
Tobacco 0.240 0.096 6.245 0.012° 1.271 1.053 1.535
Multiple cancer 1.451 0.265 29.862 0.000° 4.265 2.535 7.176
Constant 0.108 0.337 0.104 0.747 1.114

P < 0.05, °P < 0.01 vs standard error.

tiple primary cancers by family history was only observed
in the < 55 years, nonsmoking and nondrinking groups,
but not in the > 55 years, smoking and drinking groups.
This suggests multiple primary cancers, unlike age at di-
agnosis, reflects only genetic predisposition.

We used the coincidence of GCA as evidence of
genetic predisposition for ESCC for the following rea-
son: In China, GCA contrasts with esophagogastric
junctional adenocarcinoma in the Western world, in that
gastro-esophageal reflux disease or Barrett’s esophagus is
not a precursorlsl. Instead, GCA and ESCC have identi-
cal epidemiological distributions! " Molecularly, gene
polymorphisms associated with elevated risks for both
cancers were found in Hebei Province!™'" and identi-
cal DNA alterations in the two cancers were reported in
Henan Province™'". These two provinces are located in
the central area or the Taihang Mountain high-risk re-
gion. Recently, two genome-wide association studies of
ESCC/GCA cases in China reported two susceptible loci,
one at PLCE1 and the other (C2001f54) at 20p13, to be
significantly associated with the risk of both cancers' .

During surgery, the two cancers are often found to
coincide in one patient: among the 2524 ESCC cases
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undergoing curative-intent surgery in the 4" Hospital of
Hebei Medical University, the coincidence rate of ESCC
and GCA was 1.5% (38/2524), twice as high as that of
two primary ESCCs [0.7% (16/2524)].

In cancer genetics, a patient developing both an ESCC
and a GCA may be less familial than a patient developing
two primary ESCCs, but is certainly more familial than a
single primary ESCC case.

Although epidemiological studies showed that a posi-
tive family history of UGIC increases the risk of both
ESCC and GCA™™" the increased risk may be attrib-
uted to either common childhood household exposure
or to genetic predisposition. As our results showed that
younger onset age and multiple primary cancers are as-
sociated with familial as opposed to sporadic ESCC,
we consider that the high risk associated with a positive
family history is due to an inherited predisposition (for
instance, the first-hit on a critical tumor suppressor gene)
rather than childhood exposure to common household
risk factors. This is because a background of inherited
“first-hit”, which theoretically exists in every cell, would
make it more likely for independent tumors to develop in
a tissue; in a sporadic case, however, the coincidence of
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two mutations in one cell to inactivate both alleles of one
tumor suppressor gene is so rare that under most circum-
stances only a single cell is likely to be involved, and thus
the chance of two primary tumors is much less than it
would be for a familial cancer case” .

Although the difference in onset age between familial
and sporadic cases was just 1.66 years, it is not merely a
statistical advantage inherited in large sample sizes, be-
cause it was widely observed in all sub-classifications,
significant in stage-specific subgroups according to the In-
9 and more notably, in ESCCs
with onset age < 55 years, family history was significantly
associated with multiple primary cancers (P = 0.000),
however, this association was not significant in the = 55
years group (P = 0.07). This variation in strength by onset
age was indicative of the effect of genetic predisposition.

Because all the double primary ESCC/GCA were

clinically evident and surgically resected, these tumors

ternational Staging System

only represent synchronous carcinomas detected clini-
cally. If metachronous or intraepithelial tumors were in-
cluded, much higher rates would have been observed.

In conclusion, we found significant differences in age
at onset and multiple primary cancers between familial
and sporadic ESCCs. Younger onset age results from ge-
netic and environmental interaction, but multiple primary
cancers may be more related to genetic predisposition.

ACKNOWLEDGMENTS

They authors are grateful to colleagues in the Depart-

ments of Thoracic Surgery, Anesthesia, and Surgical
Operation at the Fourth Hospital of Hebei Medical Uni-
versity for their great contribution to surgical treatment
of esophageal cancer.

COMMENTS

Background

Although previous epidemiological studies have reported that a positive family
history of esophageal cancer increases the risk of the cancer by 2- to 3-fold,
the increased risk may be due to either common childhood household exposure
or to genetic predisposition. If a younger onset age and more synchronous pri-
mary cancers were found to be associated with familial as opposed to sporadic
esophageal squamous cell carcinoma (ESCC), the authors would be able to
attribute the elevated risk associated with a positive family history to an inherited
predisposition rather than childhood exposure to common household risk factors.

Research frontiers

According to the “two-hit story of tumor-suppressor gene in carcinogenesis”,
a background of inherited “first-hit” on a critical tumor suppressor gene, which
theoretically exists in every cell of a tissue, would make it more likely for inde-
pendent tumors to develop; in a sporadic case, however, the coincidence of two
mutations to inactivate both alleles of a tumor suppressor gene is so rare that
under most circumstances, only a single cell is likely to be involved, and thus
the chance of two primary tumors is much less than it would be for a familial
cancer case. Although many molecular findings have been suggested for the
mechanism of genetic predisposition in ESCC, clinicopathological evidence is
lacking.

Innovations and breakthroughs

For the first time, this study showed that ESCCs with a positive family history of
the cancer have a significantly younger age at onset and more multiple primary
cancers than those without a positive family history. This study clearly indicates
that a genetic component exists in ESCC. It also demonstrates that clinico-
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pathological characteristics of a cancer may be analyzed to identify evidence of
genetic predisposition.

Applications

The molecular mechanism of genetic predisposition has not yet been deter-
mined for ESCC. By focusing attention on the onset age and number of primary
cancers, as well as family history, it may be possible to pinpoint familial esopha-
geal cancer cases and obtain specimens to study the exact molecular mecha-
nism involved. In clinical practice, attention should be paid to familial cases to
identify synchronous or metachronous second primary cancers.

Terminology

Like most cancers, ESCC exhibits considerable heterogeneity in etiology. Some
are caused by the accumulation of somatic mutations brought about by environ-
mental hazards, and others develop due to genetic predisposition. The former is
known as sporadic cancer, while the latter is known as familial cancer. A family
history of the cancer may be used to distinguish between the two cancer forms,
but is not always reliable. Some familial cancer cases may lack a definite family
history, under such circumstances, the onset age and second primary cancer
may help to pinpoint a familial cancer.

Peer review

The authors have analyzed family history of cancer, as well as age at diagnosis
and number of tumors, in a cohort of 2542 patients from Hebei Province with
history of ESCC and gastric cardia adenocarcinoma. This topic is current, meth-
ods used and the results obtained in the paper are of good scientific value.
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Abstract

The past decade has seen rapid progress in the field
of canid behavioral genetics. The recent advances are
summarized in this review. The identification of the
genes responsible for tameness in silver foxes is the
culmination of a half century of behavioral testing and,
more recently, genomic investigation. There is agree-
ment that domestic dogs evolved from wolves, but
when and from which population remains controversial.
The genetic differences between wolves and dogs iden-
tified include those for neurotransmitters and digestion.
Breed differences in behavior are well known, but only
recently have the genetics underlying these differences
been investigated. The genes responsible for flank
sucking in Doberman Pinschers and for several other
obsessive compulsive problems in other breeds have
been identified. Aggression is the least desirable canine
trait, and several laboratories have detected differences
in neurotransmitters and their receptors between ag-
gressive and non-aggressive dogs. In English Cocker
Spaniels, the genes linked to aggressive behavior code
for dopamine, serotonin, and glutamate receptors. A
dopamine transporter gene has been associated with
impulsive behavior in Malinois.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: This review incorporates the latest findings
in the rapidly moving field of canine behavioral genet-
ics. The genes involved in tameness of foxes and in
domestication of dogs from wolves are discussed. The
genes involved in several obsessive compulsive behav-
iors such as flank sucking and circling are mentioned.
The genetic and physiological differences between ag-
gressive and non-aggressive dogs of various breeds are
emphasized.

Rigterink A, Houpt K. Genetics of canine behavior: A review.
World J Med Genet 2014; 4(3): 46-57 Available from: URL:
http://www.wjgnet.com/2220-3184/full/v4/i3/46.htm DOI: http://
dx.doi.org/10.5496/wjmg.v4.13.46

INTRODUCTION

This review is a summary of recent research focusing
on the current knowledge of the genetic contribution to
behavior in the Canidae family. We first review the farm
fox experiment and how this long-term study has led to
greater understanding of the process of canine domes-
tication at the phenotypic and molecular levels. We then
turn our attention to the relationship between dogs and
wolves and canine breed differences in behavior. Finally,
we review the current knowledge of the genetic basis of
aggressive behavior in dogs.

TAME FOX EXPERIMENT

The farm-fox experiment constitutes a major milestone
in canid behavioral genetics, cleatly demonstrating the
genetic basis of behavior. No discussion of the genetics
of canine behavior would be complete without summa-
rizing some of the groundbreaking research performed
at the Institute of Cytology and Genetics (ICG) of the
Russian Academy of Sciences" . For more than 50 years,

August 27,2014 | Volume 4 | Issue 3 |



scientists at the ICG in Novosibirsk, Russia have been
reconstructing experimentally the domestication process
in farm-bred silver foxes (a variant form of the red fox,
Vulpes vulpes) as a novel model for studying the genetic
basis of canine domestication and behavior. In 1959,
scientist Dmitry Belyaev and his team began an intensive
selective breeding program of silver farm foxes to iso-
late the trait of tame behavior towards humans™. After
several generations of selective breeding in a controlled
environment, Belyaev succeeded in attaining a subset of
tame foxes. During fifty years of continuous selective
breeding, the farm-fox experiment has tested over 52000
foxes for tameness, with the resultant tame population of
foxes showing friendly dog-like responses to humans as
early as one month of age[z’s’ﬂ.

The goal of selective breeding of the farm foxes was
limited strictly to behavioral criteria related to tameness.
However, physical, developmental, physiological, and oth-
er behavioral differences also emerged in the tame foxes
compared to the original farm-bred foxes. The selection
for tameness led to numerous physical changes in the
foxes, including piebald coats, floppy ears, and cutly tails,
despite no selection criteria for these traits”. In addition,
the socialization period elongated from approximately
45 to 60 d in the selected tame foxes, similar to the so-
cialization period in the domestic dogm. Tame foxes also
developed a novel repertoire of affiliative vocalizations
towards humans to promote interaction'”. Hare ¢f a/”
found that tame fox kits are as skillful as puppies in using
human point and gaze gestures for finding hidden food,
demonstrating that domestication has led to improved
social cognitive ability. Physiological differences also were
found with hormonal assays showing that tame foxes do
not experience stress when in contact with humans. A
comparative study of hypothalamic-pituitary-adrenal axis
(HPA) function in tame #s unselected foxes showed that
in tame foxes, basal and stress-induced blood cortisol
levels were respectively three- and five-fold lower than in
the unselected foxes™”.

In the 1970s, a second parallel strain of farm foxes
began to be bred selectively at the Institute for Cytology
and Genetics-those with aggressive behaviors towards hu-
mans. Fifty farm-bred silver foxes with the most aggres-
sive responses towards humans were selected and used
as the basis of the aggressive populationm. Criteria for
measuring behavior in the aggressive population were the
critical distances between the experimenter and the caged
animals at which the animals first demonstrated aggres-
sion and the intensity of the aggressive responses[m].

From the evolution of these tame and aggressive
populations of foxes, much information has been learned
about the changes that can occur with intensive behavior
selection pressures. Because the fox-farm domesticated
foxes were created in only a few decades through intense
selection and by focusing exclusively on certain behavior-
al traits, it seemed reasonable to assume that a small num-
ber of genetic loci determined the behavioral traits!"".
A rudimentary map of the fox genome with karyotype
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and some linkage groups was available by the late 1990s;
however, a meiotic linkage map of the fox was needed to
determine which loci were implicated in tame behavior”.
Fortunately, the fox and the dog share a close evolution-
ary and genetic relationship, and since the dog genome
was sequenced by 2005
formation then could be utilized to develop the necessary
fox meiotic mapB’m. The availability of high resolution
canine genome maps and sequence data aided in the cre-
ation of the fox meiotic linkage map, with the high ge-
nomic sequence identity between dog and fox permitting

, available canine genomic in-

the adaptation of canine microsatellites for genotyping
and meiotic mapping in foxes. Using 320 such markers,
Kukekova ¢# a/” constructed the first meiotic linkage
map of the fox genome. This first mapping covers 16
fox autosomes and the X chromosome. After alignment
with a canine genome sequence of similar length, high
conservation of marker order between homologous re-
gions of the two species was apparentm. Utilizing and
adapting scoring systems (for tameness and aggression
phenotypes) developed by the fox-farm experiment over
the years for the selective breeding process, Kukekova ez
al” created a new principal-component analysis of fox
behavior with selected traits. This new scoring system
effectively reduced 311 binary scoring behaviors to fifty
of the most important traits that would serve as quantita-
tive phenotypes (and continuous variables) to represent
heritable differences in behavior among individual foxes
and the fox populations and permit quantitative genetic
analysis“m. By interval mapping using fox and canine
meiotic maps, a locus for tame behavior on fox chromo-
some VVU12 was identified. This locus is orthologous
to a genomic region implicated in canine domestica-

.o
tion

’l. Tameness as the defining trait of domestication
is a complex “phenotype” consisting of many behavioral
variables. In fact, when genome-wide association studies
were performed by Kukekova e# al” the resulting data
suggested that at least two VVU12 loci are associated
with tame »5 aggressive behavior and active »s passive
behavior. Moreover, differing mapping characteristics of
specific behavioral traits were found, suggesting different
genotype/phenotype relationships; for example, floppy zs
erect ears are associated with different regions of VVU12
and vary between tame and aggressive foxes. Expression
of the VVU12 loci thus appears to depend on interaction
with other parts of the genome and on individual fox
parentsm.

At the molecular level, the development of transcrip-
tome sequencing significantly enhances genetic study
without the need for a fully sequenced genome. The
comparison of transcriptome sequencing from the pre-
frontal cortices of a tame and an aggressive fox is in the
preliminary stages at this time"”. Thus far, preliminary
analysis of “comparison of transcriptome sequences
of the same genes between the tame and aggressive fox
samples has identified a large set of informative single
nucleotide polymorphism (SNP) markers and begun a
catalogue of gene-specific sequence variants between the
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two strains” .

The farm-fox experiment demonstrates that over gen-
erations, intensive selection for tame behavior in foxes
can serve as a reliable model for studying the genetic ba-
sis of canine domestication. The identification of genetic
loci that both influence tame behavior in foxes and are
homologous to regions in the dog genome supports the
hypothesis that domesticated behavior in dogs and foxes
may have similar genetic bases. These recent advances
will help identify more genes implicated in fox behavior
that can be correlated to dog domestication.

WOLVES TO DOGS

The complete sequencing of the dog genome has greatly
expanded general knowledge of the processes of genome

evolution and the genetic basis of phenotypic traits in
dogs and other animals. However, the evolutionary path
leading from wild ancestor to domesticated dog contin-
ues to remain elusive. Comparative genomics utilizing the
completed dog genome has confirmed the close relation-
ship of dogs to such other canidae as foxes, coyotes, and
wolves. It appears that modern canids share a common
ancestor dating back approximately ten million years;
the closest relatives to the dog such as the gray wolf and
coyote share a common ancestor dating to approximately
three to four million years agom]. Like the dog, all wolf-
like canids have 78 chromosomes and can mate with
one another to produce fertile offspring. Thus, wolf-like
canid species are among the strongest candidates for the
ancestors of today’s dog. Moreover, molecular genetic
data from the past two decades!>"™>" strongly support
the origin of the dog from the gray wolf in particular'”.
Molecular evidence also suggests that divergence of dog
from wolf and the beginning of the dog’s relationship
with humans occurred as recently as 15000 years ago[g’m.
Other studies looking at genomic variation in wolves,
Chinese indigenous dogs, and modern breeds point to an
even eatlier beginning to domestication, possibly about
30000 years ago, prior to the development of an agricul-
tural human society“g’m]. Very carly domestication may
have involved the intentional taming of small groups
of wolves who, less fearful of humans and motivated
by hunger, scavenged the camps of Mesolithic human
hunters-gatherers””.

Where canine domestication originated also is de-
batable. While DNA genomic data suggest a Middle
Eastern origin, analyses of mitochondrial DNA and
Y-chromosome markers from various dog breeds and
from geographically-dispersed wolf populations suggest
that canine domestication originated in East Asia”. Wang
et al™™ used whole-genome sequencing to compare gray
wolves, Chinese indigenous dogs, and modern breeds.
They found that the genetic vatiation between the three
canid groups generally decreased step-wise from wolf to
Chinese dog to modern dog breed. Based on these find-
ings, they speculate that the Chinese indigenous dog may
represent the link between wolf and dog and the pro-
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genitor of today’s diverse modern dog breeds. They iden-
tified 311 genes that appear to have been selected in dogs
compared to wolves and that have functions affecting
sexual reproduction, digestion/metabolism, neurological
processes, and cancer. The fact that these particular genes
overlap to a great extent with those also selected in hu-
mans suggests a parallel evolutionary process in dogs and
humans, especially in the realm of neurological processes.
They note that: As domestication is often associated with
large increases in population density and crowded living
conditions, these “unfavourable” environments might
be the selective pressure that drove the rewiring of both
species. Positive selection in neurological pathways, in
particular the serotonin system, could be associated with
constant need for reduced aggression stemming from the
crowded living environment! .

Another study employed mitochondrial DNA se-
quencing, showing a closer relationship of dogs to gray
wolves from East Asia”". VonHoldt e# a/™ sought to iden-
tify the primary source of genetic diversity for domestic
dogs and conducted an extensive genome-wide survey
of over 48000 SNPs in dogs and gray wolves. Their data,
however, showed that dogs shate a greater percentage of
multi-locus haplotypes unique to gray wolves from the
Middle East rather than from East Asia™.

Although genetic data support the theory that the
process of canine domestication began in East Asia over
15000 years ago, a recent study compared the complete
mitochondrial genome sequences of 18 European pre-
historic canids to a comprehensive panel of modern dogs
and wolves. The researchers found phylogenic related-
ness between the modern dogs and the ancient canids of
Europe dating back to more than 30000 years ago, thus
suggesting that canine domestication first may have oc-
curred in BEurope rather than in Asia™!

Behavior differences between dogs and wolves are the
most striking result of the domestication process, even
more than the marked differences in physical size and
shape. In fact, the canine breeds in existence today have
diverse physical characteristics that distinguish them from
one another just as much as from wolves. However, the
fact that all breeds of domestic dog as a group are more
similar in behavior when compared to one another than
when compared to the wolf suggests that genetic selec-
tion for behavior drove the domestication process. It is
logical to hypothesize that ancestral wolves initially may
have experienced natural selection for tame behavior,
permitting coexistence with humans. Based on the find-
ings of the fox-farm experiment where genetic loci influ-
encing tame behavior in foxes are homologous to regions
in the dog genome and also related to selection differenc-
es between dogs and wolves, it is plausible to suggest that
domesticated behavior in dogs and foxes share a similar
genomic basis'”.

Several studies before and after the complete sequenc-
ing of the dog genome in 2005 have attempted to target,
at the molecular level, the genetic basis of behavioral dif-
ferences between the domestic dog and its wolf progeni-
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tor. A study by Saetre ¢z a/*" used microarray technology
to evaluate mRINA expression levels of 7762 genes in the
post-mortem brains of dogs, wolves, and coyotes. They
found markedly altered gene expression of two neuro-
peptides, CALCB and NPY, in the dogs as compared to
the wolves and coyotes. These neuropeptides, present in
all mammalian brains, are implicated in energy control
and feeding behavior, neuroendoctine stress response iz
the HPA axis, and possibly play a role in anxiety and de-
pression. The findings of species-specific differences in
the elaboration of the neuropeptides suggest that selec-
tion for behavior during domestication may have resulted
in modification of mRNA expression patterns in genes
located in the hypothalamus of the dogm. Bjornerfeldt
et al™ postulate that domestication of dogs created a
new lifestyle that changed selective forces acting on the
species, in turn affecting the dog’s genome. Using mito-
chondrial DNA sequencing in 14 dogs, 6 wolves, and 3
coyotes, they showed that dogs have accumulated into
their genome non-synonymous changes in mitochondrial
genes at rates faster than in wolves. In turn, this results in
clevated levels of protein variations in the dog as com-
pared to the wolf. Bjérnerfeldt e a/*” conclude that an
important consequence of domestication is a “relaxation
of selective constraint on dog mitochondrial DNA” that
also could have affected other parts of the dog genome
to facilitate “the generation of novel functional genetic
diversity”™. Cruz et al”” compared the genome of the
dog to that of the gray wolf to examine the effect of
domestication. Using whole-genome SNP data, they
compared the variation in dog and wolf genes. They also
found increased frequency in the trend for non-synony-
mous mutations in dogs as compared to their wild canid
counterparts. They concluded that the increase in muta-
tion rate could have myriad effects, some deleterious, and
may indicate that the process of domestication in the dog
led to an increase in functional genetic variation that has
contributed to the markedly diverse physical and behav-
ioral phenotypes characteristic of dog breeds, as well as
to the prevalence of pathology in modern breeds™.

Li e a/”" studied the expression profiles of a specific
subset of developmental genes believed to be implicated
the evolution of dog domestication. They ran compara-
tive genomic analyses by assaying the SNP genotypes
in Chinese native dogs (believed to have the genetic
structure most similar to that of ancient dog), German
Shepherd (purebred) dogs, and gray wolves to detect a
genetic basis for the behavior transformation from wolf
to primitive dog to modern purebred dog””. Genomic re-
gions that have undergone strong selection in the recent
past should show extended haplotype homozygositym].
Following this line of reasoning, Li ez al”™ detected four
regions of high extended haplotype homozygosity that
contained only a single highly differentiated SNP located
within a single gene. Comparison of candidate genes
between the Chinese native dogs and wolves showed a
high bias for expression localized in the brain’s prefrontal
cortex, the center for complex cognitive-type behaviors.
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However, candidate genes showing large population
differentiation between the Chinese dogs and German
Shepherds did not demonstrate significant expression
bias. Thus, the finding that wolves and dogs have highly
differentiated brain-based genes suggests that behav-
ioral transformation most likely was key to the onset of
domestication and that “this rapid evolution likely was
driven by artificial selection during the primary transition
from wolves to ancient dogs, and was consistent with the
evolution of dog-specific characteristics, such as behavior
transformation, for thousands of years”m’zgl.

Other recent studies have taken a closer look at the
genetic processes underlying physiological and behavior
differences resulting from dog domestication. Ultilizing
whole-genome resequencing of wolves and dogs, Axels-
son ¢t al”” identified 36 genomic regions that likely are
implicated in selection during the domestication of the
dog It is of interest that more than half of the regions
play roles in brain function with 8 regions in particular
involved in neurophysiologic pathways that may underlie
behavioral changes characteristic of dog domestication.
Morteover, they identified 10 genes with selection signals
that play key roles in starch digestion and fat metabo-
lism. In terms of starch digestion, three genes (AMYZB,
MGAM, and SGLITT) that facilitate the digestion of
starches show evidence of being selected for during the
process of dog domestication. These findings may indi-
cate that, unlike in carnivorous wolves, genetic mutations
found in modern dog facilitate the adaptation to and even

thriving on a diet available in cohabitation with humans®™

BREED DIFFERENCES

Over the past hundreds of years, the selective breeding
of domestic dogs has given rise to more than 400 mod-

ern dog breeds with many unique differences in both
physical appearance and behavior characteristics™. The
physical differences among the dog breeds mostly are
obvious to the naked eye, and the behavior differences
between breeds also are distinctive and diverse”". Hu-
mans have exerted genetic pressure on dogs by selecting
various traits to create breeds better adapted to utilitar-
ian purposes such as herding, guarding, or hunting, The
modern dog’s extraordinary diversity in phenotype, be-
havior, and ability to perform tasks is unmatched by any
other species on earth™. A study by McGreevy ¢ al™
investigated the relationship between height, bodyweight,
and canine cephalic index (CI: the ratio of skull width to
skull length) and how these values correlated with certain
behavior traits using the Canine Behavioral Assessment
and Research Questionnaire (C-BARQ). It is of interest
that certain canine morphotypes were associated reliably
with particular behavior profiles. For example, brachy-
cephalic skull shape (high CI) may be a by-product for
human selection of neotenous behavioral characteristics,
and dolichocephalic skull shape is a product of human
selection for hunting and chasing ability. The authors
note that it is unclear if these associations between mor-
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phology and behavior represent functional co-adaptations
or accidental by-products of allometric change. There-
fore, the relationships noted in this study could be cither
genetically or environmentally driven or both"”.

With its wealth of phenotypic diversity, the dog clearly
is a valuable genetic model for studying both breed-spe-
cific behaviors and abnormal behaviors. The persistence
of such breed-specific behaviors as herding, pointing,
tracking, and hunting in the absence of training or moti-
vation suggests that these behaviors are, at least in part,
controlled at a genetic level™.

Prior to the completion of the dog genome in 2005,
genetic studies used mitochondrial sequencing to reveal
a large amount of variation in relatively short sequences.
Although some breed clustering could be demonstrated,
researchers found that mitochondrial sequences were
more successful at distinguishing between species than
between breeds”™. Early genetic studies also utilized mi-
crosatellite-based marker sets to study the genomes of a
small number of breeds. Differences in allele frequencies
occurred in different breeds supporting the hypothesis
that there was less variation within breeds than across
the speciesm. Parker e al’” investigated the relationships
among 85 breeds using 96 microsatellite markers, dem-
onstrating marked population stratification within the
dog species and establishing that the breeds were indeed
genetically separate. Once the whole genome of the dog
became available, use of SNPs became favored over mi-
crosatellites due to the ease of genotyping bialleles and
analyzing thousands of markers in a single assay”™. SNP
genotyping chips were derived from the over 2 million
SNPs in the dog genomem. Both analytic techniques are
useful; clustering analysis using mitochondrial DNA dem-
onstrates hybridization among groups, while SNP analy-
sis results in a phylogenetic tree that show the unique
placement of a breed within a groupm. Moreover, SNP
analysis corroborates earlier research showing that ge-
netic variation among breeds is greater than that among
individuals. A study by Vonholdt ez al” demonstrated a
4% overall variation between breed clusters.

In the 1950s through the 1960s, Scott and Fuller
pioneered research on identifying heritable differences
in behavior and cognition in the dog using five differ-
ent breeds in a laboratory model settingm]. More recent
studies have assessed heritability of behavior in working
and/or pet dog populations outside of the laboratory
setting .

In 1989, the Swedish Dog Mentality Assessment (DMA)
was initiated as a tool for selective breeding in working
dogs. The test originally was developed as a tool for se-
lective breeding of working dogs, but it is used today as
a general behavioral test by many breeding clubs in Swe-
den. The DMA has been applied to over 24000 dogs rep-
resenting more than 180 breeds. Using this data set and
the pedigrees of German Shepherds and Rottweiler dogs,
Saetre ¢f al'" noted that the genetic correlation of the
score on one test was not independent of the score on
another test. In fact, their analysis provides evidence that
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there may be substantial shared genetics underlying most
of the behavioral response in all of the test situations
except for aggression which tended to be distinct. Saetre
et al™" identified “shyness-boldness” as a generalized trait
underlying many behavioral scores with a heritability of
0.25-0.27.

Recent research has shown that the genetic simi-
larities among different breeds may not correlate well
to characteristic behavior traits attributed to historical
functional breed groups such as herders and hunters”™ .
Turcsan ef al” investigated whether or not behavioral
traits historically believed to characterize certain breed
categories actually correlated with genetic relatedness.
Using online questionnaires submitted by 5733 dog own-
ers of 98 breeds, they looked at trainability, boldness,
calmness, and dog sociability. They found that the breeds
differed to a great extent in the four traits and that breed-
specific behavior in trainability and boldness appeared to
be determined partly by genetics. However, breeds that
were similar in behavioral characteristics per report of
the owners did not correspond well to recognized func-
tional/conventional breed classification nor to genetic
breed clusters. The authors state that this lack of correla-
tion between the questionnaire results and commonly
acknowledged breed or functional group traits could be
associated with cross-breeding with breeds of dissimilar
behavioral traits or could represent differences in social-
ization and/or relationship with owners. The authors
conclude “...the behavioural breed clusters showed poor
correspondence to both the functional and genetic cat-
egorization, which may reflect the effect of recent selec-
tive processes. Behavioural breed clusters can provide a
more reliable characterization of the breeds’ current typi-
cal behaviour™™"

Meyer ¢ al*” estimated the heritability and correlation
of 7 behavioral traits in German Shepherd Dogs in Swit-
zetland using data from 4855 animals that underwent the
standardized behavior test of the German Shepherd Dog
Club of Switzerland between 1978 and 2010. The traits
tested were self-confidence, nerve stability, hardness,
temperament, sharpness, defense drive, and reaction to
gunfire. Sex, year of testing, judge, place of testing, and
age at testing were found to have significant effects on
the outcome of the test. Overall, estimated heritability of
the traits was low, ranging from 0.05 (5%) to 0.21 (21%).
It also is of interest that some traits were highly correlat-
ed; self-confidence and nerve stability had a genetic cor-
relation of 0.98 and sharpness and defensive drive, 0.93.
Meyer et a/* suggest that while the heritability of behav-
ioral traits is generally low, genetic evaluation of behavior
can be helpful as a basis for selection of a given trait,
with the caveat that precise definition of the desired traits
along with accurate scoring of the dog’s behavior are req-
uisite™. Mehrkam e# a/*" recently reviewed the current
state of knowledge regarding canine breed differences in
behavior, finding scientific evidence for differences both
between breeds as well as within-breed differences*.

The genetics underlying racing performance has been
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studied in sled dogsw. The Alaskan sled dog is consid-
ered genetically distinct in that the population has been
shaped to create a group of high-performance athletes
through selective interbreeding with purebred dogs based
on working ability rather than breed physical appearance.
New breeds have been introduced gradually into the lines
of racing dogs to improve racing performance. Therefore,
Alaskan sled dogs provide a unique opportunity to re-
search the impact of trait selection and breed composition
and their influence on genomic structure. Huson ez al®
genotyped 199 Alaskan sled dogs using 96 microsatellite
markers and compared the data to that from 141 geno-
typed purebred breeds. The breed composition of each
sled dog was compated to its performance phenotype, in-
cluding speed, endurance, and work ethic. It is of interest
that the sled dogs separated into two groups that aligned
with their racing style-sprint os distance™. Huson ¢ a/*
then used a set of 7644 ancestry informative marker SNPs
to model ancestry in the sprint and distance sled dog pop-
ulations with four known reference breeds, the Alaskan
Malamute, Siberian Husky, German Shorthaired Pointer,
and Borzoi. It was found that the distance sled dogs had,
on average, highest Alaskan Malamute allele patterns
compared to the sprint dogs who had the highest German
Shorthaired Pointer allele patterns. In addition, genetic
comparison between sprint zs distance racing Alaskan sled
dogs identified several genomic regions associated with
differences in racing style and pinpointed a variant of
MYHY gene that is associated with increased heat toler-
ance in sprint dogs[%]. Although variants responsible for
improved muscle function are important, those respon-
sible for the motivation to perform are also involved.

There are many genetic differences in behavior, but
few of the genes are known. The laboratory of Veteri-
nary Ethology of Tokyo University has located putative
genes affecting canine behavior. The researchers have
identified polymorphisms in five breeds of dogs (Golden
Rettiever, Labrador Retriever, Maltese, Miniature Schnau-
zer, and Shiba) that pinpoint differences in SNPs in genes
regulating neurotransmitters, the enzymes that synthesize
or destroy the neurotransmitters, and the receptors*’.
SNP (T'199C) is located on the putative third exon of the
canine monoamine oxidase B gene that causes an amino
acid substitution from cysteine to arginine. Takeuchi ez
al*™ also found 4 SNPs in the tyrosine hydroxylase and
dopamine beta hydroxylase genes. Ogata ef al™ found 2
SNPs in the glutamine transporter gene. The Tokyo Uni-
versity researchers have related the polymorphisms with
breed behaviors as identified by Hart ez a/*”, although
there is no direct evidence that these could explain inter-
breed differences”".

Due to the great diversity of dog breeds, the dog is a
valuable genetic model for studying both breed-specific
behaviors and abnormal behaviors. At a molecular level,
analytic techniques to study breed differences include
using mitochondrial DNA to perform cluster analysis
that shows hybridization among groups and SNP analy-
sis that develops a phylogenetic tree and places a breed

JBaishideng® W]MG I WWWW] gnet.Com

51

Rigterink A et a/. Genetics of canine behavior

within a group on that tree. Recent studies also have
assessed heritability of behavior in both working dog
and pet dog populations. The genetic similarities among
different breeds may not correlate well to characteristic
behavior traits attributed to historical functional of the
breed groups. However, behavioral breed clusters may
provide a more reliable characterization of the breeds’
current typical behavior. Currently, only a few genes that
underlie inheritable behavior characteristics are known.
Polymorphisms have been identified in five breeds of
dogs, pinpointing differences in SNPs in genes regulating
neurotransmitters, enzymes acting on neurotransmitter
enzymes, and receptors.

GENETICS OF ABNORMAL BEHAVIOR

Flank sucking

Yokoyama e al™” pointed out that genome wide associa-
tion testing is more profitable than the candidate gene
approach to determining the genetics of behavior. Using
this approach, the first gene for a specific behavior was
found. Flank sucking, a very specific and easily recog-
nized compulsive problem, is a behavior seen almost
exclusively in Doberman Pinschers. CDH?2 is the gene
associated with this compulsive behavior. Occasionally
a blanket or another material can serve as the substrate
for sucking. It is not a serious behavior problem because
the irritation to the skin is mild. More owners complain

about fabric sucking because the material must be re-
placed. The sucking behavior occurs mostly as the dog
is resting prior to sleeping. Using genome-wide analysis,
Dodman ¢z al”™" found an association of SNPs peak on
canine chromosome 7. The most significantly associated
SNP is located within the CDHZ2 gene. CDH?2 is widely
expressed, mediating synaptic activity-regulated neuronal
adhesion. Dogs showing multiple compulsive behaviors
have a higher frequency of the risk allele than do dogs
with a less severe phenotype (60% and 43%, respectively)
compared with 22% in unaffected dogs"".

In an interesting follow-up to the genetic basis of this
abnormal behavior, Ogata ez al™ found that the brains of
flank sucking Dobermans differed from those of unaf-
fected Dobermans. Magnetic resonance imaging revealed
higher total brain and gray matter volumes and lower doz-
sal anterior cingulate cortex and right anterior insula gray
matter densities in the affected dogs. The affected Dober-
mans also had higher fractional anisotropy in the splenium
of the corpus callosum, the degree of which correlated
with the severity of the behavioral phenotypem].

Another behavior abnormality, tail chasing, can have
multiple etiologies including neuropathic pain, so it is not
surprising that there is no association with the CDH2
gene™, Single photon emission computed tomography
(SPECT) was used with '“I1-R91150 and '“I-FP-CIT, in
combination with *™Tc-ECD brain perfusion co-regis-
tration, to measure the serotonin (5-HT) 2A receptor,
dopamine transporter (DAT), and serotonin transporter
(SERT) availability. There was significantly less 5-HT2A
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receptor binding in the frontal and temporal cortex of
obsessive compulsive dogs. The midbrain SERT also was
lower. The DAT differences between normal and com-
pulsive dogs were mixed"™”.

More recently the original data from Dodman ez
al" was reanalyzed using a new calling algorithm called
MAGIC was used to identify genes, in addition to cad-
herin, that are involved in flank sucking and other ob-
sessive compulsive behavior (OCD). The genome wide
association revealed 119 variants in evolutionarily con-
served sites that are specific to dogs with OCD. Using
small numbers of dogs, (< 16 of each breed), case dogs
(exhibiting OCDs), control dogs, and unphenotyped
dogs were compared. Four genes have an excess of case-
only variation in evolutionarily constrained elements,
even after correcting for gene size: ataxin-1 (ATXN1),
neuronal cadherin (CDH2), catenin alpha2 (CTNNAZ2),
and plasma glutamate carboxypeptidase (PGCP). CDH2,
a neural cadherin, encodes a calcium dependent cell-cell
adhesion glycoprotein important for synapse assembly,
where it mediates presynaptic to postsynaptic adhesions.

CTNNAZ2 encodes a neuronal-specific catenin pro-
tein that links cadherins to the cytoskeleton. ATXN1
encodes a chromatin binding protein that regulates the
Notch pathway[m, a developmental pathway also active
in the adult brain, where it mediates neuronal migration,
morphology and synaptic plasticity[sﬂ. All three of these
genes are involved in synaptic formation. The fourth
gene PGCP, encodes a pootly characterized plasma gluta-
mate carboxypeptidase. It may be involved in the hydro-
lysis of N-acetylaspartylglutamate. One might consider
glutamate targeting drugs for treatment of OCD’s.

NEUROTRANSMITTERS AND
AGGRESSION

Canine aggression has been the subject of many genet-

ics studies because it is the most common behavior
presented as a problem and the only one responsible for
human injury or even death®™. Hyperactivity and im-
pulsive (unpredictable) aggression by dogs are problems
frequently presented to veterinarians. Since behavior
is the consequence of central nervous activity, it is not
surprising that differences in neurotransmitters are as-
sociated with differences in behavior. These differences
can be at any stage in the production and function of
the neurotransmitter. The levels of neurotransmitter or
their metabolites in brain, blood or cerebral spinal fluid
have been investigated, and transporters and receptors of
neurotransmitters have been associated genetically with
aggression and other behaviors.

Dopamine and serotonin are the neurotransmitters
examined most frequently in studies of aggression. Sero-
tonin is produced from tryptophan and is widely believed
to be important in the etiology and treatment of mood
disorders, including aggression in dogsm. It is logical to
conclude that serotonin levels in the body fluids or num-
ber of serotonin receptors should be measured in normal
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and abnormal dogs with the prediction that serotonin
levels would be lower in aggressive dogs. The results of
these studies are summarized below.

Dopamine (D1 and D2) is formed from tyrosine and
catalyzed by the enzyme tyrosine kinase. Dopamine has
multiple receptors and is inactivated by another enzyme,
monoamine oxidase (MAO). Dopamine is transported
back into the pre-synaptic neuron iz a transporter. Stud-
ies in dogs exhibiting aggression have examined blood
and cerebrospinal fluid levels of dopamine and its ex-
pression in the brain. In genetic studies, alleles regulating
dopamine transporters, receptors, and dopamine deacti-
vating enzymes have been compared in non-aggressive
dogs and dogs exhibiting aggression. The results of these
studies are summatrized below.

Blood and body fluids

Cakiroglu ez al™ found that serotonin in blood vatied
with canine disposition. Serum serotonin was 33 ng/mL
in non-aggressive dogs and 12 ng/mL in aggressive
dogs™. In a later study, Leon ez o/ found lower levels
of serotonin in plasma, serum and platelets in aggressive
dogs of vatious breeds that presented to a behavior clinic
than in the control group of Beagles. However, the dif-
fering serotonin levels might represent breed differences
in serotonin rather than differences between aggressive
and non-aggressive dogs.

It is probably more fruitful to look for genetic dif-
ferences between dogs within the same breed. For that
reason, English Cocker Spaniels were studied because
dogs of that breed frequently exhibit unpredictable or
impulsive aggression towards their owners™. Moreover,
the prevalence of aggression varies with coat color; red
(blonde or buff) spaniels are more aggressive than black
ones and solid color spaniels are more likely to be ag-
gressive than parti-colored ones. It is not clear how the
production of pheomelanin (yellow pigment) rather than
melanin (black pigment) leads to or is related to aggres-
sion although melanin and dopamine share a common
precursor-tyrosine. This area bears investigation'®’, Amat
et al®™ compared serum serotonin levels in aggressive
English Cocker Spaniels with those of aggressive dogs of
a variety of other breeds and found the serotonin levels
were significantly lower in the cockers.

MAO-A is an enzyme that catalyzes monoaminergic
neurotransmitters such as dopamine and serotonin. A
mutation that lowers the amount of MAO-A is associ-
ated with incarcerated humans, if they had bad childhood
environments””. There is evidence in dogs that aggres-
sive individuals have lower cerebrospinal levels of 5-hy-
droxyindole acetic acid and homovanillic acid, the major
metabolites of serotonin and dopamine respectively'™’,

Based on current studies, dopamine is the neurotrans-
mitter most involved in aggression. Different breeds ap-
pear to have genes that ate active at different points in the
pharmacodynamics of the catecholamine. For example,
compated to their non-aggressive counterparts, aggtres-
sive English Cocker Spaniels have significantly different
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alleles for a dopamine receptor as well as a serotonin re-
ceptor. The gene for a dopamine receptor also appears to
affect impulsive behavior in working German Shepherds,
and the dopamine transporter appears to be involved in
aggression, at least in the Malinois. In addition, the short
form of the tyrosine hydroxylase gene appears to be in-
volved in dopamine synthesis in German Shepherds and
Siberian Huskies with particular behaviors. These studies
will be discussed in detail below.

Brain receptors for neurotransmitters

The amygdala is a structure in the brain that is associated
with fear. The basolateral nuclear group of the amygdala
is involved directly in the modulation of aggressive be-
havior in dogs. This structure has an increased volume
and a higher number of neurons in aggressive dogs'”.
Serotonin 1B receptors act as auto-receptors regulating
serotonin release. Indirect immunohistochemistry re-
vealed that aggressive dogs had a higher number of sero-
tonin 1B receptors than non-aggressive dogs. One might
have expected the number to be lower in aggressive dogs,
but one possible explanation is that a lower serotonergic
activity is present in aggressive dogs because stimulation
of presynaptic serotonin-1 autoreceptors causes a reduc-
tion of the serotonin release®.

Substance P is a neuropeptide that stimulates defensive
aggression in cats™ and mice®”. It binds preferentially to
neurokinin receptors. Using immunohistochemistry, Ja-
cobs et al* found that although the brains of aggressive
dogs had more neurokinin reactivity in the amygdala than
did normal dogs, the numerical densities and fractions
of receptor-positive neurons did not differ significantly
between the two groups. As noted above aggressive dogs
have 27% more neurons in the amygdala than do normal
dogs'™.,

Vermeire ¢f a/* found differences in serotonin 2A
receptors in the brains of impulsively aggressive dogs
compared to normal dogs. Aggressive dogs had higher
binding indexes for serotonin 2A receptors in the frontal
and temporal cortex as revealed by SPECT following
a 5-hydroxytryptophan (5-HT) antagonist radioligand
injection. Although expensive and technically difficult,
SPECT could be used to confirm a diagnosis of impul-
sive aggressionl(’sj.

The brains of aggressive German Shepherds were
compared with those of non-aggressive dogs of the same
breed for beta adrenergic and serotonergic receptors us-
ing radioligand binding assays'”. More binding of low
affinity 5-HT (serotonergic) receptors were found in the
whole brains of aggressive dogs. High affinity 5-HT was
greater only in the hypothalamus and thalamus of the ag-
gressive dogs. One might have expected 5-HT receptors
to be decreased in aggressive dogs however, the increase
in the number of 5-HT receptors may be due to a de-
crease in physiological serotonin levels at synaptic clefts
or to an altered turnover of the neurotransmitter®”.

It is not surprising that the adrenergic neurotrans-
mitter norepinephrine might be involved in aggression.
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Badino ¢ a/*” found that beta adrenergic binding was
decreased in the frontal cortex, hippocampus, and thala-
mus of aggressive dogs. The decrease in beta adrenergic
concentrations observed in these brain regions of aggres-
sive dogs may be explained by a prolonged stimulation
exerted by the high catecholamine levels resulting in beta
adrenergic receptor down-regulation'™

In summary, there are differences in the brain, blood
and cerebrospinal fluid between aggressive and non-
aggressive dogs. Serotonin and its metabolites have been
investigated most thoroughly. In general, blood serotonin
levels ate low and its metabolites are lower in aggres-
sive dogs. The studies of receptors in the brain present a
more complicated picture with serotonin receptors higher
in aggressive dogs.

HUMAN-DIRECTED IMPULSIVE
AGGRESSION

Heritability

Pérez-Guisado e# /" investigated the heritability (the
percent variability due to genetics) of aggression in Eng-
lish Cocker Spaniels. They found that in addition to sex
and coat colot, nurture also influenced whether or not a
dog was aggressive. The variance due to the sire heritabil-
ity of aggression was only 0.2 (20%) whereas that due to
the dam was 0.46 (46%) indicating a maternal-environ-
mental effect”,

Although commonly perceived as gentle, non-aggres-
sive dogs, Golden Retrievers can be aggressive, espe-
cially in European populations. Linamo e# al™ used the
Restricted Maximum Likelihood method to determine
heritability of aggression based on the dog owner’s im-
pression of the animal’s human and dog-directed aggres-
sion or the responses on C-BARQ""™. They found heri-
tability of 0.77 for human-directed aggression and 0.81
for dog-directed aggression. There is little correlation
between the two types of aggtression indicating separate
genetic causes of the traits. There were high heritability
estimates on several C-BARQ items such as strange dog
approaching leashed dog (0.85), family member groom-
ing dog (0.83), family member removing food (0.95), and
stranger trying to touch dog (0.99)"". The next step in
researching the etiology of aggression is to determine
which mutations in the neurotransmitter, its receptor, or
its transporters might be involved in aggression or other
behavior abnormality.

Genes

van den Berg ez al™ did an extensive study of the genetic
differences in four candidate genes affecting serotonin in
aggressive and non-aggressive Golden Retrievers. They
used mutation screens, linkage analysis, an association
study, and a quantitative genetic analysis. There were no
systematic differences in the coding DNA sequence of
the candidate genes in aggressive and non-aggressive
Golden Retrievers. An affected-only parametric linkage
analysis revealed no strong major locus effect on human-
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directed aggression related to the candidate genes. An
analysis of 41 SNPs in the 1 Mb regions flanking the
genes in 49 unrelated human-directed aggressive and in
49 unrelated non-aggressive dogs did not show associa-
tion of SNP alleles, genotypes, or haplotypes with aggres-
sion at the candidate loci. They completed their analyses
with a study of the effect of variation in the candidate
genes on a collection of aggression-related phenotypic
measures. The effects of the candidate gene haplotypes
were estimated using the Restricted Maximum Likelihood
method, with the haplotypes included as fixed effects in
a linear animal model. They found no effect of the can-
didate gene haplotypes on a range of aggression-related
phenotypes’”.

Hejjas ez al™ genotyped police and pet German Shep-
herd Dogs and diagnosed hyperactivity and impulsivity
based on questionnaires. They compared the dopamine
D4 receptors subtypes 2/2 with 2a/3a and 3a/3a (com-
bined because 3a/3a is rare) with the behaviors. There
was no difference in the activity-impulsivity scores be-
tween dogs with 2/2 genotype »s the 2/3a and 3a/3a
combined genotype group either in the total sample or
in the pet dog group. In contrast, police dogs with 2/2
genotype showed significantly lower activity-impulsivity
scores compared with police dogs with 2/3a or 3a/3a
genotypem].

Kubinyi ¢z /™ found that German Shepherds with
the short form of the tyrosine hydroxylase (TH, the en-
zyme involved in dopamine formation) gene were more
active and impulsive. Wan ez al™ also found that Siberian
Huskies with the short form of the TH gene were more
impulsive. They also reported that Siberian Huskies pos-
sessing at least one short dopamine D4 allele displayed
greater activity-impulsivity in the behavioral tests than
did those with two long alleles; dogs with the short allele
tended to receive higher ratings on the activity-impulsivity
scale of the questionnairem.

Vige et al™" have used English Cocker Spaniels, a
breed in which aggressive behavior has been noted for
the past forty years. By using one breed, breed differenc-
es in the genotype can be eliminated so that any differ-
ences found should reflect differences in temperament.
In a study comparing non-aggressive English Cocker
Spaniels with English Cockers that had bitten and broken
skin, there were significant associations between aggres-
sion and four SNPS in the region of the dopamine D1
receptor (DRD1), two SNPs in the serotonin ID recep-
tor (HTR1D), and five SNPS in a glutamate receptor
(SLC6AD)™,

The same laboratory later identified 62 SNPs occut-
ring in or in the close vicinity of 16 neurotransmitter-
related genes. Allelic associations with aggression were
identified for DRD1, HTR1D, HTR2C (5-HT receptors
D1 and 2C) and SLCG6A1 (solute carrier family 6 neu-
rotransmitter transporter gamma amino acid member).
Risk or protective haplotypes for aggressive behavior
based on 2-5 SNPs were identified. The frequency of
aggressive dogs varied significantly between the hap-
lotypes within loci, and the odds ratios of aggression
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in dogs with risk haplotypes compared with protective
haplotypes varied from 4.4 (HTR2C) to 9.0 (SLC6AL).
No haplotypes in complete association with the recorded
phenotypes were identified, supporting a complex in-
heritance of aggression. Gene SLC6.47 on chromosome
20 should be investigated in association with aggression
in other breeds, and use of benzodiazepines which bind
with gamma amino acid receptors should be investigated
further as treatments for aggressionm.

Most dogs are homozygous for the dopamine trans-
porter-variable number tandem repeat two-tandem-
repeat allele (2/2). The one-tandem-repeat allele is over-
represented in American Malinois, both as heterozygotes
and homozygotes (1/2 or 1/1). All American Malinois
with reported seizures were 1/1 genotype. Those with
at least one “1” allele (1/1 or 1/2 genotype), were more
likely display hypervigilance and exhibit episodic aggres-
sion as well as more fearful postures'.

Methylation

Although the genome acts as a blueprint for the produc-
tion of observable morphological, physiological, and be-
havioral characteristics (7.¢., the phenotype), the expression
of these traits may vary in different social or ecological
contexts and in generations. Environmentally-induced
phenotypic variation resulting from differential gene ex-
pression may be regulated by processes that that do not
include the DNA sequence itself (ie., “epigenetic mecha-
nisms”). DNA methylation is one such epigenetic mecha-
nism that allows organisms to respond to environmental
change »ia changes in gene expression that alter the phe-
notype. DNA methylation during development and eatly
life can have long-term consequences for gene expression,
physiology, and behavior in many vertebrates. This is a
completely uninvestigated subject in canine behavior.

CONCLUSION

In the last ten years, the field of canine behavioral genet-
ics has experienced rapid and exciting scientific advances,
especially after completion of the sequencing of the dog
genome. Although the history of dog domestication in
terms of time and location is still debated, the divergence
of dogs from wolves based on friendliness towards hu-
mans cleatly has been outlined and experimentally repeat-
ed in the tame fox experiment. Genetic research also has
focused on the great diversity of dog breeds, the genetic
differences between breeds, and normal and abnormal
behavioral traits. While much progress has been made in
elucidating the genetics underlying aggression in dogs, fu-
ture scientific studies will continue to examine this most
serious problem threatening the human-canine bond and
expand our knowledge about the genetic basis of canine
behavior.
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Abstract

The molecular genetics of gastric carcinoma (GC) dic-
tates their biology and clinical behavior. The two mor-
phologically distinct types of gastric carcinoma by Lau-
ren classification, /e., intestinal and diffuse cell types,
have a significant difference in clinical outcome. These
two types of GC have different molecular pathogenetic
pathways with unique genetic alterations. In addition
to environmental and other etiologies, intestinal type
GC is associated with Helicobacter pylori (H. pylori)
infection and involves a multistep molecular pathway
driving the normal epithelium to intestinal metaplasia,
dysplasia, and malignant transformation by chromo-
somal and/or microsatellite instability (MSI), mutation
of tumor suppressor genes, and loss of heterozygos-
ity among others. Diffuse type shows no clear causal
relationship with H. pylori infection, but is commonly
associated with deficiency of cell-cell adhesion due to
mutation of the E-cadherin gene (CDH1), and a mani-
festation of the hereditary gastric cancer syndrome.
Thus, detection of CDHZ mutation or loss of expression
of E-cadherin may aid in early diagnosis or screening of
diffuse type GC. Detection of certain genetic markers,
for example, MSI and matrix metalloproteinases, may
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provide prognostic information, particularly for intes-
tinal type. The common genetic alterations may offer
therapeutic targets for treatment of GC. Polymorphisms
in Thymidylate synthase to metabolize 5-fluorouracil,
glutathione S-transferase for degradation of Cisplatin,
and amplification/overexpression of human epidermal
growth factor receptor 2 targeted by monoclonal an-
tibody Trastuzumab, are a few examples. P13K/Akt/
mTOR pathway, c-Met pathways, epidermal growth fac-
tor receptor, insulin-like growth factor receptor, vascu-
lar endothelial growth factor receptor fibroblast growth
factor receptor, and micro RNAs are several potential
therapeutic biomarkers for GC under investigation.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Molecular genetics; Lauren classification;
Intestinal type gastric cancer; Diffuse type gastric can-
cer; Molecular Biomarker

Core tip: Intestinal and diffuse cell types of gastric car-
cinoma have a significant difference in clinical outcome
with different molecular pathogenetic pathways. In-
testinal type gastric carcinoma (GC) is associated with
chromosomal and/or microsatellite instability, mutation
of tumor suppressor genes, and loss of heterozygosity.
Diffuse type GC is commonly associated with mutation
of the E-cadherin gene, and a manifestation of the he-
reditary gastric cancer syndrome. Detection of certain
mutations may aid in early diagnosis, screening, and
prognostication of GC, and common genetic alterations
may offer therapeutic targets for treatment. Further-
more, potential therapeutic biomarkers for GC are un-
der investigation and may hold future promise.
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INTRODUCTION

Gastric carcinoma (GC) is the second major leading
cause of cancer-related death and fourth most common

cancer worldwide". The relatively unfavorable outcome
is largely attributable to complex biology and marginal
effectiveness of treatment options, including surgical
resection, chemotherapy, and multidisciplinary approach.
Even with use of multimodality approaches, overall sut-
vival continues to be poor with 30%-36% 5-year survival
rates™. Chemotherapy is the main treatment in cases of
metastatic disease, and the median survival time is only
9 to 14 mo™". However, not all of GCs have the same
outcomes. The biological behavior and clinical presenta-
tion of GCs differ with their histological and molecular
features.

The current World Health Organization classification
(2010 edition), classifies GC into many different types
based upon the histology combined with molecular ge-
netic information. However, the traditional Lauren classi-
fication, purely on histologic basis, is the most commonly
used system. It classifies GC into three different groups:
(1) intestinal type with glandular differentiation or pat-
tern; (2) diffuse, or pootly differentiated type, including a
signet ring cell histology; and (3) mixed or indeterminate
type™. The first two types of GCs (intestinal and dif-
fuse types) have distinct histogenesis as well as clinical
characteristics. Recent data suggest that these two groups
largely differ in their molecular genetics. This papet will
mainly review the molecular characteristics of non-he-
reditary intestinal and diffuse types of GC to understand
the molecular pathways involved in GC development and
to identify molecular targets for diagnosis, therapy, and
prognostication.

MOLECULAR BASIS OF PATHOGENESIS

Genetic predisposition of GC
Certain genetic polymorphisms are predisposed to an in-
creased risk for gastric cancer. These polymorphisms were

found in genes involved in the inflaimmatory response
to Helicobacter pylori (H. pylori) infection'®”, prevention
of DNA to oxidative damagem, and mucosal protection
against H. pylori infection""”] and detoxification>"".,
Polymorphisms of the interleukin 1 (II-753) gene consis-
tently show strong association with GC'"”. The association
is also seen with other genes, including I1.-1 receptor an-
tagonist genes'” ), tumor necrosis factor-alpha gene ™"
1511556218 T' /G polymorphism of the I1.-76 gene[g], and
genes encoding glutathione-S-transferase (GST) (GSTT1
and GSTM1)**!. Many hereditary tumor syndromes in-
crease the risk to develop GC. The high risk association is
well-documented in Hereditary diffuse-type gastric cancer
syndrome, familial adenomatous polyposis, hereditary
nonpolyposis colorectal cancer, Peutz-Jeghers syndrome,

Juvenile polyposis and Li-Fraumeni syndrome™*”.,

Molecular pathogenesis of intestinal cell type of GC
The major etiology of the intestinal type includes dietary,
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environmental factors, and H. pylori infection”. There
are many good reviews that have discussed the role and
significance of dietary habits and environmental factors
in gastric carcinogenesis, but H. pylori infection has also
been shown to emerge as an important carcinogen in
the stomach. The bacterial virulence factors of H. pylori
contributing to GC risk include vacuolating cytotoxin A
(vacA), blood group antigen binding adhesion 2, outer
inflammatory protein, and cytotoxin-associated gene
product (cagA) genesmzs]. Infection with a cagA-positive
H.pylori strain in comparison with a cagA-negative strain
increases the risk for development of Gc?, CagA 1s
translocated into host cells and induces a growth factor-
like response in gastric epithelial cells by forming a physi-
cal complex with the Src homology 2 domain-containing
tyrosine phosphatase in a phosphorylation dependent
manner”™". In addition, aberrant expression of activa-
tion-induced cytidine deaminase, a gene originally linked
to immunoglobulin class switching and B lymphocyte
hypermutation, results in accumulation of mutations in
the p53 tumor suppressor gene” 2. A second virulence
gene, the vacA, induces gastric epithelial cell apoptosis
and interferes with T cell activation which suppresses lo-
cal immune responsem]. Chronic inflammation also causes
genetic instability through the generation of reactive oxy-
gen and nitrogen species which can directly damage the
genomic and mitochondrial DNAP"Y,

The development of GC is a multi-step process.
Chronic or atrophic gastritis may lead to intestinal meta-
plasia, subsequently dysplasia, and eventually carcinoma

20,35 : .
¥ During the above progression, a

in some patients
series of genetic alterations occur. The inactivation of tu-
mor suppressor gene p53 is involved in early carcinogen-
esis, and is found in 38% of intestinal metaplasia, 58%
of dysplasia, and 38%-71% of GCP, Mutations occur
more commonly in CpG sites of p53 and transition of Gt
C to A:T at these sites is the most common type of mu-
tation irrespective of the histologic type of GC™. Muta-
tion of p73, a member of the p53 family, is indicated in
the carcinogenesis of GC associated with H. pylori infec-
tion in the mouse model™”.

Chromosomal instability in intestinal-type GC includes
gains at 8q, 17q, 20q and losses at 3p and 5¢°**"*, Mic-
rosatellite instability-high is often seen in intestinal type
of GC, largely due to epigenetic effect, (i.e., hypermethyl-
ation of the promoter regions of mismatch repair genes,
most commonly mutl. homolog 1 and mutS homolog
2, and in small percentage of cases, gene mutations'™™ .
The CpG island methylator phenotype was found in
24%-47% of GC, similar to colorectal cancer!™****.
Recent studies have conducted a genome-wide search
to identify novel methylation-silenced genes in GC™,
GC cell lines were treated with a demethylating and/or
deacetyling agent and were screened for epigenetically
silenced genes using oligonucleotide microarrays'™’. The
gene encoding serine proteases inhibitor Tissue Factor
Pathway Inhibitor 2 was found to be highly methylated
(81%) in GC, and its methylation was a significant and
independent prognostic indicator in GCPH,
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Loss of heterozygosity (LOH) or mutation of Ad-
enomatous polyposis coli (APC) gene may be found in
approximately 25% of the cancer precursors, adenomas,
and in up to 60% of intestinal-type GC*"Y, Mutation
of CTNNBT, which encodes B-catenin, appears to be
exclusive to the mutations that inactivate APC protein[54].
[-catenin accumulates in the cytoplasm, binds to mem-
bers of the Tcf/Lef family of transcription factors, and
is translocated to the nucleus whete the Tecf/B-catenin
complex activates target genes such as MYC and cyclin
D1 gene*. The incidence of CTNNB/ mutations in
intestinal- »s diffuse-type GC remains unclear. One study
reported no mutations in diffuse-type GC but 27% in-
cidence in intestinal-type GC®. Clements ez 2/ 2002
found that 26% of tumors with B-catenin nuclear stain-
ing contained CTNNB7 mutations, with no difference
between diffuse- and intestinal-type GC.

LOH at the bcl-2 locus and amplification of cyclin
D1 and E genes are also associated with intestinal-type
GCs"™. The oncogene ErbB2 (Hetr-2/neu) is ampli-
fied in approximately 20% of intestinal type GCs'™"\
E-cadherin gene (CDHT) mutations have an insignificant
association with the development of intestinal-type GC,
in contast to diffuse type GCH,

RUNX3 is now accepted as a tumor suppressor gene
and first reported in gastric epithelial cells of RUNX3
knockout mice in 2002, Approximately 45%-60% of
human GCs show loss of RUNX3 expression due to
hemizygous deletion and hypermethylation of the pro-
moter region, and RUNX3 hypermethylation is seen in
H. pylori infection, intestinal metaplasia, and gastric ad-

[31,62,63] .

enoma . In response to transforming growth factor
(TGF)-B, RUNX3 inhibits gastric epithelial proliferation
by inducing the CDKNI1A (p27) gene[64] and also upregu-
lates the expression of proapoptotic gene BCL2L11 (Bim)
in gastric cancer cells treated with TGF—BM. Restoration
of RUNX3 also strongly inhibited peritoneal metas-
tases of GC in an animal model®. RUNX3 inhibited
the expression of vascular endothelial growth factor A
Y E%JF—A) and suppressed angiogenesis and metastasis of
GCs™".

Molecular pathogenesis of diffuse type GC

Little is known about the etiology of diffuse type GC.
Epidemiological studies did not link H pylori infection to
diffuse type of GC. Its association with hereditary gastric
cancer predisposition syndrome is well-documented®.
The unique molecular genetics of this type of GC, in
contrast to intestinal-type, is deficiency of the cell-cell
adhesion due to genetic ot epigenetic inactivation/down
regulation of E-cadherin gene (CDHT). Approximately
50% of diffuse-type GC harbor this mutation or inactiva-
tion™ . The abnormality of CDHT gene can be found
in early stage of diffuse GC development and loss of
E-cadherin expression is seen in invasive and z situ car-
cinomas'”. In a model proposed by Carneiro ef al™, the
development of diffuse GC in E-cadherin mutation car-
riers encompasses 2 sitn signet ring carcinoma with pag-
etoid spread of signet ring cells as pre-invasive lesions.
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In eatly hereditary GC, the wild-type CDH1 allele is sup-
pressed ot lost in tumor cells with a second hit caused by
promoter hypermethylation of CDHI1 in at least 50% of
cases' . Promoter methylation is also part of the major
mechanism underlying E-cadherin downregulation in
sporadic diffuse gastric cancers'®”. Chromosomal insta-
bility in diffuse-type GC include gains at 12q, 13q and
losses at 4q, 15q, 16q, and 17p***"*". The diffuse type
GC is also associated with the alterations or mutations in
other genes or gene products, including the met proto-
oncogene encoding the hepatocyte growth factor recep-

tor and the SC-1 antigen (an apoptosis receptor) e,

Molecular pathogenesis of Epstein-Barr virus-associated
GC

Five percent of GC is associated with monoclonal pro-
liferation of Epstein-Barr virus (EBV)-infected epithelial
cells and is a specific clinicopathologic subset with chat-
acteristics of younger age, male predominance, proximal
location, lower rate of lymph node involvement, marked
lymphocytic infiltration, and lace pattern within the mu-
cosa”"". EBV maintains its latent infection and expresses
viral latent genes which include EBV-determined nuclear
antigen 1, EBV-encoded small RNA, latent membrane
protein 2A (LMP2A) and Bam H1-A rightward transcripts
(BARTS)""™. Frequent loss of p16 (CDKN2A), smad4,
Fhit, and CD82 (KAI-1) are seen”. Global CpG island
methylation in the PTEN promoter tegion is considered
as a characteristic abnormality in EBV-associated GC™”
with viral LMP2A responsible for aberrant hypermeth-
ylation by activation of host DNA methyltransferase
1®Y, LMP2A also upregulates Birc5 (survivin) expression
through the activation of nuclear factor-kB, activates ex-
tracellular signal regulated kinases (ERK/MAPKTI), and
inhibits TGF-B-induced apoptosis through activation of
the Ras/PI3K/ Akt pathway”"***,

GENETIC CHANGES ASSOCIATED WITH
MUCIN PHENOTYPIC EXPRESSION IN GC

GC can be classified into four phenotypes according to
mucin (MUC1, MUC2 and CD10) expression: gastric
or foveolar phenotype (G-type), intestinal phenotype (I-
type), intestinal and gastric mixed phenotype and neither
gastric nor intestinal phenotype”™™. Genetic changes as-
sociated with mucin phenotypic expression in GC include
TP53 mutations in I-type GC and microsatellite instability
in G-type. Specific epigenetic alterations include methyla-
tion of hMLH1 occurring more frequently in MUC2-
negative GC and more frequently methylated MGMT in
MUC2-positive GC than in MUC2-negative GC*"*,

MOLECULAR DIAGNOSIS OF GC

Genetic markers associated with the development of GC
are numerous. However, very few have diagnostic utility.
CDHI1 probably is the best candidate marker for such
purpose. About 50 of diffuse type of GC have CDHY
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mutation, either complete or partial deletions of exons,
in more than 70% of somatic E-cadherin mutations”**.
This unique gene alteration may have a diagnostic po-
tential. CDH7 mutations can be detected by polymerase
chain reaction on paraffin-embedded tissue. Detection
of the germline mutation in CDH1 may help identify
asymptomatic mutations carriers of hereditary gastric
cancer syndrome and provide molecular basis for pro-

phylactic total gastrectomy[gq.

Molecular prognostication

Currently clinical stage is considered to be the gold stan-
dard to predict clinical behavior and the most valuable
prognostic factor for all GC types. However, clinical stage
does not address the issue of tumor heterogeneity. Many
studies have investigated molecular biomarkers as alterna-
tives or supplements to the current staging system. There
is some success in identifying biomarkers potentially use-
ful in predicting prognosis and therapeutic response.

Microsatellite instability-high is commonly seen in GC
located in the distal stomach or antrum, usually intestinal
type. It is less frequently associated with metastasis to lo-
cal lymph nodes™"™. However, it is still controversial
whether patients with MSI-H GC have a favorable long
term survival than those with microsatellite instability-
low or microsatellite stability GCs'™"".

Overexpression of matrix metalloproteinases (MMPs)
is shown to be related to tumor invasiveness and metas-
tasis”", MMP-1-overexpression in GCs has a worse prog-
nosis than tumors without MMP overexpression. VEGF
overexpression is associated with shorter survival time
attributable to its enhancement of tumor angiogenesis.
Amplification or overexpression of cyclin E is correlated
with aggressiveness[gz]. Amplification/overexpression of
the ERBB2 (Her-2/neu) oncogene in general is consid-
ered to be an independent, poor prognostic factor””,
Overexpression of EGF-R and abnormal expression
of E-cadherin and B-catenin decrease survival or have
poor prognosis’” . Abnormal gene expression of IGF2,
KIAA1093, OCT2, PCOLCW, PFN2, RBP4, and three
genes (BIK, Aurora kinase B and elF5.42) identified in
the primary tumor are related to node metastasis”™*””.
Expression of caudal type homeobox transcription fac-
tor 2 (CDX2) and combination of normal expression of
E-cadherin and negative expression of the transmem-
brane protein MUCI predict a better prognosis for pa-
tients with GC"*""., Down-regulation of a cyclin depen-
dent kinase inhibitor, P27/Kipl, is a negative prognostic
factor"™""™, Loss of expression of tumor suppressor
gene Rb is related to worse overall survival or inversely
correlates with tumor invasion """, Mutation or abnor-
mal expression of p53 may have a reduced cumulative
survival, lymph node metastasis, and lower chemosen-
sitivity""™""*'"" but its overall prognostic significance is
controversial' ™. Protection of telomere expression levels
are also higher in advanced GC?,

Molecular therapeutic predicators
The management of patients with GC, particularly those
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in late stage of tumors, usually requires chemotherapy
or target therapy as single or one of the components of
combined modality. The chemotherapy or target therapy
is toxic, and the effectiveness is variable with patients.
Molecular biomarkers have been proven to be a useful
tool to predicate therapeutic response and may be used
clinically to select patients or chemotherapeutic regimen
for optimal result.

Predictors for Fluorouracil treatment: (1) Thymidylate
synthase (TYMS) is a catabolizing enzyme for fluoroura-
cil (5-FU). Polymorphisms in the gene encoding TYMS
affect expression and appear to be associated with poorer
response with 5-FU (47 marker) levels" ™" A specific
polymorphism in the 5-untranslated regions is corre-
lated with low sensitivity to 5-FU based chemotherapy
and decreased survival in a retrospective study™"; (2)
Dihydropyrimidine dehydrogenase (DPD) and thymi-
dine phosphorylase (TP) are two regulatory enzymes
involved in the degradation of 5-FU. Low levels of
DPD and TP have been shown to be associated with
better response”™ >’ and (3) The role of other genes
or products for predicting 5-FU response has been also
investigated, but results are inconclusive. These molecular
markers include glutathione S-transferase (GST), vascular
endothelial growth factor, and apoptosis-related genes
and gene products including Bcl-2, Bax and p53[43’114’“5].

Molecular predictors for Cisplatin treatment: Unlike
for 5-FU, molecular predicting markers for chemosen-
sitivity of Cisplatin are not well established. GST, an
enzyme that degrades Cisplatin, is one of the potential
markers. Its activity is affected by polymorphisms in
the GSTM1, GSTTT, and GSTP7 genes, which may in
turn cause variable catabolism of Cisplatin and progno-
sis' """ GC with a high LOH rate or MSI-high show
a better response to a Cisplatin-based Chemotherapymg].

Molecular targeted therapy: Trastuzumab is a mono-
clonal antibody targeting HER-2 that has shown an
overall survival benefit when combined with palliative
chemotherapy in patients with HER-2 amplified GcM
HER-2 is currently the only validated therapeutic target
in GC with guidelines for HER-2 testing established by
the ToGA trial""”,

HER-2 expression may be assessed by immunohisto-
chemistry (IHC), with scoring ranging from 0 to 3+, by
gene amplification using fluorescence in situ hybridiza-
tion (FISH) or by silver in situ hybridization”'", The
survival benefit associated with trastuzumab is seen great-
est in IHC 3+ or IHC 2+ and FISH-positive patients.
Complete membranous staining is not a prerequisite for
THC 2+ or IHC 3+ scores in GC as it is for breast cancer
since gastric tumor cells may only show HER-2 staining
at the basolateral or lateral membrane regionslz&lzoj.

Other potential candidates for targeted GC therapy
include P13K/Akt/mTOR pathway, c-Met pathways, epi-
dermal growth factor receptor (EGFR), VEGF receptor,
insulin-like growth factor receptor, and fibroblast growth
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factor receptor[ 1

Lapatinib is a dual kinase inhibitor of EGFR and
HER-2 under investigation in two ongoing phase Il clini-
cal trials in a select group of patients positive HER-2"",
These include the Lapatinib Optimization Study in
HER-2 Positive Gastric Cancer study with capecitabine
and cisplatin in the first-line setting and the TYTAN study
in second-line therapy using pac]itaxel”zl’lz‘%].

In terms of other agents, targeting human EGFR in
GC remains controversial. Cetuximab is targeted against
EGFR and is a recombinant human, chimeric IgG1
monoclonal antibody"*"'*". With combined chemother-
apy and cetuximab, promising results have been shown
in a phase II trial, but when compared to chemotherapy,
the EXPAND study (phase II) failed in prolonging the
progression free survival (PFS) and overall survival'?,
The REAL-II trial did not show any advantage of add-
ing panitumumab to a combination of chemotherapy and
also showed a worse overall survival and PES"*"*). The
combination with matuzumab and chemotherapy seems
more promising but was evaluated only in phase II tri-
als"”. Thus, additional studies are necessary.

Antiangiogenic therapy has shown minimal effective-
ness when compared to existing treatments for Gcrern
Biomarkers such as serum VEGF-A and microvessel
density still remain unconfirmed as potentially useful
predictive markers by phase Il trials”". However, in
advanced cases of GC treated with the VEGF inhibitor
bevacizumab, plasma VEGF-A and tumor neuropilin-1
are strong biomarker candidates for predicting clinical
outcome!™?,

Various ongoing trials are testing potential targeting
agents addressed to the downstream components of
VEGF-R/EGFR, such as inhibitors of mTOR, c-Met,
and Histone deacetylase"”. The phase II trial (GRAN-
ITE-1) of everolimus, an inhibitor of the P13K/Akt/
mTOR pathway, has reported prolonged PES with a 34%

: : : 21,133
reduction of the risk of progression*"*”,

MICRORNAS AS THERAPEUTIC
TARGETS

In recent years, mictoRNAs (miRNAs) have been in-
vestigated as potential markers in treatment of GC.
MiRNAs are important regulators of genes with critical
roles in cell proliferation, differentiation, and survival ",
MiRNAs play important roles in the pathogenesis of a
variety of malignancies'” """, Different miRNA meth-
ylation profiles are seen in various cancers. MiR-155 is
down-regulated and methylated in GC"*". MiR-155 is up-
regulated in breast cancer™ colorectal cancer"™ and
pancreatic ductal adenocarcinoma*, Upregulated miR-
NAs might act as oncogenes and target tumor suppres-
sors, while down-regulated miRNAs might act as tumor
suppressors and target oncogenes“m. Several miRNAs
have been found to be deregulated in GC but the specific
molecular mechanisms are unknown*, DNA hyper-
methylation in the miRNA 50 regulatory region accounts
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for the downregulation of miRNA in tumors" ™' and
many miRNAs have been reported to be down-regulated
due to hypermethylation of the CpG islands in GC. MiR-
124a-1, miR-1242a-2 and miR-1242a-3 have been found
to be methylation-silenced in GC cell lines"**'*". Such
epigenetic changes are reversible, and make them a po-
tential therapeutic target. Silenced miRNAs in GC could
be restored by treating with demethylating agents, such as
decitabine (5-aza-20-deoxycytidine), which leads to inhi-
bition of growth, invasion, and metastasis of GC cells' .

Interestingly, studies have shown that the miRNA
methylation levels are positively associated with the clini-
cal stage of GC patients“w. Low expression of miR-
34b and miR-129-3p are associated with a poor clinical
outcome of GC patients, and hypermethylation of
miR-129-2 and miR-34b CpG islands had a tendency
to show poor clinicopathological features" """, Thus,
specific miRNA methylation levels may be used in the
prognosis of GC patients. However, limitations exist as
several factors besides methylation can affect miRINA ex-
pression levels. As reported by Tsukamoto ez al"™ | the ex-
pression of miR-375 in NUGC3 cells can be significantly
increased with either 5-aza-2-deoxycytidine and markedly
up-regulated by greater than 20-fold when treated with
both 5-aza-2-deoxycytidine and trichostatin A" In addi-
tion, H. pylori infection can induce aberrant DNA meth-
ylation in gastric epithelial cells"™. Individuals with H. Py-
Jori had 7.8-13.1-fold higher methylation levels than those
without H. pylori infection" """, Another limitation is the
serious side effects of demethylating drugs. The use of
demethylating agents may induce the expression of many
otherwise normally silenced genes and cause a variety of
diseases. Thus, the use of demethylating agents in restor-
ing the expression of epigenetically silenced miRNA in
GC still requires further investigation.

CONCLUSION

The current research has provided some insights to the
genetics of gastric cancer. Clinical trials based upon the

genetic information have generated promising results.
However, up to date, we still do not have an optimal solu-
tion for prevention, early diagnosis, and treatment of this
disease. The advanced molecular technology, particularly
next generation sequencing, may offer hope in decipher-
ing the myth behind the molecular genetics of gastric
cancer. Equipped with the advanced technology, together
with efforts from clinical oncology and bioinformat-
ics, we have gradually gained much more understanding
about the genetic basis of the host-environmental in-
teraction and will have a greater opportunity to identify
diagnostic and therapeutic markers for gastric cancer.
These advancements have shed light in finding a cure for
gastric cancer in the near future.
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Abstract

Recently, an epoch-making genome engineering tech-
nology using clustered regularly at interspaced short
palindromic repeats (CRISPR) and CRISPR associated
(Cas) nucleases, was developed. Previous technologies
for genome manipulation require the time-consuming
design and construction of genome-engineered nucle-
ases for each target and have, therefore, not been
widely used in mouse research where standard tech-
niques based on homologous recombination are com-
monly used. The CRISPR/Cas system only requires the
design of sequences complementary to a target locus,
making this technology fast and straightforward. In ad-
dition, CRISPR/Cas can be used to generate mice car-
rying mutations in multiple genes in a single step, an
achievement not possible using other methods. Here,
we review the uses of this technology in genetic analy-
sis and manipulation, including achievements made
possible to date and the prospects for future therapeu-
tic applications.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: This review introduces the latest information
about the genome manipulation technology of the clus-
tered regularly at interspaced short palindromic repeats
(CRISPR)/CRISPR associated (Cas) system to readers.
We focus particularly on the application of CRISPR/Cas
in mammalian cultured cells and mice. The problems of
off-target effects and the prospects for therapeutic appli-
cations of CRISPR/Cas in the future are also discussed.
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INTRODUCTION

The recent development of site-specific endonuclease
technologies for selective genome cleavage has been an
important advance in mammalian genome engineering,
Zinc-finger nucleases (ZFNs) consist of specific DNA-
binding zinc-finger proteins and a nuclease domain of
the Fok 1 endonuclease'™”. Cleavage with vk 1 requires
dimerization of the protein; therefore, fusion to a pair of
zinc-finger proteins provides target specificity, and allows
cleavage of the target DNA locus, generating double-
strand breaks (DSBs).

On the other hand, transcription activator-like effec-
tor (TALE) nucleases (TALENS) are fusions of DNA-
binding domain TALE repeats with the cleavage domain
of the vk I restriction enzyme. TALE repeats are highly
conserved 33-35 amino acid sequences found in natu-
rally occurring TALEs encoded by Xanthomonas bacte-
ria". Bach TALE repeat binds to a single base pair of
DNA and the identities of the amino acids at two posi-
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Figure 1 Schematic of the principles of clustered regularly at interspaced short palindromic repeats (CRISPR)/CRISPR associated (Cas)-mediated genome
editing. The CRISPR associated 9 (Cas9) endonuclease can generate sequence-specific double strand breaks (DSBs) of target DNAs bound to small guide RNAs
(sgRNAs). The binding site of a target DNA requires a protospacer-adjacent motif (PAM) (with the sequence NGG). DSBs generated by the Cas9 endonuclease are
repaired by non-homologous end joining (NHEJ) or homology-directed repair (HDR).

tions have been associated with specificities for different
nucleotides™.

These chimeric nucleases enable genome editing
by inducing targeted DNA DSBs that are repaired by
error-prone, non-homologous end joining (NHE]) or
homology-directed repair (HDR)"™", NHE]J-mediated
repair induces small insertions or deletions (indels) at the
cleavage site, and results in disruption of gene function
by frame-shift mutations. In the presence of a single- or
double-stranded DNA template containing homology
to the sequences flanking the DSB, mutant alleles with
precise-point mutations or DNA inserts can be produced
by HDR. However, both ZFNs and TALENS require the
design of DNA-binding proteins and the construction
of complicated plasmids for expression of these, making
these methods time-consuming and laborius.

Recently, a new efficient genome manipulation tech-
nology, clustered regularly at interspaced short palin-
dromic repeats (CRISPR)/CRISPR associated (Cas) sys-
tem, which uses the RNA-guided nuclease, Cas9, and is
derived from the immune system of bacteria and archaea,
has been developed. CRISPR/Cas technology has the ad-
vantages of a highly efficienct mutation rate and simple-
to-design target-specific RNA molecules, compared to
the complex ZFN and TALEN systems. Therefore,
CRISPR/Cas has been rapidly adopted and applied to
many species in a short period of time' ™",

Several reviews about CRISPR/Cas have already been
publishedmw; however, this technology is progressing
rapidly, with new reports published weekly. Here, we in-
troduce recent research made possible by CRISPR/Cas
technologies and discuss the application of these reagents
for genetic analysis and manipulation. We also show the
therapeutic potential of CRISPR/Cas and make discus-
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sion of future prospects for the field.

THE CRISPR/CAS SYSTEM

CRISPR/Cas is the RNA-based acquired immunity sys-
tem in bacteria and archaea™'”. CRISPR RNA-guided
Cas9 nucleases use short RNAs to target and cleave
DNA elements captured from foreign invaders (termed
“spacers”) in a sequence-specific manner. In the type II
CRISPR/Cas system, a single gene encoding the Cas9
protein and two RINAs, a mature CRISPR RNA (ctRNA)
which is transcribed from spacers, and a partially comple-
mentary transacting RNA (tractRNA) are sufficient for
RNA-guided cleavage of foreign DNAs. For maturation
of ¢rRNA, RNase I and tracrRNA are necessary'"’};
however, this process can be simplified by an engineered
small guide RNA (sgRNA) containing a hairpin that
mimics the tractRNA-crRNA complex and short guide
SequenceHg] with a protospacer-adjacent motif (with the
sequence NGG, Figure 1)[49]. Thus, the Cas9 endonucle-
ase can generate sequence-specific DSBs of target DNAs
bound to sgRNAs (Figure 1). DSBs generated by the
Cas9 endonuclease are repaired by NHE] or HDR™",
NHE]J-mediated repair leads to the generation of small
indels at the targeted site, which results in disruption of
gene function za frame-shift mutations. In the presence
of a single- or double-stranded DNA template with ho-
mology to the sequences flanking the DSB, mutant alleles
with precise-point mutations or DNA inserts can be pro-
duced by HDR.

GENOME EDITING IN CULTURED CELLS
When the CRISPR/Cas system in bacteria and archaea
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was clucidated, many researchers expected that it func-
tions in the cells of eukaryotic organisms such as yeast,
plants, and even mammals. In January 2013, several pa-
pers using the CRISPR/Cas system in human cells were
published in succession”"™. Cho e# a/”” showed that
combination of Cas9 protein and artificial sgRNAs ef-
ficiently cleaved two genomic sites and induced indels
with approximately 33% frequencies using human em-
bryonic kidney (HEK) 293T-cells. Two papers published
in Science used other cell types or targeting loci®!,
For the endogenous AAVS1 safe harbor genomic locus,
Mali e o/ suceeded in gene targeting using 293T-cells
(10%-25%), human chronic myelogenous leukemia K562
cells (8%-13%), and human induced pluripotent stem
@(iPS) cells (2%-4%). In addition, they also used HDR to
integrate cither a double-stranded DNA donor construct
(SA-2A-Puro-pA + CAG-GFP-pA) or an oligo donor
into the native AAVS1locus, and obtained 293T or iPS
clones showing HDR-mediated integration.

CRISPR/Cas also enables NHE]- and HDR-mediated
genome editing in mouse ES cells™ The high efficiency
of the CRISPR/Cas system coupled with the ability to
easily create synthetic sgRINAs make it possible to target
multiple genes simultaneously, which is not possible using
previous methods™. Wang ¢z a/* transformed embryonic
stem cells using CRISPR/Cas system for three differ-
ent genes (Tet1, Ter2, and Ter3), and found that > 20%
(20/96) of ES cell clones had mutations in all six alleles.
To further test the potential of multiplexed gene target-
ing using the CRISPR/Cas system, sgRNAs targeting five
genes (Tetd, Ter2, Ter3, Sry, and Usy) were ;mixed and co-
transfected with a Cas9-expressing vector into ES cells;
of 96 clones screened using an restriction fragment length
polymorphism assay, 10% carried mutations at all five loci.

The use of the CRISPR/Cas system in combination
with haploid ES cells®* provides a powerful platform to
manipulate the mammalian genome, because disruption
of only one allele can cause loss-of-function phenotypes
in haploid ES cells. We have recently reported that co-
transfection of mouse haploid ES cells with vectors ex-
pressing Cas9 nuclease and sgRNAs targeting Ter7, Ter2,
and Tes3 results in the complete disruption of all three
genes, causing a loss-of-function phenotype with higher
efficiency (50%)"" than that previously reported using
diploid ES cells™. Thus, the CRISPR/Cas system used in
the context of haploid cells will be useful for the efficient
disruption of multiple genes.

ONE-STEP GENERATION OF GENOME-
EDITED ANIMALS

Homologous recombination in mouse ES cells is the
most popular method for targeted modifications of the
mouse genome; however, generating gene-modified mice

through germline chimeras is both time consuming and
expensive. Therefore, alternative methods have been
developed to accelerate the process of genome modifica-
tion by the introduction of site-specific nucleases into

JBaishideng® W]MG I WWWW] gnet.Com

71

fertilized embryos to generate DNA DSBs at a target
locus in various species. ZFNs and TALENs have been
used to produce several gene-modified rodents!”” .
Although these technologies are widely used in other
animals, their use in mice has been limited, principally be-
cause the ZFN and TALEN systems are labor-intensive
and expensive techniques that do not perform substan-
tially better than ordinary gene knockout technology. On
the other hand, CRISPR/Cas-mediated genome editing
has successfully demonstrated one-step generation of
gene-modified mice, and this technology became widely
used within only one year™ " To understand the
functions of genes in families of two or more members,
animals carrying multiple mutated genes are required;
however, ZFNs or TALENs cannot be multiplexed to
generate animals with several targeted loci. In contrast,
the CRISPR/Cas system can be used to generate mice
carrying mutations in multiple genes in one step”™. Co-
injection of Cas9 mRNA and sgRNAs for Ter7 and Ter2
into fertilized embryos led to the generation of mice with
biallelic mutations in both genes with an efficiency of
78% (22/28). Wang et al™ also showed that co-injection
of Cas9 mRNA and sgRNAs with mutant oligos gener-
ated precise-point mutations simultaneously in two target
genes with an efficiency of 20% (2/10). Using this “one-
step” procedure, Yang ¢/ al” produced mice carrying a
tag or a fluorescent reporter construct in the Oc#, Sox2,
and Nanog genes. In addition, Megp2 conditional mutant
mice with two loxP sites were generatedlssj. These results
show that a single step by CRISPR/Cas-mediated ge-
nome editing can generate mice having NHE]J- or HDR-
mediated mutations in multiple genes.

OFF-TARGET MUTATIONS

Compared to ZFNs and TALENs, CRISPR/Cas tech-
nology has the advantages of a highly efficient mutation
rate and the simplicity of the design of target-specific
sgRINAs. It is difficult to compare the off-target effect
tisk among ZFN, TALEN, and CRISPR/Cas. Although
the cleavage of off-target sites has also been observed in
ZFN and TALEN systems®*”, it appears to be less likely
because they require two adjacent recognition sites, while
the CRISPR/Cas system requires only one. Therefore, it
is important to pay careful attention to the specificity of
CRISPR/Cas target sequences, because off-target muta-
tions are detrimental to experimental results.

When genome-edited mice are produced using the
CRISPR/Cas system, they are rately influenced by off-
target effects. For example, of seven double-mutant mice
produced by injection with high RNA concentrations,
none showed effects at potential off-target loci using the
Surveyor assaylsﬂ. Mashiko e# @/ found only one off-tat-
get mutation in a total of 144 sites examined. In addition,
Fujii ez al®™? proposed that off-target effects are mostly
avoided by the careful control of Cas9 mRNA concentra-
tion. Surprisingly, the optimized CRISPR/Cas system has
a higher gene targeting rate and a lower occurrence of
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Figure 2 Improvement of site-specificity by double nicking. A: Double
strand breaks (DSBs) using wild-type interspaced short palindromic repeats
associated 9 (Cas9) endonuclease; B: DSBs using a pair of small guide RNAs
(sgRNAs) guiding Cas9 D10A nickases. Using paired nicking can reduce off-tar-
get activity because individual nicks that unexpectedly occurred at off-target sites
are predominantly repaired by the high-fidelity base excision repair pathway.
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off-target effects compared to ZFN" Mutant mouse ES
cells generated by the CRISPR/Cas system also showed a
very low Cas9-mediated cleavage rate in off-target loci™.
These reports suggest that the CRISPR/Cas system is
highly specific in the “one-step generation” of mutant
mice and mouse ES cells.

By contrast, study of the CRISPR/Cas system in hu-
man cancer cell lines indicated a widespread occurrence of
off-target mutations™®. Cas9-mediated cleavage can be
abolished by single mismatches at the sgRINA-target site
interface, particularly in the last 10-12 nucleotides located
at the 3’ end of the 20-nt sgRNA-targeting sequence!™".
Using human cell lines (U20S.EGFP, HEK293, and
K562), Fu ez a/* found that one or two mismatches are
tolerated to varying degrees, depending on their position
along the sgRNA-DNA interface. In addition, they easily
detected off-target alterations induced by 66% (4/6) of
CRISPR/Cas expetiments targeting endogenous loci by
examination of partially mismatched sites. However, these
mismatches were mainly located in the 5 region, with only
one base mismatch detected in the last 12 nucleotides at
the 3’ end of one off-target locus.

Yang et al™ considered several possibilities to explain
the lower off-target cleavage rate observed in animals
derived from manipulated zygotes compared to the re-
sults reported for CRISPR/Cas-treated human cell lines
including the following: (1) the cells analyzed in mice and
humans are clonal and heterogenous populations, re-
spectively; (2) the transformed human cell lines may have
different DNA damage responses, resulting in a different
mutagenesis rate compared to normal one-cell embryos;
and (3) introduced nucleotides are short-lived RNA or
long-lived DNA plasmids in mouse and human systems,
respectively, which lead to more extensive cleavage in hu-
man cells; however, a definitive explanation has not yet
been found.

Several measures to improve the specificity of Cas9-
mediated genome editing have been assessed. Firstly, it
was hypothesized that cleavage specificity may be im-
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proved by increasing the length of the region of base
pairing between the sgRNA and its target locus. To
test this, Ran e /" generated sgRNAs with 20 or 30
nucleotides guide sequences; however, they found that
extension of the guide sequence did not improve Cas9
targeting specificity. Next, Ran ez al™ developed a strat-
egy that combines the D10A mutant nickase version of
Cas9"™ " with a pair of offset sgRNAs complementary
to opposite strands of the target site (Figure 2A: DSBs
using wild-type Cas9 endonuclease; B: DSBs using a pair
of sgRNAs guiding Cas9 D10A). Whereas nicking of
both DNA strands by a pair of Cas9 nickases leads to
site-specific DSBs and NHE], individual nicks are pre-
dominantly repaired by the high-fidelity base excision
repair pathwaym‘. As a result, this double nicking method
can reduce off-target activity by 50- to 1500-fold and
assisted gene knockout without reduction of on-target
cleavage efﬁciencym’m. Double nicking allows not only
NHE]-mediated indels but also insertion into the ge-
nome zia HDR in human cells.

In the case of mutant animals produced by CRISPR/
Cas, off-target mutations will be eliminated by backcross-
ing to wild-type animals. Therefore, if researchers do not
use FO pups obtained by CRISPR/Cas for experiments,
off-target effects should not be a concern. RNA interfer-
ence (RNAI) experiment to induce sequence-specific gene
silencing is now a standard method for the functional
analysis of genes. However, designed small RNA fre-
quently repress translation from unexpected loci™ ™. To
remove this off-target effect, two or more independent
small RNAs are generally used in RNAi experiments. In
CRISPR/Cas expetiment, use of two or more indepen-
dent sgRNAs for a gene will be also an effective control
to remove off-target noise and improve the reliability
of the obtained phenotype. Nevertheless, more detailed
work will be necessary to determine the frequency of off-
target mutations, and improve the specificity in CRISPR/
Cas systems.

PROSPECTIVE APPLICATIONS OF THE
CRISPR/CAS SYSTEM

Precise genome modifications by CRISPR/Cas system
excite the interest of scientists working in both basic sci-
ence and applied fields, including gene therapy. Undoubt-
edly, the CRISPR/Cas system is a strong candidate for
application in human gene therapy. Several human iPS

cell lines have been generated from patients for stem cell-
based gene therapy by correction of gene mutations. But,
gene targeting in human pluripotent stem cells including
ES and iPS cells has been very difficult historically”.
Nevertheless, ZFNs and TALENS are capable of correct-
ing gene mutations mediated by HDR repair mechanisms
in human iPS cells™®* and the CRISPR/Cas system has
also recently been applied to the gene therapy model™ ™,
Of course, this application will require a highly efficienct
gene editing rate and no off-target mutations.

CRISPR/Cas is thought to be applicable for genome
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editing based only on NHE] or HDR; however, nuclease-
null Cas9 (Cas9n) can work as a transcriptional activator
or silencer without changing DNA sequencesm’%]. Mali ez
al® produced a Cas9x directly fused with the VP64 acti-
vation domain to generate a Cas9n-fusion protein capable
of transcriptional activation. This Cas9n-VP64 protein
robustly activated transcription of reporter constructs
and endogeneous REX7, OCT4, SOX2, and NANOG
genes when this fusion protein is combined with sgRNA-
targeting sequences near the promoter[&q. This is the
example of RNA-guided transcriptional activation. By
contrast, a Cas9In-sgRNA complex is specifically able to
interfere with transcriptional elongation, transcription
factor binding, or RNA polymerase binding™. This tech-
nology could be applied to genome-wide screens for gene
function.

Prior genome-editing technologies, ZFNs and TAL-
ENs, suggest new applications for CRISPR/Cas. For
example, Konermann e7 al™ developed a light-inducible
genome-editing system, using transcriptional effectors
and the customizable TALE DNA-binding domain. They
suceeded in transcriptional activation and epigenetic
modification of endogenous genes using primary neu-
rons as well as brain of living mice.

Bacterial DNA methyltransferases® " and human
DNA metyltransferase 3a and 3b subunits”” have been
fused to zinc-finger proteins and successfully demonstrat-
ed to perform targeted DNA methylation. Efficient target-
ing of DNA demethylation was also demonstrated using
fusions of TALE repeat arrays and the TET1 hydroxylase
catalytic domain (TALE-TET1)™. These targeted meth-
ylation and demethylation technologies will be applicable
for gene therapy of cancer and other epigenetic diseases
such as Beckwith-Wiedemann and Angelman syndromes
mediated by abnormal DNA methylation, or of Hunting-
ton disease, which is caused by by extra repetitive DNA
sequences. In addition, Jiang e/ al’ inserted an inducible
XIST transgene into chromosome 21 using ZFN in iPS
cells derived from a Down’s syndrome patient. In this sys-
tem, chromosome 21 are coated with XI§7T non-coding
RNA, followed by stable heterochromatin modifications,
DNA methylation and chromosome-wide transcriptional
silencing, This successful silencing of trisomy is the first
step for chromosome therapy using genome engineering,
These applications developed using ZFN and TALEN
systems will be also applicable using the CRISPR/Cas
technique.

In the future, CRISPR/Cas may be used to target the
viral DNA that becomes integrated into the chromosomes
of people with lifetime infections (eg., HIV). 1f this viral
genetic matetial can be disrupted using the CRISPR/Cas
system, this could negate the need for patients to continue
taking antiviral drugs throughout their lives.

[87-91

CONCLUSION

CRISPR/Cas has already been applied to many species
in which genome engineering has been difficult, because

this technology has the advantages of a highly efficient

JBaishideng® W]MG I WWWW] gnet.Com

73

mutation rate and a simple system for design of target-
specific sgRNA. Although improvements in the specific-
ity of CRISPR/Cas will be necessary to eliminate off-
target effects, the technique will be indispensable for
researchers in both basic and applied science.
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Abstract

The lifespan of mammalian trophoblast cells includes
polyploidization, its degree and peculiarities are, proba-
bly, accounted for the characteristics of placenta devel-
opment. The main ways of genome multiplication-en-
doreduplication and reduced mitosis-that basically differ
by the extent of repression of mitotic events, play,
most probably, different roles in the functionally differ-
ent trophoblast cells in a variety of mammalian species.
In the rodent placenta, highly polyploid (512-2048c)
trophoblast giant cells (TGC) undergoing endoredupli-
cation serve a barrier with semiallogenic maternal tis-
sues whereas series of reduced mitoses allow to accu-
mulate a great number of low-ploid junctional zone and
labyrinth trophoblast cells. Endoreduplication of TGC
comes to the end with formation of numerous low-ploid
subcellular compartments that show some signs of vi-
able cells though mitotically inactive; it makes impossi-
ble their ectopic proliferation inside maternal tissues. In
distinct from rodent trophoblast, deviation from (2")c in
human and silver fox trophoblast suggests a possibility
of aneuploidy and other chromosome changes (aberra-
tions, etc.). It suggests that in mammalian species with
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lengthy period of pregnancy, polyploidy is accompanied
by more diverse genome changes that may be useful to
select a more specific response to stressful factors that
may appear occasionally during months of intrauterine
development.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Cell cycle; Endocycle; Polyploidy; Genome;
Aneuploidy; Trophoblast; Placenta

Core tip: In rodent placenta, differentiation of second-
ary trophoblast giant cells give an example of the ir-
reversible endoreduplication (up to 1024c and higher)
that, however, results in formation of low-ploid subcel-
lular compartments uncapable of mitotic proliferation.
In the mammalian species with lengthy period of preg-
nancy, more diverse genome changes may be useful to
select a more specific response to stressful factors that
may appear occasionally during months of intrauterine
development.

Zybina TG, Zybina EV. Genome variation in the trophoblast cell
lifespan: Diploidy, polyteny, depolytenization, genome segre-
gation. World J Med Genet 2014; 4(4): 77-93 Available from:
URL: http://www.wjgnet.com/2220-3184/full/v4/i4/77 . htm DOI:
http://dx.doi.org/10.5496/wjmg.v4.i4.77

INTRODUCTION

Genome multiplication in the cells of placental tropho-
blast is a unique phenomenon among the mammalian and
other vertebrate tissues. By now, ontogenesis of rodent
trophoblast cells is fairly characterized and serves as a
model for studying normal and pathological development
of placenta. The main peculiarities of the trophoblast
cell lifespan in the rodent placenta is a genome reproduc-
tion due to cell cycle reduction up to two phases-S and
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G, the multifold repeat of which results in high level of
cell polyploidization-up to 512-2048 and higher'™ that
involves polytenizationm. Beginning from the second half
of pregnancy, a significant part of the secondary giant
trophoblast cells undergo depolytenization and genome
segregation with subsequent isolation of numerous small
nuclear fragments detaching from the giant nucleus™,

A range of trophoblast cell populations do not leave
mitotic cycle (a part of them probably represent the
trophoblast stem cells); the cells and their derivatives
form cell population of lower ploidy levels (2c-32c¢) at
the account of uncompleted mitoses” """, By now, a
noticeable data are available in the polyploidy in the other
mammalian groups, their modes of polyploidization be-
ing different from the rodent ones'"
the more and more data appear on the role of polyploidy
B 10 pat-
ticular, in recent publications a great attention is drawn to
the relationship of polyploidy and aneuploidy, the latter
is considered as a factor of genetic variability that may
be an adaptive under the stress conditions" !, There-
fore it seems to be interesting to compare regularities of

. Simultaneously,

in formation of different mammalian tissues

genome multiplication in different mammalian species
in accordance with possible role of trophoblast cells in
placenta formation.

THE WAYS OF SOMATIC CELL
POLYPLOIDIZATION

At present a great number of data has been obtained that
confirm the concept that modification (mostly, shorten-
ing) of the “archetypal” mitotic cell cycle results in ge-
B714,15.22:24) Recently, there dominates
a notion that such a modified cell cycle is characterized
by alternating DNA synthesis (S) and Gap (G) phases in

the absence of intervening mitoses, karyokinesis, and cy-

nome multiplication

tokinesis; a series of these shortened cycles allows cells to
achieve high level of ploidy that may exceed 1000c!" 2,
Nevertheless, the extent of cell cycle shortening that re-
sults in polyploidization appears to differ significantly in
different cell types and taxa. Therefore, it seems to be im-
portant to present short characteristics of different ways
of polyploidization of somatic cells of different animals,
plants, and human.

Switching off the last step of mitosis-cytokinesis-may
be the first step to polyploidy. In this case, binucleate cell
is formed (2c X 2). In the next cell cycle, both nuclei, as
a rule, enter mitosis synchronously due to what the uni-
form metaphase plate is formed. If the mitosis comes to
the end, it results in two mononucleated cells with tetra-
ploid nuclei. Alternation of acytokinetic and following
complete mitoses may result in formation of mono- and
binucleate cells of the higher ploidy:

2¢-(2¢ X 2)-4c-(4c X 2)-8¢-(8c X 2)

Noteworthy, in this case, mitosis is the key event
that allows formation of polyploid nucleus. Such a way
of polyploidization was demonstrated basing on the
dynamics of transition of mono- and binucleate cells
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with nuclei of different ploidy by using combination of
cytophotometry and 3H—thymidine DNA replication la-
beling™; this way was currently confirmed by using time-
lapse video images“s]. Similar way of polyploidization was
also demonstrated in some other mammalian cell types-
cardiomyocytes™” and aortic vascular smooth muscle
cells™”,

Block of mitoses at the meta- and anaphase also
may result in polyploidization: the cell do not complete
the mitotic division owing to what the nucleus with the
doubled number of chromosomes is formed™". Such a
way of polyploidization recently is often described under

14,19,23] . .
122 However, taking into ac-

the name of endomitosis
count participation of mitosis (although uncompleted) in
this cell cycle, we adhere to the used term “restitutional”
or “uncompleted mitosis”™. And now, in our opinion,
it makes sence to unify the cases of uncompleted and
acytokinetic mitoses under the term “reduced mitoses”.
Meantime, the term “endomitosis” includes prefix “endo”
accounted for by the initial sence that implied chromo-
some/chromatid segregation inside the nucleus. Different
forms of reduced mitoses may be observed simultane-
ously in the same cell type; in some cases they are accom-
panied by endocycles (see below); all these phenomena
may result from disorder of many mitotic events. A good
case in point is aortic vascular smooth cells studied by
the time-lapse video™. In most cases there occurred not-
mal anaphase chromosome segregation, but progress of
cytokinesis was atrested; as a result, binucleate cells were
formed. Sometimes such a binucleate cell renewed cyto-
kinesis that came to the end with two daughter (probably
diploid) cells formation. In other, rare, cases, mitoses
resulted in mononuclear polyploid cells due to chromo-
some bridge(s) that did not allow forming two daughter
nuclei. At last, there occurred some mitoses with shallow
cleavage furrow and missegregation of sister chromatids;
thereafter cleavage furrow disappeared and mononuclear
polyploid cell was formed. All the phenomena were ac-
companied by downregulation of Survivin®; the dis-
turbance of AuroraB/Survivin complex (a regulator of
mitotic machinery) exerted such a pleiotropic effect on
the progression of mitosis. The pleiotropic modifica-
tions of mitosis including endocycles (see below) were
also observed in many cases of spontanecous and induced
polyploidization, in particular, in endosperm and suspen-
sor of higher plants™ in cancer cells”, in bovine tro-
phoblast cells"" and in some other cases.

The reduced mitoses in most cases can result in poly-
ploidy of moderate level such as 4c, 8c, and some higher.
As a rule, these modes of polyploidization allow cell to
retain its mitotic potential "', Tn some cases they may
result in “ploidy reversal” thereby generating diploid cells
from the tetra- and octaploid ones as demonstrated by
the time-lapse video!"”"**",

More profound reduction of mitotic cycle results in
endocycles. Originally this term covered all cases of ge-
nome multiplication accomplished without the nuclear
envelope disappearance™ ", Therefore, it may be
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suggested that in these cases, everything or nearly all
stages of mitosis are reduced: the chromosomes do not
form the metaphase plate, and nucleus retains the traits
of interphase or prophase. The giant cells with polytene
chromosomes of salivary glands of Diptera that prob-
ably represent numerous copies of the tightly attached
elongated sister chromatids with clear-cut chromomere
structure most probably are formed by means of block
of mitosis in prophase.

The cycle of polytene nucleus devoid of mitosis was
described in the giant trophoblast cells of mouse and
rat. Using "H-thymidine labeling, two phases-S (endoin-
terphase) and G (endoprophase) were identified in rat
trophoblast cells. At the endointerphase (S-phase) the
nucleus was filled with thin long paired Feulgen-positive
threads, whereas at the endoprophase the bundles of
non-classic polytene chromosomes were observed””. Tn
mice, three phases of endoreduplication-G1, S, and G2
were discerned basing on the oscillative expression of the
S-phase inhibitor p57kip2[34].

The so-called classic endomitosis costs independently
from the point of view of classifications used here. It is
also a cell cycle devoid of phase of mitosis, although it
includes phases of endoprophase, endometaphase, and
endoanaphase, when the chromosomes attached to the
nuclear envelope undergo condensation and splitting into
sister chromatids followed by decondensation™”"*, Tn-
terestingly, the nuclear envelope in most cases is retained
throughout the whole cycle of endomitosis. Using the
*H-thymidine delayed labeling, three phases of endointer-
phase-G1, S, and G2 were determined in the endomitotic
cells of albumen gland of the snail Succinea lauta™. All
the data, in our opinion, suggest that classic endomitosis,
most likely, belongs to endocycles, ie., modifications of
cell cycle, in which the genome multiplication is accom-
plished due to reduction of most of mitotic stages.

The classic and some other types of endomitosis are
widespread mostly in invertebrates and plant tissues™.
Meanwhile, such a mode of genome multiplication is ob-
served in the human placental trophoblast[7’32’37’38], as well
as in cancer cells®*”", The future investigation should elu-
cidate the preferable meaning of the term “endomitosis”.

Numerous data suggest that endocycles allow cells to
gain very high ploidy levels. Thus, a series of endoredu-
plication cycle polytene nuclei of Drosophila salivary
glands may result in 1024c™* that most frequently pro-
vides irreversibility of switch from mitotic cycle to endo-
reduplication™?, That is why, probably, endocycles are
characteristic of the majority of invertebrate and plant
differentiated tissues™™*. By contrast, the uncompleted
mitoses including the acytokinetic ones in most cases can
result in polyploidy of moderate level such as 4c, 8c, and
some higher. As a rule, these modes of polyploidization
allow cells to retain their mitotic potential-for example, in
hepatocytes' "' that enable tissue to undergo an effective
regeneration and sometimes (mostly in cases of experi-

. 17,18
ments), to reverse to the diploid state! """,
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POLYPLOIDIZATION IN DIFFERENTIATION
OF THE RAT AND MOUSE
TROPHOBLAST CELLS

Beginning from the onset of differentiation, the primary
and secondary trophoblast giant cells (TGC) in rat and
mouse placenta undergo a series of endoreduplication
cycles that result in a very high ploidy level™*** and
polytenization of giant nuclei. In the non-classic polytene
nuclei, chromatin underwent condensation in the G-phase
showing bundles of thick and short chromonemes under
the nuclear envelope or near the nucleolus and decon-
densation in the S-phase where nuclei were similar to the
interphase ones™. Later on, ie., after the 12" gestational
day in rat, the features of non-classic polytenic chromo-
somes become less expressed that the precede transfor-
mation of the giant nucleus into polygenomic and mul-
tinucleate”™. Switch to endoreduplication in the murine
TGC is connected to the switch of the cyclin D isoform
expression from D3 to D1; the arrest of mitotic cycle
and the onset of endoreduplication was most probably
accounted for by the failure to assemble the cyclin B/
p?)4Cdkl complex during the first endocycle; in the subse-
quent endocycle the mitotic cyclin B was suppressedm’m.

As distinct from the primary and secondary TGC, the
junctional zone (JZ) trophoblast cells in rat and mouse
placenta represent a highly proliferative cell population;
the mitotic activity of JZ trophoblast cells persists up to
midgestation'. Simultaneously the JZ trophoblast cells
undergo differentiation into a number of cell subtypes in-
volved in glycogen store, hormone production, invasion,
ere”® " Unlike the secondary TGC that form a barrier
at the border between semiallogenic maternal and embry-
onic tissues, the JZ trophoblast cells undergo polyploidi-
zation pia uncompleted polyploidizing mitoses up to 8c
followed by some endoreduplication cycles allowing them
to reach 16-32c!”. The DNA content measurement in the
mitotic figures showed 4c, 8c and 16¢ mitotic figures indi-
cating the ability of 2c-8c polyploid cells to undergo the
complete mitotic division'”. However, the polyploid mi-
totic figures often were of abnormal shape; chromosome
bridges were frequent in polyploid anaphases, the double
and multiple bridges were commonly present (Figure
1). Therefore, in this case, polyploidization increases the
possibility of mitotic arrest that may result in interphase
renewal leading to further polyploidization.

Difference in endocycle and uncompleted mitosis is
lustrated by the data on their regulation by the transcrip-
tion factor family E2F**), The canonical and atypical
transcriptional programs converge to control the endo-
cycle through the regulation of cellular events important
for mitosis, karyokinesis, and cytokinesis. Thus, in the
murine trophoblast giant cells (TGC) the targeted gene
inactivation of E2f1, E2f2, and E2f3 transcription in-
duced abnormally large nuclei, their ploidy exceedin
their characteristic ploidy levels 8c-256¢. In the E2F7"
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Figure 1 Diploid and polyploid mitoses in the junctional zone trophoblast cells in rat placenta at the 14" day of gestation. A: Tetraploid metaphase and dip-
loid anaphase; B: Diploid restitutional anaphase with multiple chromosome bridges; C: Polyploid restitutional anaphase with multiple chromosome bridges; D: Tetra-

ploid normal anaphase; E: Octaploid metaphase; F: Hexadecaploid metaphase.

and E2F8” an unusual number of mitosis at different
phases were observed, which suggest interruption of en-
docycle™. The ploidy did not exceed 64c that, according
to our data is normally characteristic of the trophoblast
cells of rat placenta junctional zone undergone poly-
ploidization zia polyploidizing mitoses with subsequent
endocycles'. This phenotype of E2F7” and E2F8”
mice included upregulation of mitotic cyclins A2 and B1
in TGC as well as mitotic marker P-H3. In addition, up
to 40% of nuclei underwent separation of two approxi-
mately equal nuclei out of the single giant nucleus™’.
The data suggest that the E2F7/E2F8 ablation promotes
switch on mitotic cycle that restricts endocycling in TGC.

In liver, the combined ablation of E2f1, E2f2, and
E2f3 resulted in an increase of ploidy level®™ that sug-
gests a possibility of hepatocyte ectopic endocycling, By
contrast, ablation of E2F7/E2F8 leads to hepatocyte
diploidization and to a decrease of the binuclear cell
number. Thus, the canonical and atypical E2Fs exerts
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opposite effect: the canonical ones promote complete
progression of mitosis, whereas the ancient, atypical one
increases endocycling. Interestingly, study of the global
gene expression in hepatocytes showed that majority of
genes upregulated in E2F7/E2F8-deficient hepatocytes
were downregulated in the E2F1/E2F2/E2F3-deficient
ones, many of these genes had annotated to be the cell
cycle function related, in patticulat, to bound to the G2/
M transition or to mitosis”’.

Loss of E2F1 suppressed some, but not all mitotic
defects in TGC and hepatocytes caused by E2F7/E2F8-
deficiency. Ablation of mitotic cyclins in the E2F7/
E2F8-deficient mice resulted in the greater ploidy in
TGC, whereas hepatocytes in mice of similar phenotype
showed similar ploidy as wild type mice. Thus, inhibiting
the transcriptional network that signals G2/M progtes-
sion or interfering with mitotic machinery (by cyclins
A1/A2 ablation) reinstablished the mitotic block and
reinitiated higher ploidy levels™, probably, #a endocycle
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Figure 2 Secondary trophoblast giant cells of rat placenta at the 16" day
of gestation. Note massive long cytokeratin-positive sprouts that embrace wide
zones of decidual tissue (De). TGC: Trophoblast giant cells.

progression. The data demonstrate that an intricate E2F
network involving balanced and antagonistic activities of
canonical (E2F1-3) activators and atypical (E2F7/E2F8)
repressors plays, most probably, one of the key roles in
the mammalian endocycle control. Perhaps, most dra-
matic manifestation of altering the balance in the E2F
network is ectopic mitoses in the E2F7/E2F8 deficient
TGC. Interestingly, such a phenotype was lethal, whereas
inactivation of these genes did not produce any effect
on the growth of liver. Thus, in the liver, mitosis is a pre-
requisite of polyploidization whereas in the highly endo-
polyploid murine TGC, in distinct from liver, such a key
event is almost complete reduction of mitosis (ze., endo-
reduplication). It may be important for some functional
peculiarities of these cell types: for example, retention of
mitotic potential may be important for maintenance of
regenerative ability of the liver.

Difference in the cell cycle machinery was also de-
tected by using transcriptome analysis of the murine
TGC and megakaryocytesm. The authors compared the
expression level of orthologous genes in the DNA rep-
lication pathway and cell cycle gene controlling the G1-S
transition and S-phase. The components of the DNA
replication machinery including the origin recognition
complex, minichromosome maintenance and proliferat-
ing cell nuclear antigen genes were strongly expressed in
the TGC lineage. In contrast, polyploid megakaryocytes
exhibited a reduction in the expression of these genes.
The TGC similar to Drosophila polytene cells, on the
contrary, showed a reduction in the expression of mi-
totic genes, as compared with diploid control embryonic
cells®"] thereby confirming endocycle origin of their high
level of ploidy[5’34’421. Meantime, megakaryocytes showed
increased expression of M-phase factors as compared to
TGC or Drosophﬂalmj. Such a comparison suggests that
genes controlling G1-§ transition might play a key role
in genome multiplication #iz endoreplication (in murine
trophoblast and Drosophila salivary glands). By contrast,
upregulation of mitotic events rather than S-phase fac-
tors play a key role in genome multiplication of mega-
karyocytes via endomitosis (reduced mitosis).
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Significance of the two different ways of genome
multiplication-endoreplication and reduced mitoses-can
be shown on an example of functional organization of
different trophoblast cell populations in the rodent pla-
centa. According to our recent data, different trophoblast
cell population show different patterns of intracellular
cytokeratin localization. Long massive cytokeratin threads
were found in the peripheral cytoplasm of the secondary
TGC of rat and in their long sprouts by which they con-
nected each other making continuous barrier at the bor-
der with decidua'”. Similar cytokeratin immunostaining
was observed in the trabecular spongiotrophoblast cells
that line maternal blood sinuses. Clusters of low-ploidy
proliferative and/or glycogen cells in the depth of JZ
showed some weaker cytokeratin signal. Thus, the spe-
cific structure of giant trophoblast cells seems to provide
a barrier between semiallogenic fetal and maternal tissues.

The east-curopean field vole Microtus rossiaemer-
idionalis provides another example of barrier function
of TGC™. At the beginning of placentation TGC also
form a continuous layer at the foeto-maternal interface.
However, at midgestation, clusters of tightly attached
low-ploid glycogen-rich junctional zone trophoblast cells
progressively replace TGC thereby drawing them in the
depth of the fetal part of placenta. Nevertheless, TGCs
bound by their heavily cytokeratin-positive sprouts form
a framework that holds other trophoblast cell populations
and line lacunae with maternal blood.

Significance of specific TGC organization is con-
firmed by the data on the compound mutants on Cyto-
keratin 8 and 19" In this case, there was an excessive
number of TGC that however were not tightly attached
to each other. Besides, KS’/’, K87 /K19” and K187/
K19” knockout conceptuses died by the moment of pla-
centa formation and showed placental hemorrhaging”™ ™.
This apparently caused flooding directly to fetal tissue
where these trophoblast cells normally separate embry-
onic blood from maternal circulation.

The enormous sprouts of TGC probably play an-
other role in rat placenta. Some secondary TGC protrude
the decidual tissue by means of large nippel-like highly
cytokeratin-positive sprouts (Figure 2) that surround
wide accumulations of decidual cells, the latter, prob-
ably, undergoing subsequent degradation™. This process
was observed throughout the most of pregnancy and
represents, most probably, a special kind of invasion
that involves phagocytosis of decidual tissue by the tro-
phoblast that may be called “group phagocytosis”. The
trophoblast phagocytosis that provides histotrophic nu-
trition of embryo was desctibed in detail in the endothe-
lio- and hemochorial placenta of a range of mammalian
species™™. Thus, in mice, processes of trophoblast
giant cells penetrate a layer of uterine epithelial cells
and internalize the cells®; phagosomes with fragments
of decidual cells are observed in TGC. Recently, tran-
scriptome analysis showed high expression of scavenger
receptor class B, member 1 (scarb 1) required for phago-
cytic activity of TGC®", Therefore, gigantism of TGC
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Figure 3 Fragmentation of the rat trophoblast giant cells. A and B: First the
giant nuclei fall into two large nuclei, the latter then breaks down into numerous
small fragments (Fr); B: The giant nucleolus falls down into several nucleoli (NI),
then they form small nucleoli that seem to move into small nuclear fragments,
some nucleoli in the nuclear fragments may be formed de novo. Heidenhain
hematoxylin staining.

in this case probably allow them to perform invasion as
well as partial degradation and phagocytosis of decidual-
ized endometrium. It is interesting to note that one of
the possible advantages of endoreduplication is that cell
growth 1s accomplished without cell division that would
imply a significant rearrangement of cytoskeleton'”. Mi-
totic proliferation would prevent establishment of such a
continuous system of the tightly attached phagocytosing
TGC. Therefore, the endoreduplication allows TGC to
combine growth at the restricted time petriod with forma-
tion of a barrier made of the tightly attached TGC that
protect embryo from the immunological attack of the
maternal organism and provide its histotrophic nuttition.
It is also notable that the endoreduplication allows TGC
growing without nuclear envelope disappearance. It also
may be important, because isolation of genome inside the
nuclear envelope may protect it from mutagenic effect
of the degrading DNA of the phagocytosed maternal
cells. In rare cases, in the field vole placenta we observed
erythrocyte, Ze., the anuclear cell, inside the phagocytic
trophoblast cell undergone mitosis'.

An interesting example of the necessity of endopoly-
ploidy for the “barrier” function is the recently obtained
data on subperineural glia (SPG) of Drosophila melano-
gaster by Italic. These glial cells were highly polyploid,
and ploidy correlated with brain mass. Inhibition of the
SPG polyploidy caused rupture of the septate junctions
necessary for the blood-brain barrier. Thus, the increased
SPG cell size resulting from polyploidization is required
to maintain the SPG envelope surrounding the growing
brain®

As to the trophoblast cell populations lying in the
depth of the fetal part of placenta that first represent a
proliferative pool of trophoblast, their primary steps of
genome multiplication through reduced mitoses prob-
ably allow them to accumulate the great number of cells
undergoing multidirectional differentiation into a number
of subsets of cells within JZ and subsequently migrating
into decidua (endovasculatly and interstitially) as well as
consisting trophoblast of labyrinthlcj’mm.
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GENOME SEGREGATION: A TERMINAL
STEP OF RODENT TROPHOBLAST GIANT
CELL LIFESPAN

Beginning from the second half of pregnancy, the sec-
ondary giant trophoblast cells in rodent placenta undergo
the so-called nuclear fragmentation when a part of gi-
ant nuclei break down into a number of the smaller

nuclear fragrnents[sﬂ’“’“]. The fragmentation is preceded
by depolytenization which is gained by disintegration of
polytene chromosome bundles into the double chromo-
nemes/endochromosomes; the process was desctibed in
detail earlier”. A similar process was recently investigated
by using in sitn hybridization the whole-chromosome la-
beling in the polytene chromosomes of Calliphora eryth-
rocephala ovarian nurse cells”. In rat placenta, a portion
of TGC undergoing nuclear fragmentation increases as
the end of pregnancy approaches. Noteworthy, attenua-
tion of DNA replication precedes nuclear fragmentation:
this process begins in the nuclei that lost their capability
for DNA synthesisw. Nevertheless, there were some
reports about scarce murine “H-thymidine-labeled giant
trophoblast cell nuclei undergoing fragmentation[(’(’].

Interestingly, the process of nuclear fragmentation
often begins with break down of the giant nuclei into
two approximately equal parts (Figure 3). As a rule, one
of these “parts” (“subnuclei”) undergoes more com-
plete breakdown into numerous fragments. It is notable
that ablation of mitosis progression regulators E2F1,
E2F2, and E2F3 often resulted in break-down of mouse
trophoblast giant nuclei into two approximately equal
parts”. This suggests that although the process of giant
nuclear segregation is not similar to mitosis, most proba-
bly, some elements of the mitotic machinery are involved
in this mechanism.

Cytophotometric and cytofluorometric measurement
of DNA content measurement showed a tendency to
the whole-genome distribution of DNA into the nuclear
fragments (Figure 4). In the rat secondary TGC, the
histograms show quite clearly distinguishable peaks cor-
responding to different ploidy classes, Ze., 1c, 2c, 4c, 8c,
16¢, and 32¢c. However, there occurred incidence of some
intermediate values of DNA content that could not be
explained by the DNA synthesis, because in the nuclear
fragments the S-phase is absent. In the mouse secondary
TGC the tendency for the whole-genome distribution
was also observed, but some peaks tend to be 3c and 6¢
values™. Similar data were obtained on the giant cells of
the rabbit trophoblast”.

The DNA content measurement of nuclear fragments
of the field vole secondary giant trophoblast cells showed
more clear-cut correspondence to the distinct ploidy
classes multiple to 2¢™*,

Behavior of natural chromosome markers, ze., sex
chromatin body and nucleolus, were observed in the gi-
ant nuclei undergoing fragmentation. The inactivated
X-chromosome that forms a condensed chromatin body
in the interphase nucleus was undergone to successive
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Figure 4 DNA content in the nuclear fragments of secondary trophoblast
giant cells of mouse (A and B) and rat (C-E) at the 17" (A), 19" (B), 14" (C),
16" (D), and 18" (E) day of gestation. Abscissa: The DNA content (arbitrary
units, logarithmic scale), and ploidy, ¢; Ordinate: the number of nuclear frag-
ments.

doubling in each cycle on endoreduplication of the rat
secondary TGC of female embryos'. In the course of
fragmentation, each nuclear fragment obtained a small
condensed sex chromatin body attached to the nuclear
envelope[s’“]. Similarly, each fragment contains a small
nucleolus. At the onset of fragmentation, when the
nucleus breaks down into several rather large fragments,
the large nucleoli also break down into several ones that
seem to be converted into separate fragments (Figure 3).
Nevertheless, as to the final steps of fragmentation, it is
not easy to decide whether the small nucleoli came from
the initial giant nucleus or were synthesized de novo.

In the mouse secondary TGC, polytene chromo-
somes were characterized by the presence of large clear-
cut heterochromatin blocks attached to the nucleolus
(Figure 5). In the course of nuclear fragmentation, the
heterochromatin blocks were separated into small blocks
that were observed in the nuclear fragments near the
nucleolus (Figure 5).

To determine whether the separate chromosomes are
distributed into the nuclear fragments in correspondence
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with ploidy level, we used the so-called gonosomal chro-
matin bodies (GCB) in the secondary TGC of the field
vole Microtus rossiaemeridionalis by Italic that represent
large heterochromatin blocks of X and Y chromosomes
that form prominent condensed chromatin bodies in
the interphase nucleus. According to the DNA content
measurement in the nuclear fragments of the secondary
TGC and their GCBs, each fragment contains GCB(s) in
correspondence with its ploidy level.

The above-mentioned data confirm that isolation of
small “nuclei” inside the TGC is a process in which single
chromosomes are regularly dispersed into nuclear frag-
ments. Nevertheless, the data of cytophotometry leave
open the possibility of some aneuploidy in the nuclear
fragments. Thus, we can conclude that polytene nuclei of
TGC are transformed into the multinucleate giant cells,
each of nuclei contains the euploid (Ic, 2¢, 3c, 4c, ex.) or
the near-cuploid set of endochromosomes.

The nuclear fragmentation seems to be a rare com-
mon process, and its mechanism is not elucidated in
detail. Active participation of membranes of the nuclear
envelope and its derivatives was observed in the rat sec-
ondary TGC"; bundles of intermediate filaments were
also observed in invagination of nuclear envelope of
nuclei into the process of fragmentation. However, such
a process, most probably, makes possible separation of
one or more genomes into separate fragments, and their
number is not always divisible (2°)c.

In the literature, very little data are known to draw
analogies that could make an explanation of the above-
mentioned chromosome distribution in nuclear frag-
ments. Thus, in endomitotic nuclei of the seminal follicle
wall of locust separation of some endochromosome
groups corresponding to haploid, triploid, diploid, and
hexadecaploid chromosome sets', ze., segregation of a
numbet of genomes not multiple to (2")c. The data also
confirm the possibility of the spatial separation of ge-
nomes without their entering mitosis.

Another example of genome segregation is observed
in polyploid nuclei of protists. In some Radiolarians, nu-
clei are polyploid, and nuclear division is achieved via ge-
nome segregationlm]. For example, in Aulacantha by Italic,
there is a single polyploid, the so-called primary nucleus.
In the course of nuclear division, a great number of large
chromosomes are presumably gathered into chains. Dur-
ing endomitosis that precedes division, reproduction of
the “gathered” chromosomes takes place. In the course
of sporogenesis, fragmentation of the primary nucleus
results in a number of secondary nuclei; the latter initially
lie in the same cytoplasm, but later on the cytoplasm also
undergoes subdivision into a number of secondary bolls.
Then the secondary nuclei undergo a series of division
and, as a result, the cytoplasm breaks down into mono-
nuclear prespores that divide once again to give rise to
zoospores. All this complicated process is considered as a
breakdown of the primary nucleus into separate genomes
(via their segregation) and depolyploidization is carried
out in several steps.
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Figure 5 Distribution of heterochromatin blocks into nuclear fragments of mouse trophoblast giant cells. A: The initial nucleus (In) of trophoblast giant cells
(TGC) in the process of fragmentation; B: The initial nucleus contains large clear-cut heterochromatin blocks (Hn, arrows) near nucleoli (NI); C: The nucleus contains
non-classic polytene chromosomes with numerous distal loops (arrowheads); D and E: Nuclear fragments with small heterochromatin blocks (arrows) near nucleoli.

Squash preparations, aceto-orcein staining. Fr: Nuclear fragments.

Since placenta is a provisory organ, it is felt that there
should exist a mechanism of death of its cells, especially
the peripheral ones) as the term approaches; it would en-
able placenta to separate at birth. In fact, the lifespan of
the secondary rat TGC is strictly 22 d, which coincides
with the length of pregnancys; it is not changed in culture
and under conditions of transplantation under the kidney
capsulem.

The multinucleate secondary TGC in rat placenta
show some signs of apoptosis, attenuation of cell func-
tions and degradation: condensation of chromatin locat-
ed under the nuclear envelope of the nuclear fragments,
inactivation of nucleolus, destruction of cytoplasmic or-
ganelles, ete”’. Nevertheless, the outer nuclear membrane
of some nuclear fragments generates outgrowths con-
tinuous with the agranular endoplasmic reticulum, which,
in turn, produces the double-membrane channels that
delimit cytoplasmic mic territories around nuclear frag-
ments. It is notable that the territories contain the whole
set of cell organelles-mitochondria, Golgi complex,
granular and agranular endoplasmic reticulum, numerous
polysomes. In many cases, nuclear fragments with their
cytoplasmic territories that can be called “subcellular
compartments”, look quite viable; they are often isolated
from the rest of cytoplasm of TGC that show signs of
degradation. Moreover, sometimes this process results in
isolation of subcellular compartments from other ones;
however, in some cases the compartments connect each
other by means of typical intercellular junctions (Figure
6). Occasionally it is possible to see as the pseudopodia
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formed by one subcellular compartment as though try to
surround another one (Figure 6). Therefore, the subcel-
lular compartments of TGC may behave like full value
cells”. Meantime, in other cases, these compartments
look apoptotic.

Thus, as the term approaches, TGC undergoing at-
tenuation of reproductive, transcriptional, and other
function simultaneously separates numerous subcellular
compartments with near-euploid nuclei; the compart-
ments may be both viable and apoptotic. It seems to be
important that these fragments lose completely their ca-
pability for genome reproduction that would prevent re-
newal of proliferation of trophoblast cells. Nevertheless,
the subcellular compartment formation may represent a
reserve mechanism that preserve trophoblast genome for
unknown functions. Further investigation may probably
shed light on the significance of this phenomenon.

POLYPLOIDIZATION OF SILVER FOX

In the silver fox the trophoblast invasiveness is manifest-
ed in other form as compared to rodents. In Carnivores,
syncytiotrophoblast only partially destroys uterine epi-
thelium and comes into contact with blood vessels, with-
out destroying endothelium”"™®. The main part of fox
placental trophoblast in which active proliferation and
polyploidization takes place is out of contact with the
glandular zone of endometrium and forms the fetal part
of placenta[73]. The giant trophoblast cells are scattered
throughout the fetal part of placenta (Figure 7), forming
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Figure 6 Subnuclear compartments in the rat trophoblast giant cells are separated from each other by forming rather wide channels of endoplasmic retic-
ulum (A, arrow); some of them show intercellular junctions (A and B), some compartments (B) produce pseudopodia-like outgrowths (arrowheads) moving
to other compartments. Nfr: Nuclear fragments; Chr: Condensed chromatin; Sc: Subnuclear compartments; Ne: Nuclear envelope.

Figure 7 Silver fox placenta. A and B: Trabeculae of trophoblast and folds of uterine glandular epithelium (Ep) mutually contact each other, trophoblast giant cells
(TGC) are scattered in the fetal part of placenta between accumulations of proliferative cells; B: Mitotic (M), binucleate (Bc) and cells with polytene nuclei (Pn); C:
Nucleus with non-classic polytene chromosomes; D: A polyploid nucleus in the beginning of fragmentation (arrow). Meyer hematoxylin staining.

the largest accumulation near absorptional zones.

DNA content in the trophoblast cells corresponds
predominantly to 4c-64c, the main peaks lying at 16 ¢ and
32¢; meantime, the highest ploidy corresponded to 64c™,
Therefore, the ploidy level of the silver fox is lower as
compared to the giant trophoblast cells in rodents. An-
other peculiarity is that there was a considerable deviation
from (2"c, with a tendency to 27 X 3¢ values and a great
variety of the intermediate values suggesting a significant
incidence of aneuploidy”.

Dynamics of polyploidization during placentation
showed several steps of increase and decrease of ploidy
levels. At the 20" day of pregnancy the trophoblast nu-
clei reach the highest ploidy levels (Figure 8). At the next,
21" day, percentage of nuclei of higher ploidy levels de-

Baishidenge ~ WIMG | www.wjgnet.com

85

creases. This trend is also seen at the 22™ day: the “diver-
gence” of ploidy is observed, the percentage of diploid
and tetraploid nuclei rises to 10% and 20%, respectively;
simultaneously the percentage of 32c and 64c¢ nuclei also
increases as compared to that at the 21™ day, and tropho-
blast cell population reaches the highest ploidy levels-
128¢ and 256c. At the 23" day, a new “wave” of poly-
ploidization, similar to 20 d, takes place. The reason of
such a fluctuation may be accounted for appearance of
new zones of trophoblast cell proliferation. Therefore a
part of trophoblast cells divide mitotically providing dip-
loid and low-polyploid cells whereas other cell undergo
endocycles to reach high ploidy levels. Simultaneously,
pictures similar to nuclear fragmentation described in the
rodent giant trophoblast cells (see above) wete observed
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Figure 8 Dynamics of polyploidization of the trophoblast cells in silver fox placenta.

in the fox trophoblastm; such a genome segregation also
may be a reason for a decrease of the ploidy level.

The DNA content measurement in mitotic figures
showed 4c, 8¢, and 16c mitotic figures that confirm the
ability of 2c-8c to divide mitotically. The presence of
binuclear cells, polyploid mitoses, and atypical meta-
phases and anaphases including multipolar mitoses in-
dicates acytokinetic and uncompleted mitoses as a way
by which the cells reach low (4c-8c) ploidy levels'”, The
higher ploidy levels may be attained by switch to endo-
reduplication cycle; it is confirmed by the presence of
nuclei with characteristic non-classic polyteny (Figure 7).
Interestingly, histograms of DNA content in the mitotic
figures also show a tendency for “triploidy”. It should be
noted that signs of aneu- or/and triploidy are intrinsic
of fox trophoblast: the uterine epithelial cells that also
polyploidize reaching 4c-8c show quite euploid DNA
content histogramsm.

The reason for deviation from euploidy in the fox
trophoblast cells was not clatified completely. However, it
cannot be ruled out that it may result from depolyploidi-
zation as a result of the multipolar mitoses and the pro-
cess similar to the nuclear fragmentation described in the
previous chapter.
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PECULIARITIES OF HUMAN
TROPHOBLAST GENOME
MULTIPLICATION

Human trophoblast shows, at the first glance, a great dif-
ference in the trophoblast polyploidization as compared
to rodents, which probably is accounted for by human
placenta formation and growth characteristics. During
the most of pregnancy, the trophoblast continuous layer
at the border of decidua consists of a layer of syncy-
tiotrophoblast, whereas several local zones of the intra-
uterine invasion of extravillous trophoblast (EVT) are
concentrated at tips of the anchoring villi"™, Numerous
data of caryologic analysis as well as DNA flow cytom-
etry showed the prevalence of the diploid or, sometimes,
near-diploid chromosome set in the human trophoblast
cells”". Meantime, the human trophoblast invasion
show many analogies in regularities of the genome repro-
duction to trophoblast of rodent placenta.

Thus, in human, like in rat placenta, the deep in-
trauterine interstitial and endovascular invasion is ac-
complished at the complete cessation of DNA replica-

tion™*™™ TLack of genome replication of the invading
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Figure 9 The difference in DNA content in human extravillous trophoblast cells invaded endometrium in placentae of the first trimester between two indi-
viduals (A and B). Abscissa: The DNA content (arbitrary units); Ordinate: The number of cells.

trophoblast may prevent the ectopic proliferation of
the trophoblast cells both within the uterus and in other
parts of the maternal organism.

Polyploidization of the extravillous trophoblast cells
also show similarities with rodent placenta. Thus, the
proliferative EVT attached to the basal membrane of tip
of villi are mostly diploid, but the ploidy increases pro-
gressively to 4-8c in process of approach to the border
of decidua'™™. Thus, like in rat, mouse, and field vole, the
highest ploidy is characteristic of the human trophoblast
cell layer that borders the semiallogenic maternal tissues.

An interesting peculiarity of the human EVT genome
reproduction is a ploidy divergence that takes place at the
moment of intrauterine invasion (Figure 9)"™. The frac-
tion of 8c cells increased by up to 9.7%; besides, a few
16¢ nuclei appeared, whereas, on the other hand, the pet-
centage of diploid cells also rise noticeably-on average,
from 20% to 30%. Such a tendency was also found in the
EVT invaded up to myometrium: the petcentage of dip-
loid nuclei exceeded 40%, wheteas a number of highly
polyploid 8c and 16¢ nuclei persisted in this zone.

One of peculiarities of the trophoblast cell poly-
ploidization is a great variety of the genome multiplica-
tion between individual placentae”. Thus, Figure 9 pres-
ents histogram of the DNA content distribution in the
extravillous trophoblast cells invading decidualized endo-
metrium in placentae of two pregnant women. We can
see that one of them shows more or less clear-cut peaks
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corresponding to 2c and 4c; the latter ploidy class pre-
vails, some cells being able to reach as many as 16c. An-
other sample shows more extended histogram, in which
the main peaks tend to 3c and 6c, the greatest number
of cells being located between 4c and 8c. Besides, in the
second sample, the noticeable number of cells exceeded
16¢c. A correlation between DNA content values not
multiple to (2")c and the highest ploidy level is seen here;
besides, a tendency for 3¢ X 27 values is characteristic of
the samples of the higher ploidy level.

Endoreduplication of human cervical trophoblast
with prevalence of tetraploid cells was also found by
means of caryological analysis with fluorescent 7n situ
hybridization (FISH) staining of the chromosomes X, Y,
and 21",

Endocycle progression in the human EVT is con-
firmed by downregulation of mitotic cyclins A and B1
alongside the invasion pathway and peculiar expression
of Cyclins D and E as well as p57-""",

According to our data, a great number of DNA
content values not multiple to (2")c is observed in the
beginning of the EVT invasion. When the cells penetrate
endometrium and myometrium, more clear-cut peaks
tending to (2)c are observed”.

Interestingly, some data suggest the necessity of aneu-
ploidy for normal EVT trophoblast invasion. Thus, mo-
lecular cytogenetic data showing that approximately 20%
to 60% of interphase EVT invasive cells in the normal
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Figure 10 Human trophoblast cells undergoing polyploidization. A: A squash spread of chorionic villus stained with 4',6-diamidino-2-phenylindole; A1: Binucleate
cell in interphase; A2: Binucleate cell in prophase; A3: Endometaphase; A4: Endoanaphase; B: A cell column (Cc) at the tip of anchoring villus (Av) generates a pool
of extravillous trophoblast cells (EVT) capable for invasion of decidualized endometrium (Dc); C: Multinucleate EVT invaded decidua; D: Interstitial EVT of moderate

ploidy; E: Small elongated low-ploidy EVT that reach myometrium.

pregnancies acquired aneusomies involving chromosomes
X, Y, or 16, The incidence of aneuploidy positively
correlated with gestational age and differentiation to the
invasive phenotype. Scoring 12 chromosomes in flow-
sorted cytotrophoblasts showed that more than 95% of
the cells were hyperdiploid. Thus, aneuploidy appears to
be an important component of normal placentation, per-
haps limiting the proliferative and invasive potential of
cytotrophoblasts within the uterus™.

A series of recent investigations allow some authors
to put forward a concept that transition from endoredu-
plication to polyploidy and then to aneuploidy represents
a genetically diverse pool of cells"**". The authors sug-
gest that a set of these genetically changed cells may be
useful and amplified under conditions of stress' . In the
case of invading trophoblast we can assume that aneu-
ploidy that accompanies the complicated processes of the
trophoblast genome reproduction may rise several geno-
types that may promote cells to survive under the stress
conditions inside semiallogenic maternal tissues. It may
be suggested that the most stressful condition for EVT
cells is a moment of overriding the border with decidual-
ized endometrium; at this moment the optimal genotypes
are selected; later on, deviation of the euploidy decreases.
It cannot also be ruled out that simultaneously the cells
of higher ploidy are selected to invade the proximal part
of endometrium and the small low-ploidy elongated cell
to invade deep up to myometrium (Figure 9).

It is not easy to explain the possible significance of
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tendency to triploidy in the invading human EVT (that
may be analogous to the same tendency observed in sil-
ver fox). Triploidy of human trophoblast was reported
in several papers’ ™. Very often, it is observed under
pathological conditions connected with ectopic or dis-
turbed trophoblast invasion, for example, in the hydatidi-
form mole™ or severe preeclampsia™. Meantime, basing
on the above-mentioned data on the possibility of non-
mitotic genome segregation (nuclear fragmentation) as a
regular step of trophoblast cell lifespan, we can suggest
that such a process may result in separation of the chro-
mosome set non-multiple to (2")c. This process, most
probably, does not include the way of exact distribution
of all chromosomes into the daughter cells characteristic
of mitosis, that is why it may be suggested that such a
way of depolyploidization of trophoblast cells may result
in aneuploid genotypes.

The reason for such a variability may be accounted
for by the ways of human EVT polyploidization. Endo-
mitosis and non-classic polyteny were observed in the
trophoblast cells in normal human pregnancies”™ " as
well as in hydatidiform moles"™”

According to our data, the processes like endoredupli-
cation or/and endomitosis, most probably, prevail in the
EVT invasive pathway. The Figure 10 shows a chorionic
villus tip stained with DAPI. A great number of cells
with numerous chromocenters as well as nuclei at differ-
ent stage of endomitosis are present there (Figure 10)",
Meantime, a number of nuclei with enlarged chromo-
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centers, whose number was not increased with increasing
ploidy, suggest a possibility of passages of several rounds
of polytenization[38]. Thus, it cannot be ruled out that a
relatively low ploidy level in the human placenta prone to
aneuploidization may be linked with endoreduplication/
endomitosis that, theoretically, may be involved in single/
double/triple genome segregation processes.

GENOME MULTIPLICATION IN THE
TROPHOBLAST CELLS OF RUMINANTS

Ruminants represent a mammalian group with the so-
called epitheliochorial placenta, in which trophoblast
invasiveness is minimal: the trophoblast cells attach to

the uterine epithelium mostly without its degradation™,;

meantime, the trophoblast cells express the same inte-
grins as the highly invasive human trophoblast cells™,
The bovine trophoblast cells that come into close contact
to the uterine epithelium retain their mitotic activity and
reach the ploidy level 4c-8c via reduced (restitutional)

(30 Tripolar mitoses suggesting a possibility to

mitoses
reverse to the lower ploidy level also are present there. It
is quite probably that lack of deep invasion that does not
imply phagocytosis of epithelium, blood or decidual cells
by the trophoblast does not require switch to the endo-
reduplication cycle, although a low level of ploidy is still
necessary for such a mode of feto-maternal interaction.
The most striking example of polyploid mitoses was
described in alpaca trophoblast. Elevated nuclear DNA
contents in the giant trophoblast cells of alpaca could
be achieved by modified cell cycles with a complete lack
of mitosis (endoreduplication) or with incomplete mito-
ses!'?. Electron microscope observation made on serial
sections revealed that TGCs are truly multinucleate with
several highly lobulated nuclei. Feulgen staining showed
that TGC nuclei have the higher DNA content than
nuclei of other trophoblast cells. The number of ar-
gyrophilic nucleolar organizer regions in nuclear profiles
of TGC was between 15 and 100; numerous nucleoli
suggest polyploidization, in which mitoses take part, as
this was observed in the rat decidual cells™. In the latter
case, numerous decidual cells are formed by active mi-
totic divisions; numerous binucleate cells were observed,
there were many enlarged mitoses of irregular form, a
part of mitoses were tri- and tetrapolar. Very often, bi-
tri- and tetranuclear cells were observed that could result
from multipolar mitoses, the nuclear ploidy reached 8c.
Numerous nucleoli (up to 20) were also observed in the
lobulated nuclei. As to alpaca trophoblast, even larger
multipolar mitotic figures with maximal diameters of
80 um were observed in placentas on gestation days
264 and 347. No cytokinesis was seen in TGC"™. The
authors note that subsequent acytokinetic mitoses may
lead to accumulation of chromosomes and centrioles in
TGC. With increasing ploidy levels, the shape of these
polyploidizing mitoses becomes more irregular. The res-
titution of nuclei after these complex multipolar mitoses
is likely to result in the irregular nuclear shape in TGC.
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Therefore, it 1s an exceptional example of polyploidiza-
tion via restitutional (reduced) mitoses that probably
may lead to the high ploidy level. It seems doubtful that
in this case the multipolar mitoses may result in depoly-
ploidization.

Thus, a conclusion can be made that shallow-invasive
trophoblast cells of ruminants involve polyploidization
via restitutional (reduced) mitoses.

CONCLUSION

The data considered here demonstrate that trophoblast
cells of different mammalian species are characterized by
different modes of multiplication of their genome that,
probably, is linked with their ploidy level, capability for
further proliferation, necessity of irreversible or, on the
contrary, of reversible polyploidization that, in turn, most
probably, is accounted for by the trophoblast cell specific
function.

One of the most important advantages of polyploidy
for the trophoblast cells contacting semiallogenic ma-
ternal tissues may be the delay of proliferation to avoid
segregation of the damaged chromosomes"”. Besides,
multifold genome doubling makes the endocycling cells
more resistant to mutagens. Thus, the highly endopoly-
ploid murine TGC are much more resistant to irradia-
tion than the low-ploid trophoblast cells™. Interestingly,
endoreduplication as a response to mutagens can be
induced experimentally, and some regulatory pathways
were recently revealed. Thus, following double strain
breaks induction in the root tips of Arabidopsis by Italic
the cells switch to endoreduplicationm. This cell altera-
tion requires the plant-specific transcription factor Sup-
pressor gamma response 1 which transmits signals from
the conserved Ataxia Telangiectasia mutated and Ataxia
Telangiectasia-mutated and RAD3-related DNA damage
sensor kinase®. This DNA break response produces
transcriptional changes that are consistent with downreg-
ulation of mitotic factors and upregulation of cell cycle
genes that promote endoreduplication.

Recently there were obtained some other confirma-
tions of significance of non-mitotic polyploidization
under condition of DNA damage. In Drosophila by
Italic, endoreduplication cells acquire resistance to DNA
damage through a mechanism involving the silencing of
cell death genesm’%]. Similarly, endoreduplication mouse
trophoblast cells that undergo endoreduplication also
downregulate the DNA damage response. During differ-
entiation of trophoblast stem cells into polyploid TGC,
the protein level of damage-responsive Chk1 is decreased
providing for endoreduplication. This decrease in Chkl
enables polyploid trophoblast cells to evade apoptosis
through suppression of the DNA damage pathwaylg()’g(”.

It seems to be obvious that there are two main ways
of genome multiplication: endoreduplication that in-
volves downregulation of mitotic events and reduced
mitosis (“endomitosis”) in which entrance into mitosis is
a prerequisite of genome multiplication. Endoreduplica-
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tion allows to combine growth and specific functioning
of cells that retain their peculiar organization. On the
contrary, the cells that polyploidize iz reduced mitoses
retain their mitotic potential necessary, for example, for
accumulation of a great number of cells, or for regenera-
tion. In case of rodent trophoblast, the highly polyploid
TGC undergoing endoreduplication serve a barrier be-
tween semiallogenic tissues whereas highly proliferative
low-ploid trophoblast cell populations give rise to numer-
ous JZ and labyrinth trophoblast cells.

Endoreduplication is a characteristic of highly inva-
sive trophoblast cells. It is confirmed by comparison of
placentation of mammalian species. Thus, highest inva-
siveness is characteristic of rodent and human placenta
in which invasive trophoblast cells undergo endoredupli-
cation whereas reduced mitoses are observed in the low
invasive epitheliochorial placenta of ruminants.

Another advantage of polyploidization that is widely
discussed now is a possibility to gain a variety of genome
changes. Such a possibility was recently demonstrated in
hepatocytesm’m’z”. Apart from polyploidization by acyto-
kinetic and subsequent normal (polyploidizing) mitoses,
hepatocytes may undergo depolyploidization that result
from multipolar mitoses'”. Indeed, during multipolar
mitosis, microtubules from different poles of spindle can
be attached to a single kinetochore, and failure to repair
such merotelic attachment can lead to incomplete chro-
mosome segregation. In this case, chromosome bridges
and laggings were observed. Karyotype analysis showed
high frequency of aneuploidy in the normal murine
liver: nearly 25% of hepatocytes from the 3-wk old mice
were aneuploid, the aneuploidy increasing to 70% in the
4-15-mo old mice"?. Interestingly, the entire chromo-
somes were gained and lost in this case, and structural
rearrangement was rarely seen; besides, all chromosomes
of genome were affected equally. One or more chromo-
somes were gained or lost by each aneuploid hepatocytes,
and occasionally chromosome gains balanced losses
mimicking the normal chromosome number. That is why,
probably, aneuploidy did not lead to noticeable deviation
from (2")c seen in histograms of the DNA content dis-
tribution in hepatocytes measured by DNA cytometrym.
The karyotype and FISH analysis also revealed a signifi-
cant level (30%-90%) of aneuploidy in the human liver"”,
Strikingly, gain and loss of chromosomes in hepatocytes
under stress conditions may result in selection of the spe-
cific karyotype that can result in adaptation to injurylzuj.

The statement that polyploidy is often accompanied
by aneuploidy may be accounted for by the fact that
aneuploidy often results from depolyploidization that,
in turn, requires polyploid cell formation. Meantime, it
should be kept in mind that genome multiplication, in
many cases, is irreversible. In this connection, a spectacu-
lar example is given by the ovarian follicle nurse cells™,
When the cells reach 32c¢, centrioli leave their position
near nucleus and move into oocyte through the cyto-
plasmic bridges. This is a way by which the cell “burns
the bridges” to ploidy reversal and renewal of mitotic
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divisions. In the majority of cells normally undergoing
endocycles, the genome multiplication is irreversible™.
Therefore, aneuploidy may arise in the modified cell
cycles prone to depolyploidization. Actually, at present
little is known as to which cell types may be capable for
the spontaneous non-pathologic aneuploidization.
Endopolyploidization as an escape route from cell
death has been investigated on cancer cells. It has been
demonstrated that after irradiation the great majority of
cells die due to a mitotic catastro[’)he[921
cells escape the mitotic catastrophe and polyploidize. A

. However, some

few endopolyploid cells undergo depolyploidization and
create a set of para-diploid viable cells capable for mito-
ses that may give rise to subclones”™”, Recent data of
this research group indicate that tumor cells can induce
opposing processes of senescence and stem cell genera-
tion in response to these treatments whose biological
significance and molecular regulation currently are poorly
understood”". Although cellular senescence is typically
considered a terminal cell fate, it was recently shown to
be reversible in a small population of polyploid cancer
cells induced after DNA damage. Overcoming genotoxic
insults are associated with reversible polyploidy. The
subsequent depolyploidization results in evoking the self-
renewal potential in survived cells™.

In rodent placenta, the secondary TGC provide an
example of irreversible differentiation that, however,
results in formation of the low-ploidy subcellular com-
partments that may behave like viable cells except for
renewal of their capability for proliferation. Theoretically,
depolyploidization may take place in the JZ and labyrinth
trophoblast cells of rat and field vole undergoing the
polyploidizing mitoses, some amount of multipolar mito-
ses being observed here'. Deviation from (2"c in human
and silver fox trophoblastw’u’m suggests a possibility of
aneuploidy and other chromosome changes (aberrations,
etc.) that may be even more strongly pronounced in tro-
phoblast cells of these species. It cannot be ruled out that
in human trophoblast a high degree of genomic changes
also may be important for selection of cells able to sur-
vive under conditions of deep intrauterine invasion. In
silver fox, a series of endoreduplication and proliferation
cycles involving depolyploidization vz multipolar mitoses
and a process similar to nuclear fragmentation would also
form a multifunctional system resistant to injury from the
maternal tissues.

It seems to be important that different mammalian
species have different programs of genome multiplica-
tion. Thus, placenta of rodents with strict spatial loca-
tion of high- and low-ploidy trophoblast cells, with low
incidence of deviation from (2")c, probably is accounted
for by their strict developmental program allowing them
to produce their progeny during a limited period of
short pregnancy. The mammalian species with a long
period of pregnancy probably stick to another strategy
allowing them to generate a more specific response
to stress factors that may appear occasionally during
months of intrauterine development. In these cases, a
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more diverse genome changes followed by selection of

favorable genotypes may be useful to maintenance of

placental functions.
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Abstract

The uptake of the two essential ingredients for life,
oxygen and nutrients, occurs primarily through the oral
cavity, but these two lifelines need to be separated
with high accuracy once inside the body. The two sys-
tems, the gas exchange pulmonary system and the
gastro-intestinal feeding system, are derived from the
same primitive embryonic structure during develop-
ment, the foregut, which need to be separated before
birth. In certain newborns, this separation occurs not
or insufficiently, leading to life threatening conditions,
sometimes incompatible with life. The development of
the foregut, trachea and lungs is influenced and coor-
dinated by a multitude of signaling cascades and tran-
scription factors. In this review, we will highlight the
development of the foregut and pulmonary system and
focus on associated congenital abnormalities in light of
known genetic alterations with specific attention to the
transcription factor SOX2.
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Core tip: Foregut abnormalities are complicated con-
genital diseases which still lack knowledge of the origin.
This review highlights foregut development and associ-
ated abnormalities, specifically focussing on the tran-
scription factor SOX2.
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FOREGUT DEVELOPMENT

Gastrulation is the process that adds complexity to the
developing organism and results in a triploblastic animal
by formation of the three germ layers, ectoderm, meso-
derm and endoderm. At embryonic day 8 (E8.0) in mice
(comparative to 3 wk in human), the sheet of endoder-
mal cells starts to invaginates ventrally at the anterior and
posterior intestinal portals, which subsequently migrate
towards each other to form the primitive gut from the
future mouth to anus'. At E9.0, the notochord delami-
nates from the dorsal endoderm and will eventually be
situated between the primitive gut and the neural tube.
The notochord serves in this phase of development as a
strong signaling center, secreting morphogens like Sonic
hedgehog (Shh) to pattern the endoderm as well as the
neural tube™. Another signaling center associated with
the early patterning and morphogenesis of the foregut is
the heart mesoderm, which secretes Fibroblast growth
factors (Fgf). High levels of Fgf signals activate lung spe-
cific genes while lower levels of Fgf activate liver specific
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Table 1 Gestational ages in human and mouse during the five
stages of lung development™

Phases of lung development Gestational age

Human Mouse
Embryonic phase Weeks 3-7 E9-11.5
Pseudoglandular phase Weeks 5-17 E11.5-16.6
Canalicular phase Weeks 16-25 E16.6-17.4
Saccular phase Weeks 24-38 E17.4-PN5
Alveolar phase Weeks 36 to maturity PN5-30

E: Embryonic age; PN: Post natal age.

genes”. The prospective lung field, the area which will
eventually lead to the emergence of the primitive lung
bud, is subsequently patterned by retinoic acid (RA) sig-
naling. The RA receptor (RARq) is required to maintain
RA signaling and to assist the effects of RAR, which
induces the expression of Fgfl0. RA signaling integrates
the Wnt and transforming growth factor beta (Tgfp)
pathways by inhibiting the expression of the Wnt an-
tagonist Dickkopf-1 and by preventing the expression of
TgfB™. Overall, the foregut is regionalized as shown by
the various dorsal-ventral gradients of morphogens and
subsequent transcription factors. This pattern of expres-
sion is essential for proper development of the trachea,
esophagus and lungs, and disturbances in these patterns
result in various trachea-lung defects (see below).

Lung development

The lung primordium arises from the ventral foregut
as a primary bud, just anterior to the developing stom-
ach around embryonic day 9.5 in mice or week 4 in
humans™”. The lung bud splits in two buds, the future
left and right bronchus, elongates and the proximal part
separates into oesophagus and trachea, while distally the
bronchial tree is formed through a process called branch-
ing morphogenesis'”.

Development of the lung can be divided into five dis-
tinct, but overlapping phases based on morphology (Table
1), During the earliest phase, the embryonic phase, the
lung buds are formed from the primitive foregut, the
mayor bronchi are formed and the tracheal-esophageal
tube is dividing, Several signaling cascades direct the eatly
embryonic morphogenetic events and cell fate decisions
including Tgff3, Bone Morphogenetic Proteins (BMPs),
Shh, Wnt, and Fgf families, which will be discussed in
more detail™. As development of the lung advances, the
embryonic endoderm undergoes progressive fate deci-
sions that generate epithelial progenitor cells with increas-
ingly restricted developmental potential over time. The
next phase, the pseudoglandular phase is characterized
by the commencement of differentiation of epithelial
cells. Also, the bronchial tree and all terminal bronchioles
are formed. The pseudoglandular phase is followed by
the canalicular phase and the saccular stage”. During the
canalicular phase, the conducting airways are completed
and the respiratory portions of the lung as well as the
capillary bed are formed, while during the saccular phase
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the terminal tubes narrow, giving rise to small saccules
and the endoderm begins to differentiate into specialized
alveolar type I and type 1I cells'”. The last phase, the
alveolar phase, is characterized by the establishment of
secondary septa resulting into alveolar formation, which
mainly takes places after birth™'",

Regulation of foregut and lung development

The morphogenesis of the foregut and lung is subse-
quently regulated by a myriad of transcription factors and
signaling cascades. The molecular and cellular events con-
tributing to lung development and the separation of the
trachea and esophagus have been extensively described
in recent reviews' "', Regionalization of the different
parts of the gut is controlled by the localized expres-
sion of Homeobox (Hox) genes'”. Hoxa3 and Hoxb4
are expressed in the foregut endoderm, whereas Hoxe5
and Hoxa13 are expressed in the midgut and hindgut
endoderm, respectivelym’m. During tracheal-eosophageal
development, Shh is specifically and dynamically ex-
pressed during the patterning of the ventral foregut
whereas its expression is transiently expressed in the tra-
cheal endoderm". During the early stages of branching
morphogenesis, Shh is expressed in the epithelium, with
the highest levels of expression in the tips. Later, there is
downregulation of Shh in the proximal parts of the air-
ways while distally the expression sustains'®

SOX GENES AND FOREGUT
DEVELOPMENT

Transcription factors that show specific expression profil-
es in the endoderm, include members of the SRY-related
High-Mobility Group (HMG) transcription factors' ™.
The Sex-determining region on the Y chromosome ($7y)
gene, was the first identified member of the SOX family
of transcription factors”*". SOX family members are
highly conserved across species and they were originally
identified by homology, as they contain an HMG box
closely related to that of the Sry genem]. Therefore, Sty
gave the SOX gene family its name; Sry-related HMG
box, hence “SOX?”, followed by a number corresponding
to the order of discovery”. SOX proteins have proper-
ties of both classical transcription factors and architec-
tural proteins™. They function as classical transcription
factors, either activating or repressing specific target
genes through interaction with different partner proteins.

All SOX factors bind DNA viz theit HMG domain
and recognize the same consensus motif 5-(A/T)(A/
T)CAA(A/T)G-3", The transcriptional function of
SOX proteins dependent on the cell type and the pro-
moter context, and they often have functional redun-

dancy among each other'™. In contrast to other transcrip-
tion factors which mainly target the major groove, SOX
proteins interact with the minor groove of the DNA
helix and, as a consequence, induce a sharp bend in the
DNAP. The DNA bending capacity of SOX proteins

can be functionally important for several reasons. It may

November 27, 2014 | Volume 4 | Issue4 |



Schilders K et a/. SOX2 and congenital foregut abnormalities

Table 2 The role of SOX genes in diseases

SOX gene Chromosome location Disease

SOX2 3q26.3-q27 Microphthalmia, syndromic 3 optic nerve hypoplasia, abnormalities of the central nervous system, CHARGE-
syndrome[65], AEG-syndrome[57], EA/ TEF™ cpPAM™®*!

SOX3 Xq27.1 Mental retardation, X-linked with isolated growth hormone deficiency, infundibular hypoplasia,
hypopituitarism™”

SOX9 17q23 Campomelic dysplasia with autonomic XY sex reversal”"”), Pierre-Robin syndrome!

SOX10 22q13.1 Waardenburg-Shah syndrome, Yemenite deaf-blind hypopigmentation syndrome, peripheral demyelinating
neuropathy, central dysmyelinating leukodystrophy, Waardenburgh syndrome, Hirschprung's disease!"”

SOX11 2p25 Unknown

SOX17 8q11.23 Unknown

SOX18 20q13.33 Hypotrichosis-lymphedema-telangiectasia syndrome"”

EA/TEF: Esophageal atresia/ tracheoesophageal fistula; CPAM: Congenital pulmonary and airway malformations.

bring different regulatory regions of the target gene into
close proximity. Thereby, it facilitates the formation of
enhanceosomes, 7e., functionally active complexes of
transcription factors on different gene enhancer sequenc-
es™. It also allows the interaction of distant enhancer
nucleoprotein complexes with the basal transcription
machinerylzs’%]. The local changes in chromatin structure
induced by SOX proteins may facilitate the recruitment
of higher-order architectural factors (like polycomb or
trithorax protein groups)””. Bending of DNA by SOX
proteins could also act in a negative way by preventing
the binding of other factors to adjacent sites in the major

SOX proteins have been identified in all animal spe-
cies (birds, reptiles, amphibians, fish, insects, and nema-
todes)” and mutations in several of the SOX genes have
been implicated in the pathogenesis of human congenital
anomalies and syndromes (Table 2).

SOX genes are expressed in diverse and dynamic pat-
terns during embryogenesis. During development mem-
bers of the SOX family are expressed in almost every
tissue of the embryo, and also in a number of adult tis-
sues”". The expression of a specific SOX transcription
factor is not necessarily restricted to a particular cell type
or lineage. Their expression pattern during development
appears to correlate with early cell fate decisions. For
example, Sty is expressed in the undifferentiated male
gonad and is quickly down regulated once the decision is
made to initiate male development” ™.

To date, four members from the SOX gene family
are known to be involved in lung organogenesis, SOX2,
SOX9, SOX11 and SOX17 §OX9 was found
throughout lung morphogenesis as a downstream gene of
Shh and modulated by BMP4 and Noggin. Using epithe-
lial specific gain and loss function mouse models, SOX9
has been shown to play a crucial role in branching mor-
phogenesis through controlling a balance between prolif-
eration and differentiation™”. In another study, knock out
of SOX9 in the mesenchyme demonstrated that it plays a
crucial role in differentiation of the lung tracheal epitheli-
um™. SOX9 is required for formation and patterning of
tracheal cartilage by a mechanism mediated by Fgfl gH>+l,
SOX9 promotes proper branching morphogenesis by
controlling the balance between proliferation and differ-
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entiation and regulating the extracellular matrix and can
be used as a marker for the distal epithelium™’. SOX11
has been suggested to be involved in development and
plays a key function in tissue remodeling, including the
lung™, SOX11 deficient mice die immediately after birth
because of significant lung hypoplasia and other tissue
defects™. SOX17 was shown to be crucial early after
gastrulation for the formation of definitive endoderm,
which gives rise to the lung, liver, pancreas, stomach, and
gastrointestinal tract™. In the lung, SOX17 is expressed
in the respiratory epithelial cells at embryonic day 18 in
mice and becomes primarily restricted to ciliated cell in
the postnatal and adult lung®™. Ectopic expression of
SOX17 in lung epithelial cells inhibits peripheral epithelial
cell differentiation and results in the activation of the cell
cycle and the initiation of progenitor-like cell behavior
in mature lung cells™. SOX17 has been shown to impair
the expression of Tgff1 responsive inhibitors, p15, p21
and p57, while inhibiting Tgf1 and Smad3 transcrip-
tional activity™,

SOX2

The mouse SOX2 gene has been mapped to chromo-
some 3" SOX2 plays crucial roles during different
stages of vertebrate embryonic development and its
expression is temporally and spatially regulated™’. SOX2
expression starts at the morula-stage of embryo devel-
opment. In blastocysts it is specifically detected within
the cells of the inner cell mass (ICM). Expression con-
tinues in the epiblast, the tissue that will give rise to the
embryo and germ cells"”. SOX2 is also expressed in
embryonic stem cells, which are detived from the ICM.
During early gastrulation, SOX2 expression in the em-
bryo is restricted to the anterior ectoderm, which gives
rise to neuroectoderm and anterior surface ectoderm,
while the extraembryonic expression becomes confined
to the chorion™*. At later stages of embryonic devel-
opment, SOX2 is expressed in the brain, neural tube,
eyes, sensory placodes, branchial arches, gut endoderm,
and the germ cells""”"*. When the arches develop,
SOX2 continues to be expressed in the primitive foregut
endoderm. Later, SOX2 is present in the epithelium of
foregut-derived organs, including the tongue, esophagus,
trachea, proximal lung and stomach®****",
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The lack of SOX2 expression in mice results in early
embryonic lethality™”. OX2 null mutant mouse embryos
implant but fail to develop an egg cylinder or epiblast,
and they die before gastrulation because SOX2 is re-
quired in the ICM of the blastocyst"”. Other mutations
that only affect SOX2 regulatory elements can cause
deafness, defects in the inner ear, circling behavior, and a
yellow coat color'™, The use of two SOX2 hypomorphic
mutants showed a dose-dependent role of SOX2 in the
development of the retina and the differentiation of the
foregut endoderm™™, Heterozygous mutations in SOX2
have been associated in human with severe structural
malformations of the eye, bilateral anophthalmia (absent
eye) and microphthalmia (small eye), and anophthalmia-
esophageal-genital (AEG) syndrome””. In AEG infants
the esophagus and trachea fail to separate normally and
the trachea is connected to the stomach by an abnormal
distal esophagus[57’59’6m. These symptoms underwrite the
developmental functions for SOX2, as found in SOX2
hypomorphic mice described above.

SOX2 in foregut and lung development: SOX2 is
expressed throughout the early foregut epithelium, but
becomes restricted to the dorsal epithelial cells at embry-
onic day 9.5, whereas Nkx2.1 is reciprocally expressed
in the ventral epithelium[ss’(’ﬂ. SOX2 is expressed in the
epithelial cells of the foregut at E9.5. From E11.5 until
E14.5, SOX2 is exclusively expressed in the epithelial
cells of the non-branching developing airways and it re-
mains expressed in the epithelial cells of the conducting
airways after birth. So SOX2 is exclusively expressed at
the non-branching airways™.

Previously, it was shown that ectopic expression of
SOX2 in epithelial cells of the lung result in abnormal
alveolar formation, enlarged airspaces and a decrease in
the number of airways, indicating that SOX2 modulates
branching morphogenesis. Also, an increased number of
neuroepithelial cells and (pre-) basal cells was observed.
This indicates that SOX2 is important in cell fate choice
and epithelial differentiation””. More recently it was
shown that SOX2 regulates the emergence of lung basal
cells by directly activating the transcription of the basal
cell master gene Trp63, and the emergence of bron-
chioalveolar stem cells'®”.

The proper dorsal-ventral patterning of SOX2 and
Nkx2.1 is critical for foregut morphogenesis. Down-
regulation of SOX2 leads to the formation of esophageal
atresia/tracheoesophageal fistula (EA/TEF) in SOX2
P¥ whereas deletion of Nkx2.1
leads to defects in foregut separation and the formation
of EA/TEF associated with high SOX2 expression in
the epithelium®*, Similarly, the epithelial cells in the fis-
tula of SOX2 hypomorphic mutants express high levels
of Nkx2.1 suggesting that low level of SOX2 is required
for Nkx2.1 expression to expand dorsally and reprogram
the dorsal epithelium to a respiratory fate®™. These find-
ings suggested that the dorsal-ventral arrangement of
SOX2 and Nkx2.1 is essential for foregut separation and

hypomorphic mutants
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the subsequent differentiation of epithelial progenitor
cells into oesophageal and tracheal epithelium and lung
buds?.

Using Chromatin Immuno Precipitation it was shown
that SOX2 directly binds to the promoter region of the
NKX2.1 gene in human embryonic stem cells and this
binding resulted in the inhibiton of NKX2.1 transcrip-
4 Other interesting SOX2 target genes that are
involved in early lung morphogenesis are members of
the Notch (JAG1) pathway and Shh pathway (GLI2,
GLI3)™. Since the activity of SOX2 depends on its in-
teraction with other proteins it is of high importance to
reveal its interacting partners. Recently some of these

tion

partners were identified in embryonic and neural stem
cells'™. One of the partners identified is Chromodo-
main-Helicase-DNA-Binding Protein7 (CHD7), which
plays a major role in CHARGE syndrome. As mentioned
before, SOX2 plays a role in AEG syndrome which shows
many similarities with CHARGE syndrome. SOX2 and
CHD7 also regulate common target genes, like MYCN,
JAGT and GLI2/3. These genes ate involved in syn-
dromes that are characterized by the same malformations
as AEG and CHARGE syndromes. Gene networks like
this SOX2-CHD7-regulated network can be used to better
understand the molecular basis of various human diseases
and therefore associating partners in the lung epithelium
could help us to reveal the mechanisms underlying lung-
related abnormalities™

FGF SIGNALING

Another study using 7z vitro organ cultures demonstrated
that Fgf10 signaling inhibits SOX2 expression in the
mouse foregut[ss]. Mesenchymal expression of Fgf10
around the distal ends of the lung epithelium functions as
a chemoattractant by binding to the epithelial expressed
Fef receptor 2b (Fgfr2b) leading to branching and out-
growth of the epitheliumw’(’s], The functional interac-
tion between Fgf10 and Fgft2b was shown by the high
similarity between the Fgf10-null and Fgfr2b-null mouse
mutants™*”. Fgf10 knockout mice developed normal tra-

69,70
7 Whereas

chea, but completely lacked lung structures
targeted deletion of Fgfr2b prevented branching, causing
the trachea to terminate as a blind-ended sac”". Condi-
tional gene inactivation studies further demonstrate that
both Fgf10 and Fgfr2b are required for a normal branch-
ing program and proper proximal-distal patterning of the
lungm. Recently, it was shown that ubiquitous overex-
pression of Fgf10 throughout the lung could rescue lung
agenesis in Fgf10 knockout mice, suggesting that precise
localization of Fgfl0 expression is not required for lung
branching morphogenesis. Rather, Fgf10 signaling pre-
vents cells from expressing SOX2 by the activation of
B-catenin. As the lung bud grows, the cells become more
distant from the Fgf10 source and start to adopt a more
proximal cell fate expressing SOX2. When SOX2 is ec-
topically expressed in the distal epithelial cells of the de-
veloping airways, these cells are no longer responsive to
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Fgf10 and differentiate into proximal cells, which results

in reduced branching and formation of cyst-like struc-
39,62]
tures .

WNT SIGNALLING

Receptor tyrosine kinases (RTKSs), like the Fgfr, are able
to activate Wnt/B-catenin through the Erk/MAPK me-
diated phosphorylation of the Wnt co-receptor Lrp6 on
Ser1490 and Thr1572, leading to an increased cellular re-
sponse to Wnt. Moreover, RTKSs directly phosphorylate
[-catenin on the Tyr142 residue, which causes its release

from membrane bound cadherin complexesw‘ﬂ. In turn,
Fgfr2b expression is induced by activation of epithe-
lial B-catenin activation, which results in an increase of
Fgf10 signalingm]. This regulation of distal epithelial pro-
genitors by B-catenin suggests the progressive signaling
cascade where Fgfl0 regulates branching morphogenesis
via Wnt signaling, Epithelial specific expression of Wnt-
less, a cargo receptor protein important for directing Wnt
ligands, has recently been shown to be important for lung
differentiation and vasculature development probably by
modulating the secretion of Wnt ligandsm.

At embryonic day 9.5, Wnt signaling is active in the
ventral side of the unseparated foregut tube, where the
Wnt ligands Wnt2 and Wnt2b are highly expressed[m’m.
Wnt2 and Wnt2b are secteted by mesenchymal cells
of the ventral foregut and signal through the canoni-
cal B-catenin pathway to specify lung progenitors in
the foregut endoderm!™™. Conditional inactivation of
[-catenin in the foregut endoderm results in the absence
of both trachea and lung, whereas expression of a con-
stitutively active J-catenin mutant results in the expan-
sion of the earliest respiratory marker, Nkx2.1, and a loss
of the SOX2 positive domain®". Later in development,
Wnt/ [-catenin signaling is required for proper proximal-
distal patterning of the lungm. Wnt7b is expressed in
the endoderm of the early foregut and its deletion does
not disrupt foregut separation, but results in irregular
lung branching morphogenesis and vasculature devel-
opment . Mesenchymal Wnt2 and epithelial Wnt7b
cooperate with Pdgf signaling to promote mesenchymal
differentiation'™.

Respiratory endodermal specific expression of a
constitutive active (3-catenin isoform showed that canoni-
cal Wnt signaling is not required for the development
of alveolar epitheliumm’gm. However, the formation of
proximal epithelium was impaired, because ectopic Wnt
signaling induced the expression of Tcfl and Lefl at the
expense of SOX2 and Trp63[79]. On the other hand, con-
ditional deletion of [B-catenin in respiratory epithelium
resulted in the loss of alveolar structures. Selective loss
of bronchiolar lineages with continued proliferation may
result in cystic lesions of the lung resembling an anomaly
known in humans as congenital pulmonary and airway
malformations (CPAM) Ea,

Ectopic expression of Wntba in the respiratory epithe-
lium resulted in increased Fgf10 expression and a reduc-
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tion in epithelial Shh expression[sﬂ. The precise dose and
timing of Fgf and Wnt signaling lead to the induction
of Shh expression in the respiratory epithelium[3’76]. The
paracrine effect of Shh on the surrounding mesenchyme
results in the Foxfl and Glil/Gli3 mediated expression
of BMP4.

BMP SIGNALING

BMP signaling plays prominent roles in foregut sepa-

ration and lung development, however the molecular
mechanisms controlling temporal-spatial BMP signal-
ing dynamics in foregut organogenesis are pootly un-
derstood™. In the unseparated foregut tube, BMP4 is
expressed in the ventral mesenchyme, while BMP7 and
the BMP antagonist Noggin are enriched in the dorsal
endoderm™. Ablation of Noggin resulted in increased
BMP signaling in the foregut and the formation of EA/
TEF®™. These embryos showed abnormal delamination
of the notochord from the early definite endoderm epi-
thelial sheet, resulting in epithelial cells of endodermal
origin being present in the notochord™. Subsequent dele-
tion of either BMP4 or BMP7 in these Noggin null mice
rescued the separation defects™. Recently, it was shown
that Noggin is required to attenuate BMP signaling in
order to allow the notochord to delaminate form the
dorsal foregut endoderm™!. Tissue specific ablation of
BMP4 in the eartly foregut endoderm resulted in tracheal
agenesis accompanied by reduced cellular proliferation
in the epithelial and mesenchymal compartments. How-
evert, the trachea does not separate from the foregut and
Nkx2.1 expression is conserved in the ventral endoder-
mal epithelium, suggesting that BMP4-mediated signaling
1s essential for separation but not for the initial specifica-
tion of the tracheal epithelium®™. Similarly, conditional
inactivation of BMPrla and BMPr1b in the foregut leads
to tracheal agenesis, a decrease of Nkx2.1 expression
and a ventral expansion of SOX2 and Trp63 expression.
Subsequent activation of Wnt signaling did not promote
respiratory differentiation. Deletion of SOX2 in the BM-
Prla/b deficient mouse rescued the foregut separation
defect, showing that SOX2 is downstream of BMP sig-
naling[gﬂ. Ectopic expression of SOX2 in the distal lung
buds showed that Fgf-Erk signaling was abrogated at the
expense of BMP-Smad signalingm].

RELATIONSHIP BETWEEN SOX2
AND CONGENITAL DEFECTS OF THE
FOREGUT

Congenital malformations of the lung constitute a spec-

trum of lesions that originate during the embryonic
period. Incidences of congenital defects of the foregut
are in the range of 1:11.000-35.000 pregnancies (World
Health Organization). Patients present a broad range of
clinical manifestations ranging from intra uterine death
to significant illnesses at birth with a variable severity of
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respiratory symptoms and later on distress and repeated
chest infections. However a number, although impressive
at repeated prenatal ultrasound or magnetic resonance
imaging may remain asymptomatic for long periods and
significantly regress in the course of pregnancy. Congeni-
tal defects of the foregut occur either in isolated cases or
as part of a complex syndrorne[ss]. The causes of most
of these malformations as well as their molecular genetic
background are still unknown. Different types of con-
genital lung malformations can be distinguished, which
will be briefly discussed.

CPAM

CPAM constitute a spectrum of lesions that originate
during the embryonic period. The prevalence of congeni-
tal lung malformations has seemingly increased over the
last decade probably due to better antenatal ultrasound
screening and is estimated at 1 in 3000 pregnancies[89]
Although most newborns with antenatally diagnosed
congenital lung malformations are asymptomatic at birth,
approximately 10% show respiratory insufficiency. Sec-
ondary infections of these lesions occur in approximately
5% of unoperated children.

The different types of congenital pulmonary and ait-
way malformations are classified in bronchopulmonary
malformations, pulmonary hyperplasia, congenital lobar
overinflation and other cystic lesions

Bronchogenic cyst: A bronchogenic cyst is often a soli-
tary cyst in the mediastinum or in the lung parenchyma
filled with fluid. Their structural lining resembles that of
the bronchus, cartilage and bronchial-type glands includ-
ed. Symptoms at birth are mostly due to compression of
surrounding structures, especially bronchial structures
resulting in hyperinflation of lung parenchyma distal to
the obstruction. Symptoms at later age are mainly due to
infection. Etiology is probably similar to other duplica-
tion cysts as aberrant bud formation from the foregut
structures. The molecular biology has not been studied
so far.

Bronchial atresia: Bronchial atresia, mostly asymptom-
atic often results in overinflation of a lobe, segment or
even smaller part of the lung depending on the level of
bronchus being atretic. Symptoms are rate. Etiology is
unknown and may be similar to the reasons of bronchial
blockage in congenital lobar overinflation.

Cystic adenomatoid malformation stocker type 1
and type 2: Although congenital cystic adenomatoid
malformation (CCAM) pathogenesis is unknown, several
authors have hypothesized that different types of CCAM
originate at different stages of lung development. Abnor-
mal airway development during branching morphogen-
esis probably results in specific areas of the lung where
terminal bronchioles overgrow and alveolar formations
are absent™. Another hypothesis postulates that CCAM
originate as a result of imbalance between cell prolifera-
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tion and apoptosis during airway branching®*”""?. Type
1 CCAM consists of a few large cysts with bronchiolar
configuration and a lining of respiratory epithelium over-
lying fibroelastic tissue and small amounts of smooth
muscles. It may have a systemic arterial supply. Type 2
CCAM are multicystic lesions (cysts < 2 cm) often local-
ized in one lobe, although multiple lobes can be affected.

Aberrant expression of genes involved in lung devel-
opment has been shown to result in CCAM-like pheno-
types. Transiently induced overexpression of SOX2%,
FgflO[%], orthotopic overexpression of Fgf9 and hetero-
topic overexpression of Fgf7 show perturbations of lung
morphogenesis some mimicking CCAM type 1 and 2
depending on the time of overexpression.

In human resection specimens increased levels of the
transcription factors HOXB5, TTF1, Fgf9[94’95] as well as
changed expression patterns of the adhesion molecules
a-2 integrins and E-cadherin, increased levels of Clara
cell marker CC-10 and reduced expression of Fatty acid
binding protein-7 have been described”. Moreover, mi-
croarray data revealed a 6 fold up-regulation of SOX2 in
CCAM tissue compared with controls”. These findings
correspond with recently published data, describing the
generation of CCAM-like phenotype by overexpressing
SOX2 in mouse. In a comparative study, expression of
SOX2 in human CCAM tissue was identified”. Differ-
ent etiology for type 1 and type 2 may be supported by
recent findings that SOX2 is expressed in epithelial lining
of cystic lesions in CCAM type 2, but not in CCAM type
1. Moreover, TRP63 was co-expression in SOX2 positive
cells, suggesting that the epithelium had proximal charac-
teristics (Ochieng ez al™; 2014).

Extralobar sequestration: Extralobar sequestration
(ELS) are charactetized by normal, non-functioning lung
tissue without connection with the bronchial tree and
often receive blood supply from the systemic circulation.
Mainly found in the left lower chest, these lesions can
also be found in or below the diaphragm. In contrast to
CCAM, associated anomalies like vertebral and chest wall
deformities and congenital heart disease are described. In
5%-15% of patients with congenital diaphragmatic her-
nia an ELS is found at operation. Although often asymp-
tomatic, antenatal diagnosis can be very helpful to detect
congestive heart failure caused by the arteriovenous
shunting through the anomalous systemic blood supply.
Late symptoms are mainly infectious. One of the genes
that 1s thought to be involved in the pathogenesis of this
anomaly is the HOXB5 gene. It is previously shown that

. I . . . 97,98
this gene is involved in airway branching”™"”.,

Pulmonary hyperplasia and related lesions

Laryngeal atresia: Laryngeal atresia causes congenital
high airway obstruction syndrome (CHAOS) at birth
in the absence of a tracheoesophageal fistula. Prena-
tally, a polyhydramnios, large lung volume and inverted
diaphragm are associated with fetal hydrops. Survivors
are only described in those patients who have a tracheo-
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esophageal fistula or a pinpoint laryngeal connection
to relieve pressure from the lungs. Still, these patients
may suffer from tracheobronchomalacia and diaphrag-
matic dysfunction due to increased lung extension dur-
ing pregnancy. CHAOS can be associated with Fraser
syndrome””!. If a bigger tracheoesophageal connection
exists, prenatal diagnosis is difficult and diagnosis is only
made at birth due to severe dyspnea. As a cause of la-
ryngeal atresia, failure of recanalization of the laryngeal
membrane is described. No detailed molecular analysis
of lungs of laryngeal atresia, either pre- or postnatally,
has been reported.

Solid or cystic adenomatoid malformation, stocker
type 3: The type 3 lesion, which accounts for 5%-10%
of cases, occurs almost exclusively in males, and is as-
sociated with maternal polyhydramnios in nearly 80%
of the cases. These are large, non-cystic bulky lesions,
compressing the adjacent lung and mediastinum. Micro-
scopically, randomly scattered bronchiolar/alveolar duct-
like structures ate lined by low cuboidal epithelium and
surrounded by “alveoli” also lined by cuboidal epithe-
lium. The virtual absence of any small, medium, or large
pulmonary arteries in this type of lesion is remarkable.

Congenital lobar overinflation

Congenital Iobar overinflation, or Congenital lobar
emphysema (CLE), is a rare lung malformation with
an incidence ranging from 1:20000 births to 1:30000
births"""". CLE is characterised by distended alveoli dis-
tal to the terminal bronchiole with destruction of the lin-
ing of the lobes, in contrast to a polyalveolar lobe where
the number of alveoli is increased. CLE usually affects
the left upper or right middle lobe!"”. Prenatal diagnosis
can be made when a hyperechogenic lung is seen, but
discrimination with CCAM and ELS is difficult at that
point. Although respiratory failure can be present at birth
due to compression of normal lung and displacement
of the heart, many patients are asymptomatic. As a cause
of CLE, a disruption of normal bronchopulmonary tree
development is described with dysplastic cartilage, muco-
sal overgrowth, main stem bronchial atresia or external
compression from abnormal cardiovascular structures.
No specific genetic anomalies have been linked to this
anomaly so far.

Bochdalek type of Congenital diaphragmatic hernia

Bochdalek type of Congenital diaphragmatic hernia
(CDH) is characterized by a posterolateral defect mostly
in the left diaphragm, which results in herniation of the
abdominal organs into the chest!""*'", Subsequent pul-
monary hypoplasia and pulmonary hypertension cause
severe respiratory failure at birth. Lung hypoplasia is
characterized by reduced alveolar air spaces lacking sec-
ondary septae, thickened alveolar walls and increased
interstitial tissue. In the pulmonary vessels hyperplasia of
the median and increased adventitial layer of the arterial
wall is well described. The incidence of CDH is approxi-
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mately one in 2500 births and the underlying cause of
CDH is still unknown in a large number of patients.
Several links to gene loci have been found partly
based on animal experimentsmﬁ] and several members
of the vitamin A-RA pathway have been implicated in
the occurrence of CDH, such as vitamin A deficiency,
STRAG and RALDH2!""™*'">' Moreover, some genes
that are downstream of this pathway, like COUP-TFII,
FOG2, GATA4 and GATAG, have also been found to
be associated with CDH review!'
quencing identified a novel candidate gene, PIGN, aside
from the known FOG2 involvement!”""". A direct link

of CDH and SOX2 has not been described.

107,108
| Recent exome se-

Esophageal atresia

Esophageal atresia with or without TEF has an incidence
ranging between one in 2500 to one in 4500 births"".
In EA, the proximal esophagus is blunt-ended, while the
distal part is connected to the trachea. This connection
and the position of the atresia varies between patients
and leads to the classification of five subtypes[”z]. In 85%
of cases the esophageal atresia (EA) is accompanied by
a distal tracheoesophageal fistula. Approximately half of
the patients suffer from associated anomalies, as recently
been reviewed" .

The genetics of EA/TEF is complex, and several
studies have indicated putative factors associated with
either the multifactorial syndromes, or with EA/TEE
Based on murine models of this anomaly, several candi-
date genes and pathways have been identified, such as the
receptors of the RAR(),/RARB, members of the SHH-
PTC-GLI pathway (Shh, Gli2/3, Foxfl), BMP signaling
(Noggin) and some transcription factors (Hoxc4, Ttf-1,
Pcsk5, Thx4, SOX2)!",

Some of these candidate genes seem to be associ-
ated with human EA/TEF, such as FOXF1, PCSK5,
SHH, NOG and SOX2. Moreover, other human genes
have been associated with EA/TEF as part of several
syndromes, such as Feingold (MYCN), Opitz G (MID1),
Fanconi anemia (FANCA/C/D/G) and CHARGE
(CHDY7). Recently, CHD7 was shown to directly associate
with SOX2, thereby linking CHARGE syndrome with
AEG™. Moreover, it was shown that these two proteins
activated the transcription of a number of genes that are

implicated in related syndromes, like Shh, G/i2/ 3, Mycn.

Alveolar capillary dysplasia

Although alveolar capillary dysplasia with misalighment
of pulmonary veins (ACD/MPV) is a very rare condi-
tion without known incidence it has a dismal prognosis.
The diagnosis is most likely underreported because it can
only be made by histological examination of lung tissue.
Newborn patients present with respiratory failure, hypox-
emia, metabolic acidosis, pulmonary hypertension and
right ventricular failure. Chest X-ray can be interpreted
as normal but might show diffuse haziness or ground-
glass opacities. Associated congenital anomalies may be
present, especially of the genitourinary, gastrointestinal
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and cardiovascular system. Histologically, a decreased
number of pulmonary capillaries is observed, distantly
from the alveolar epithelium and thickened septae with
a malposition of pulmonary veins close to pulmonary
arteries. Often lymphangiectases are seen. Pulmonary ar-
teries show medial hypertrophy with muscularization of
distal arterioles. Although treatment response especially
to therapy relieving pulmonary hypertension has been
described, effects are transient. Late presenters and long-
term survivors very rarely have been described and might
be due to a lesser degree of histological changes.
Deletions in chromosomal region 16q24.1q24.2 have
been described. The smallest region of overlap in these
deletions contains the FOX transcription factor gene
cluster, including FOXF7, FOXC2 and FOXL1. Find-
ings in the mouse model with heterozygous deficiency of
FOXF1 are similar to those in humans with ACD/MPV
whereas mouse embryos with homozygous deficiency die
at E9,5 due to pulmonary vascular abnormalities. A rela-
tionship with SOX2 never has been described" ",

CONCLUSION

SOX2 has only been found to be associated with a lim-
ited number of specific subsets of congenital anomalies.
Modulating the expression levels of SOX2 during trachea
and lung development in mice have led to abnormalities
which relate to human conditions, such as CPAM and
EA/TEF™, Tnterestingly, CHD7, which is linked to
CHARGE syndrome, was recently shown to be a binding
partner of SOX2'”. SOX2 is linked to AEG syndrome,
which is clinically related to CHARGE syndrome. In
fact, in some the diagnosis of AEG or CHARGE is hard
to distinguish from each othet™ . Thus, some of the
congenital pulmonary abnormalities may be part of very

complex syndromes, and it may be that the interactions
between SOX2 and CHD7, or other proteins, may result
in combinations of different clinical parameters. There-
fore, mutations that change the interactions between
SOX2 and other proteins, like CHD7, may result in the
various clinical manifestations observed in syndromes.
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Abstract

It is well known that to achieve an acceptable engraft-
ment and survival in stem cell therapy, an human leu-
kocyte antigens (HLA) identical stem cell transplant is
strongly required. However, the availability of the HLA
matched donors even among family members is ex-
tremely limited, so preimplantation HLA typing provides
an attractive practical tool of stem cell therapy for chil-
dren requiring HLA matched stem cell transplantation.
The present experience of preimplantation genetic diag-
nosis (PGD) for HLA typing of over one thousand cases
shows that PGD provides the at-risk couples with the
option to establish an unaffected pregnancy, which may
benefit the affected member of the family with hemo-
globinopathies, immunodeficiencies and other congeni-
tal or acquired bone marrow failures. Despite ethical
issues involved in preimplantation HLA typing, the data
presented below show an extremely high attractiveness
of this option for the couples with affected children re-
quiring HLA compatible stem cell transplantation.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Preimplantation HLA typing; Preimplanta-
tion genetic diagnosis; Stem cell transplantation; He-
moglobinopathies; Immunodeficiencies; Aneuploidy
testing
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Core tip: Human leukocyte antigens (HLA) identical
stem cell transplant is the key in achieving an accept-
able engraftment and survival in stem cell therapy.
However, the availability of the HLA matched donors
even among family members is extremely limited, so
preimplantation HLA typing provides an attractive prac-
tical tool of stem cell therapy for children requiring HLA
matched stem cell transplantation.

Kuliev A, Rechitsky S. Preimplantation HLA typing: Practical
tool for stem cell transplantation treatment of congenital disor-
ders. World J Med Genet 2014; 4(4): 105-109 Available from:
URL: http://www.wjgnet.com/2220-3184/full/v4/i4/105.htm
DOIL: http://dx.doi.org/10.5496/wjmg.v4.i4.105

INTRODUCTION

Preimplantation human leukocyte antigens (HLA) match-
ing could not be indication for prenatal diagnosis because
it is not acceptable to terminate a normal pregnancy only
because the foetus is HLLA unmatched. However, preim-
plantation genetic diagnosis (PGD) for this purpose is to-
tally different, as maximum two embryos are transferred
so these embryos may be pre-selected to be unaffected
one and match to affected siblings to perform HLA
matched stem cell transplantation. This was first intro-
duced in combination with mutation analysis for Fanconi
anemia (FA), with a total success'™”. In fact FA was also
the first disorder for which cord blood stem cell trans-
plantation has been first performed”. FA is genetically
heterogeneous group of disorders, involving different
complementation groups (FANCA, FANCB, FANCC,
FANCD and FANCE)™, for which stem cell transplan-
tation is the only treatment as the objective is to restor

hematopoiesis which can be done only with HLLA identi-
[7.8]

cal stem cells, to prevent severe graft s host disease
As will be described in this paper, preimplantation
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Table 1 Experience in preimplantation genetic diagnosis with HLA typing

Disease Patients Cycles No. of embryo transfers No. embryos transferred Pregnancy Birth
Thalassemia/sickle cell disease 51 149 82 130 20 15
FANCA, FANCC, FANCD2, FANCF, 17 53 34 2 7 4
FANCI, FANCJ

WAS 2 2 2 4 1 1
X-ALD 2 B 1 1 0 0
Hyper IgM b5 8 6 9 3 2
HED-ID 2 9 6 8 2 8]
DBA 8] 5] 8 6 2 2
Krabbe 1 1 1 2 1 2
MD 1 2 1 2 1 2
Chronic granulomatous disease 1 3 8 5 1 1
Total 85 238 139 219 38 32

WAS: Wiscott-aldrich syndrome; X-ALD: X-linked adrenoleukodystrophy; HED-ID: Hypohidrotic ectodermal displasia with immune deficiency; DBA:

Diamond-Blackfan anemia; MD: Muscular dystrophy.

Table 2 Chances for detection of disease free and HLA
match embryo in preimplantation HLA typing

HLA MATCH only-1/4 (25%)

Autosomal recessive or X-linked free + HLA MATCH-3/4 x1/4=3/16
(18.75%)

Autosomal dominat free + HLA MATCH-1/2 x1/4=1/8 (12.5%)
Autosomal recessive or X-linked free + HLA MATCH + ANEUPLOIDY-
free-3/4x1/4x1/2=3/32(9.4%)

Autosomal dominant free + HLA MATCH + ANEUPLOIDY-free-1/2 X
1/4%1/2=1/16 (6.25%)

HLA: Human leukocyte antigens.

HILA testing is currently applied not only with PGD for

single gene disorders, but also as a sole indication.

PREIMPLANTATION HLA TYPING WITH
AND WITHOUT PGD FOR SINGLE GENE

DISORDERS

Our experience on PGD with HLA typing is presented in
Table 1, showing that among conditions requiring HLA
compatible stem cell transplantation, hemoglobinopathies
are the major indication, representing the commonest
autosomal recessive diseases in Mediterranean region,

Middle East and South East Asia.

Hemoglobinopathies

Hemoglobinopathies, including thalassemia and sickle
cell disease, are autosomal recessive disorders with ab-
normal production of beta-globin chains that leads to a
severe anaemia, requiring a life-long blood transfusion
Prevention of these disorders has been done using fetal
diagnosis with reduction of new cases of thalassemia
to up to 70% in many populations, including such large
countries in the Eastern Mediterranean region, as Greece,
Turkey and Iran”"". There has been progress also in tin
treatment by bone marrow transplantationllz], but this is
limited due to unavailability of HLLA matched stem cells,
that can be overcome by PGD. We introduced PGD for
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thalassemia 18 years agom’lsl, and HLA typing is actually
a natural extention allowing couples to produce an unaf-
fected child as a potential HLLA matched donor for thal-
assemic sibling,

In our experience, of a total of 293 PGD cycles for
161 couples at risk for producing offspring with hemo-
globinopathies, 149 cycles were performed for HLA typ-
ing. Polar body (PB) or embryo biopsy was used to iden-
tify hemoglobinopathy mutations, and embryo biopsy
was also used for HLA testing, in order to identify the
embryos containing the maternal and paternal chromo-
somes 6 identical to the affected siblings, as described in
detail elsewhere"*"?.,

HLA typing was based on the methods described
elsewhere!” . The chances to identify unaffected em-
bryos fully matched to thalassemic siblings is 18.75%, as
for other autosomal recessive conditions, based on 25%
chance of HLLA match and 75% chance of having unaf-
fected embryo (Table 2).

Of more than two dozens of different beta-globin gene
mutations tested, the most frequent ones were I1/51-770
mutation -100 cases (33%), followed by IVSI-6-39 cases,
IVSII-745-23 cases, Codon 8-20 cases, IVSI-1-18 cases, and
codon 39 and IVSI-5-16 cases each. Among other muta-
tions were I1/SII-2, Codon 5, Codon 6, Codon 41/2, E121K,
-29 (A-G)-87, R30T, Cap 1, deletion 69 kb and deletion
13.4 kb. Mutation testing resulted in detection and trans-
fer of 476 unaffected embryos (approximately, 2 em-
bryos per transfer) in 240 (81.9%) of 293 clinical cycles,
yielding 67 (27.9%) unaffected pregnancies and birth of
70 thalassemia-free children"”. PGD for thalassemias
currently represents approximately 15% of our PGD
series of 2028 cases, which is the world’s largest series for
monogenic conditions™,

A total of 149 of these PGD cycles were performed
for HLLA typing, which allowed detecting and transferring
unaffected HLA matched embryos in 82 of them (Table
1). Of 824 embryos with conclusive results for testing of
beta-globin gene mutations and HLA type, 602 (73.0%)
were predicted to be unaffected carriers or normal, of

which only 130 (15.8%) appeared to be HLA identical to
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the affected siblings, which, as mentioned, is not signifi-
cantly different from the expectation (Table 2)!"¥. These
embryos were replaced, yielding 20 healthy matched clini-
cal pregnancies. Umbilical cord blood was collected at
birth of these children, or bone marrow obtained at 1 year
of age, and transplanted or pending, resulting in a success-
ful hematopoietic reconstitution in all of them. Clearly the
progress in radical treatment of hemoglobinopathies will
depend on the availability of HIA identical donors™.

PGD for HLA typing has currently been applied as
an efficient tool for couples at risk in many PGD centres
to ensure having thalassemia-free children who are HLA
identical to the affected siblings, to serve a potential do-
nor for stem cells for transplantation treatment. This cut-
rently is a practical tool for a use in communities where
hemoglobinopathies are endemic and will improve the
access to HLA matched bone marrow transplantation of
these prevalent conditions.

The other large series of PGD for HLA typing for
thalassemia was reported from Turkey, where 236 PGD
cycles were performed resulting in birth of 70 thalasse-
mia-free children. Of 48 affected children transplanted (in
addition to thalassemia, morbid children with 9 other dif-
ferent conditions was transplanted), successful outcome
was observed in 44 of them with a total hematopoietic
reconstitution, while the graft failure occurred only in 4
of them™?",

Immunodeficiencies

Preimplantation HLA typing appeared to be of great
utility for severe congenital immunodeficiencies (SCID),
which is the key in in finding matched stem cell trans-
plant to save live of SCID patients. Our accumulated se-
ries on PGD for SCID is presented in Table 1. A total
of 19 PGD cycles for 9 couples for producing affected
progeny with the above conditions (this does not include
PGD cycles for FA, which will be described below) wete
performed, including 8 cycles for Hyper IgM (HIGM),
2 for wiscott-aldrich syndrome (WAS), and 9 for hypo-
hidrotic ectodermal displasia with immune deficiency
(HED-ID). The Table 1 does not include three cases of
PGD for AT and one for omen syndrome (OMS), which
were performed without HLA typing, as the affected
children did not survive by the time of performing PGD.
PGD for OMS was the world’s first case, which resulted
in transfer of two unaffected embryos, yielding the
birth of healthy twins. As mentioned, there was no need
for HLLA typing in this particular case, but the couples
with previous OMS children will definitely be potential
candidates for performing PGD with HLA typing to
provide also an identical HLA donor progeny for stem
cell transplantation. This is also highly relevant to ataxia-
telangiectasia (AT), which is a progressive, neurodegen-
erative childhood disease that affects the brain and other
body systems. A weakened immune system makes the
patients susceptible to recurrent respiratory infections.
Although the currently used symptomatic and supportive
treatment, including high-dose vitamin regimens, physical
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and occupational therapy and gamma-globulin injections
to supplement a weakened immune system may be help-
ful, the prognosis is very poor, patients still dying in their
teens.

A single case PGD for AT has been reported previ-
ously for a Saudi patient with 3 affected children™. The
disease was caused by a large deletion of more than two
thirds of the AT gene, which was detected by amplifica-
tion of one of the deleted exons (exon 19). Of three em-
bryos available for biopsy and testing, one was a deletion
free and transferred, resulting in an unaffected pregnancy.

Of 17 couples at risk for producing a progeny with
FA, in addition to two carriers of TVS 4+4 A-T muta-
tion in EANCC gene, three were carriers of EANCD2,
FANCEF, EANCI, EAMCC], and FANCA gene muta-
tions. Overall, 52 unaffected HLA matched embryos
were transferred in 34 of 53 initiated cycles, resulting in
seven unaffected pregnancies and 4 FA free and HLA
matched children , as potential donors for their siblings.

Five cycles were performed for X-linked Adrenoleu-
kodystrophy, which affects the nervous system and the
adrenal cortex. Of special interest is preimplantation
HIA typing for HIGM, which is a rare immunodeficien-
cy characterized by normal or elevated serum IgM levels,
with absence of IgG, IgA and IgE, which results in an
increased susceptibility to infections.

Of 5 couples with HIGM for whom PGD was per-
formed, one was with C218X mutation in exon 5 of
CD40 ligant gene, 3 with maternal mutations C218X
exon 4 c.437_38 ins A, and one with exon 4 ¢.397 ins T.
The maternal mutations were analyzed by PB1 and PB2,
followed by HLLA and aneuploidy testing in biopsied
blastomeres. Of 8 PGD cycles for HLA performed, 9
unaffected HLA matched embryos were transferred in 6
cycles, resulting in 3 clinical pregnancies and birth of 2
healthy babies, as potential donors of HLA compatible
stem cells for their siblings.

The first attempt of cord blood transplantation from
one of the babies did not result in acceptable engraft-
ment, so the second transplantation was performed one
year later, using bone marrow mixed with the remaining
portion of the cord blood sample, which provided better
results in achieving successful engraftment and recon-
stitution of the sibling’s bone marrow, and resulting in a
total cure of the patient.

A total of 11 cycles were performed for WAS and
X-linked HED-ID, in which 12 embryos were detected
to be unaffected and HLA matched (8 for HED-ID and
4 for WAS), and transferred in 8 cycles, resulting in birth
of 4 unaffected babies (3 free of HED-ID and 1 free of
WAS), confirmed to be HLLA matched to affected sibling.

Preimplantation HLA typing as a sole indicator

As presented in Table 3, in addition to 238 PGD for
HLA cycles, 98 cycles were performed for preimplanta-
tion HLA matching without testing for causative gene.
These couples were wishing to have another child any-
way, but requested that if these children could become a
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Table 3 Preimplantation HLA typing with and without preimplantation genetic diagnosis

Preimplantation testing Patients Cycles No. of embryo transfers No. embryos transferred  Pregnancy/birth
HLA TESTING ONLY 46 98 65 99 24/19
HLA + MUTATION 85 238 139 219 38/ 32
Total 131 336 204 318 62/51

HLA: Human leukocyte antigens.

source of stem cell transplant to save live of siblings with
acquired bane marrow failures, such as sporadic Dia-
mond- Blackfan anemia"”.

There was no difference in performing preimplanta-
tion HLA testing without PGD, except limiting the analy-
sis of the day 3 or day 5 embryos to only HLA typing,
with the sibling requiring stem cell transplantation, using
a multiplex hemi-nested PCR system.

In a total of 98 clinical cycles from 46 couples per-
formed with a primary indication of HLA typing, 99
HLA matched embryos were pre-selected for transfer.
Proportion of embryos predicted to be HLA matched
to the affected siblings was 21.5%, not significantly dif-
ferent from the expected 25% (Table 2). The transfer of
99 HLA matched embryos in 65 clinical cycles, resulted
in 24 pregnancies and 19 HLA identicaldeliveries, with

already available results of complete cure™,

LIMITATIONS AND FUTURE PROSPECT
OF PGD FOR HLA TYPING

A relatively high frequency of recombination in the HLA
region is one of the major limitations of PGD for HLA
typing, which may affect not only the accuracy of pre-
implantation HLLA typing, but also the outcome of stem
cell transplantation. In our expetience, of 1713 embryos
tested for HLA, 1634 (95.5%) wete non-recombinant,
52 (3%) with maternal, and 27 (1.5%) with paternal re-
combination.. The major problem in performing PGD
for HLA may be faced when the preparatory testing
identified the sibling being with maternal recombination,
so it could be unrealistic to identify the exact match, so
the couples should be informed that only relatively close
match may be possible, which may be discussed with pae-
diatric haematologist in the pre-selection process of the
embryos for transfer.

The other important limitation is that the majority of
cases are in couples of advanced maternal age, so ancu-
ploidy testing is usually an integral part of the procedure.
Although the chances of pre-selecting unaffected HLA
matched embryos that could be also euploid is quite low,
our preliminary results of the reproductive outcome com-
patison between the groups of combined PGD/HLA
with and without aneuploidy testing showed a significant
difference. Despite transferring a lower number of embry-
os, the pregnancy rate was higher in the aneuploidy testing
group, suggesting the potential utility of aneuploidy test-
ing in preimplantation HLA typing, allowing the avoid-
ance of transfer of those HLA identical embryos that are

Baishidenge ~ WIMG | www.wjgnet.com

108

chromosomally abnormal, which are destined to be lost
anyway either before or after implantation.

Therefore, patients should be propetly counseled to
be aware of the limits of the procedutre and even lower
proportion of available embryos for transfer than may
have been predicted, depending also on the maternal age.
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