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  Abstract   Transposable elements (TEs) are selfi sh fragments of DNA able to 
reproduce themselves into the host genomes. TEs typically occupy ~40–50% of the 
mammalian genomes. In our studies, we focus on evolutionary recent TE inserts 
that appeared in the DNA of human ancestor lineage after divergence with the chim-
panzee ancestry,  i.e.  less than ~6 million years ago. These human specifi c elements 
(hsTEs) represent only a minor fraction of the whole TE cargo of the human genome. 
hsTEs are represented by the four families called HERV-K(HML-2), L1, Alu and 
SVA. The number of human specifi c copies for HERV-K(HML-2), L1, Alu and 
SVA families is approx. 150, 1,200, 5,500 and 860 copies per genome, respectively. 
Taken together, hsTEs shape ~6.4 megabases of human DNA, which is about 6-times 
lower than what is occupied by the human specifi c simple nucleotide polymor-
phisms, and 23-times smaller than the overall length of human specifi c deletions 
and duplications. However, although modest in terms of genomic proportion, hsTEs 
should be regarded as the perspective candidates for being molecular genetic agents 
of human speciation. Unlike most of random mutations and duplications, each novel 
insert of hsTE has provided to the recipient genomic locus a set of functional 
transcriptional factor binding sites positively selected during the TE evolution. For 
example, clusters of novel inserts of Alu elements may serve as CpG islets, SVA 
elements provide functional splice sites and polyadenylation signals, whereas L1 
and HERV-K(HML-2) elements donate enhancers, promoters, splice sites and poly-
adenylation signals. Signifi cant proportion of the human-specifi c genomic deletions, 
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duplications and translocations has been also generated due to ectopic recombinations 
between the different individual TE inserts. Among the other, we report for the fi rst 
time a detailed functional characteristics of the HERV-K(HML-2) hsTEs done at the 
genome-wide level. We have identifi ed 65 active  in vivo  human specifi c promoters 
contributed by these elements. We also identifi ed three cases of the hsTE-mediated 
human specifi c transcriptional regulation of functional protein-coding genes taking 
part in brain development during embryogenesis. We found ~180 human specifi c 
polyadenylation signals transferred by the SVA elements into the introns of known 
functional genes. Scaling of these data to the total number of the hsTEs predicts that 
hundreds of human genes are regulated by these elements. Finally, we discovered 
the fi rst exclusively human specifi c TE family, represented by ~80 members formed 
by a combination of a part of a CpG islet of human gene  MAST2  ansd of the 
3 ¢ -terminal part of an SVA retrotransposon. According to our estimates, this family, 
termed CpG-SVA, was far more active than the ancestral SVA family. Our data 
indicate that  MAST2  regulatory sequence was recruited during the evolution to pro-
vide effective CpG-SVA transcription in human testicular germ-line cells.  

  Keywords   Human evolution  •  Genetic instability  •  Transposable elements  •  Human 
specifi c promoters  •  Antisense transcripts  •  Regulation of gene expression  •  Brain 
development  •  Hybrid family of retrotransposons      

    23.1   Introduction 

    23.1.1   Recent Evolution of the Human Genome 

    23.1.1.1   Major Genetic Differences Between Humans and Chimpanzees 

 Understanding of the genetic basis that accounts for the obvious differences in 
phenotypes of humans and their closest relatives, chimpanzees, is one of the most 
interesting tasks of modern life sciences. This task is also challenging, mostly due 
to strikingly high similarities in their genome structure and organization  [  25,   26, 
  106,   117  ] . Indeed, an average divergence between human and chimpanzee DNAs 
is about 1.24%  [  36  ] , being as low as only 0.5% in protein coding regions  [  54  ] . 
Human and chimpanzee ancestor lineages diverged relatively recently in evolution, 
approximately 6 million years ago  [  57  ] . At present, we still don’t know exactly 
what genetic traits make us humans, but a number of functionally important differ-
ences between human and great ape genomes have been identifi ed. In general, they 
can be classifi ed into the four major groups:

    1.    diverse chromosomal organization, including deletions, inversions, duplications 
and translocations  

    2.    variations in copy number, genomic localization and functional status among the 
pre-existing common sequences  
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    3.    differences in protein coding regions  
    4.    lineage-specifi c genomic insertions of transposable elements (TEs).      

    23.1.1.2   Non-TE Differences 

 Millions of mutated loci, mostly single nucleotide polymorphisms (SNPs), are 
known to be polymorphic in humans. However, they should not be considered here 
due to the lack of a functional role in human speciation for these sequences, which 
are presented only in a fraction of human population. Human and chimpanzee 
genomes, both approximately 3·10 9  base pairs in size, share ~98.8% sequence iden-
tity  [  36  ] , thus making identifi cation of functional human-specifi c sequences fi nding 
the needle in a haystack. Theoretically, recent success in human and chimpanzee 
DNA sequencing projects  [  25,   116  ]  has provided an instrument for the direct 
comparison of genomes with the subsequent association of genomic changes with 
interspecies differences at the level of protein expression. However, in practice the 
chimpanzee genome draft, currently available in public databases, is not suffi ciently 
accurate for such a comprehensive study  [  20  ] , although many successful large-scale 
bioinformatical screenings have been performed  [  56,   81,   110,   111  ] . A plenty of 
lineage-specifi c substitutions, deletions, insertions, duplications, expressed pseudo-
genes, anonymous RNAs, transposable elements have been identifi ed nowadays, 
but the omnibus study still remains to be done.

    Cytogenetic differences . The comparison of human and African great ape karyo-
types using fl uorescent in situ hybridization has revealed the most important lin-
eage-specifi c distinction, which is the fusion in human lineage of two ancestral 
chromosomes (human chromosome 2), corresponding to chimpanzee chromosomes 
12 and 13  [  141  ] . Other major points are numerous changes in centromeric and telo-
meric regions  [  62,   97,   102,   114  ]  and lineage-specifi c rearrangements and amplifi ca-
tions of several gene families in non-recombining parts of Y chromosome  [  47  ] . 
Apart from translocations, insertions and deletions have together given rise to at 
least 150 Mb of genomic DNA sequence that is either present or absent in humans 
as compared to chimpanzees, according to the recent estimation by Kehrer-Sawatzki 
and Cooper  [  72  ] . Interestingly, mostly chromosome ends were the “hot spots” of 
recent genome evolution  [  68  ] .  
   Emerging or inactivation of functional genes . Few functional genes are known to 
distinguish human and ape DNA. First of all, this is the functional deletion of an 
exon within the protein coding sequence of human gene  CMP  for syalic acid 
hydroxylase. Mutation caused by the human specifi c insertion of an Alu retroele-
ment into 92 bp-long  CMP  exon, disrupted normal open reading frame for this 
enzyme and resulted in the lack of N-glycolyl neuraminic acid (Neu5Gc) on a sur-
face of human cell membranes  [  22,   65  ] . Neu5Gc, thus, is replaced in humans by its 
precursor, N-acetyl neuraminic acid (Neu5Ac). This absence of Neu5Gc is the 
major biochemical distinction between human and chimpanzee, which, theoreti-
cally, may infl uence intercellular interactions and embryo development. Some 
other ancestor genes, mostly encoding olfactory receptors  [  45  ] , have been lost or 
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pseudogenised in the human lineage due to premature stop codon accumulations 
 [  56,   134  ] . On the contrary, transcribed human specifi c sequence termed  c1orf37-
dup  gene, encoding for short transmembrane protein of unknown function, is selec-
tively expressed in several human tissues including brain  [  140  ] . Also, a number of 
new copies of genes involved in immune response such as leukocyte receptors or 
antigens, have been acquired, lost or mutated during the recent human lineage evo-
lution  [  43  ] . Finally, Pollard et al.  [  110  ]  recently reported a novel human specifi c 
gene  HAR1F  for a putative regulatory RNA that is expressed specifi cally in the 
developing human neocortex from 7 to 19 gestational weeks, a crucial period for 
cortical neuron specifi cation and migration.  
   Gene duplications . Gene duplications may infl uence cell physiology by providing 
additional copies of transcribed genes, thus escaping the original qualitative control 
of gene expression. For example, 7–11 copies of the olfactory receptor gene  OR-A  
reside in human DNA, whereas the chimpanzee genome posesses only one copy of 
that gene. Different human copies are transcribed with different specifi cities, 
depending on their new genomic context  [  78,   127  ] . Similarly, eight genes for kera-
tinocyte growth factor KGF were mapped in human DNA, in contrast to only fi ve 
copies in the chimpanzee  [  143  ] .  
   Lineage specifi c nucleotide substitutions . Millions of human specifi c single nucle-
otide substitutions, short deletions, duplications or microsatellite amplifi cations 
have been documented to the date  [  72,   117  ] . Many of them have been mapped in the 
regulatory genomic regions or in protein coding sequences. For example, chimpan-
zee dopamin receptor gene  D4  has 12 bp long deletion, as compared with its human 
ortholog  [  86  ] . However, the biological signifi cance of these numerous changes 
accounting for a total of ~36 megabases in our DNA (mostly single nucleotide sub-
stitutions) is still unclear.  
   Differences in gene expression . Identifying differentially transcribed sequences may 
be a better solution for the direct fi nding of functional genes that might be involved 
in human speciation  [  37,   40  ] . For example, Nadezhdin et al .  managed to identify 
differential transcription of a gene for transthyretin, the carrier of thyroid hormones, 
in the cerebella of humans and chimpanzees  [  101  ] . However, one has to compare 
samples from the same sex/physiological state groups of tissue donors. Due to an 
extremely limited number of the available chimpanzee tissue specimens, no reliable 
comparizon has been made so far, and the observed interspecies differences in gene 
expression remain frequently less in amplitude than the intraspecies ones  [  37  ] .     

    23.1.1.3   Insertions of Transposable Elements 

 TEs are DNA fragments, capable of self-reproducing and changing their location 
into the host genome,  i.e.  to transpose. These selfi sh repetitive elements proliferate 
either directly via their DNA copies (DNA transposons), or through RNA interme-
diates (retroelements) utilizing the mechanism termed ‘reverse transcription’ and 
the RNA-dependant DNA polymerase enzyme, called reverse transcriptase (RT). 
The newly formed DNA copy of the element then integrates into the genome, using 
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a combination of host and self-encoded proteins, depending on the TE origin  [  11  ] . 
Retroelements, which constitute >42% of human DNA, are the only class of TEs, 
able to transpose in mammals  [  10,   124  ] . Four retroelement families (L1, Alu, 
SVA and HERV-K(HML-2)) were transpositionally active after the divergence of 
human and chimpanzee ancestries, thus forming relatively modest fraction of human-
specifi c inserts (~7,800 copies  [  98  ] , compared to a total of ~3 millions of human 
retroelements  [  77,   132  ] ). 

 Together, human specifi c retroelements constitute approximately 6.4 megabases 
of the human DNA (Fig.  23.1 ), which is sixfold lower than that formed by short 
nucleotide substitutions, and 23-fold lower than human specifi c deletions/duplica-
tions. However, such a modest proportion is somewhat compensated by the active 
role of functional Genome Reshapers that is being played by human retrotransposons 
 [  10,   31,   123,   124,   136  ] . TEs are known to be recombination hot spots (e.g., human 
specifi c Alu-Alu recombinations resulted in deletion of at least 400 kb of human 
DNA  [  120  ] ). It is known that retroelements can modify the activity of pre-existing 
human genes  [  9,   10,   31,   131  ] . At least one third of all human specifi c retroelements 
has been mapped within or close to genes  [  98  ] . Therefore, REs may well be one of 
the causative agents responsible for the phenotypic differences between  Homo sapi-
ens  and its closest relatives,  Pan paniscus  and  Pan troglodytes  chimpanzees. These 
differences can be envisioned to arise not from the appearance of any new and/or 
disappearance of old genes but due to variations in the regulation of some genes 
common for the related species.  

 The fi rst group, (~1,200 human specifi c members), is the L1 family of authono-
mous retrotransposons. The full-length primate L1s are about 6 kb long elements 
encoding two open reading frames, for RT/integrase and RNA binding protein. 

  Fig. 23.1    Endogenous 
retroviruses occupy ~5% of 
the DNA shaped by human 
specifi c transposable 
elements, which, in turn, 
form only 3% of the total 
lineage specifi c DNA       
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However, L1 inserts are mostly 5 ¢ -truncated defi cient copies originated, most 
probably, due to abortive reverse transcription  [  5  ] . The next two groups, Alu (~300 
bp long) and SVA (~1.5 kb in size) retroposons, are non-authonomous TEs that 
recruit “heterologous” RT of the L1 origin for their own proliferation  [  133  ] . These 
two groups, presented in human DNA by ~5500 and ~860 lineage-specifi c copies, 
respectively, lack any protein coding genes and can be regarded as the parasites of 
L1 retrotranspositional machinery  [  10  ] . Finally, authonomous HERV-K (HML-2) 
endogenous retroviruses are the most complex group of human TEs. They harbor 
three typical retroviral functional genes and one additional gene encoding for a 
small regulatory protein.   

    23.1.2   Transposable Elements as Genome Reshapers 

 Repetitive sequences occupy a huge fraction of essentially every eukaryotic genome. 
Repetitive sequences cover more than 50% of mammalian genomic DNAs, whereas 
gene exons and protein coding sequences occupy only ~3% and 1%, respectively. 
Numerous genomic repeats include genes themselves. Those generally encode 
“selfi sh” proteins necessary for the proliferation of TEs in the host genome. The 
major part of evolutionary “older” TEs accumulated mutations over time and fails 
to encode functional proteins. However, repeats have important functions also on 
the RNA level  [  49  ] . Repetitive transcripts may serve as multifunctional RNAs by 
participating in the antisense regulation of gene activity and by competing with the 
host-encoded transcripts for cellular factors. Moreover, polymorphic intron-located 
L1 and Alu elements have been shown recently to decrease transcription of the cor-
responding alleles when compared to the expression of retroelement-free alleles 
 [  80,   128,   129  ] . In addition, genomic repeats include regulatory sequences like pro-
moters, enhancers, splice sites, polyadenylation signals and insulators, which 
actively reshape cellular genome and transcriptome. 

    23.1.2.1   TEs as Transcriptional Promoters 

 Whole-genome analysis revealed that about 25% of all human promoters contain 
REs in their sequence  [  130  ] . Moreover, 7–10% of experimentally characterized 
transcription factor binding sites (TFBS) were shown to be derived from repetitive 
sequences including simple sequence repeats and transposable elements  [  109  ] . 
TFBS that originated from repeats evolve more rapidly than non-repetitive TFBS 
but still show signs of sequence conservation on functionally critical bases. Such 
rapidly evolving TFBS are likely to direct species-specifi c regulation of gene expres-
sion, thus participating in evolutionary process (Fig.  23.2 ).  

 In the majority of examples reported to date, REs act as alternative promoters, 
but may also represent the only known promoter for some human genes. For example, 
L1 and Alu sequences act as the unique promoter for  HYAL-4  gene, necessary for 
hyaluronan catabolism  [  130  ] . The application of novel high-throughput techniques 
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such as cap analysis of gene expression (CAGE) and paired-end ditag (PET) 
sequencing recently revealed 51,197 endogenous retrovirus (ERV)-derived promoter 
sequences. In 1,743 cases, ERVs were located in gene proximal or 5 ¢  untranslated 
regions. 114 ERV-derived transcription start sites drive transcription of 97 human 
genes, producing chimeric transcripts initiated within LTR and read-through into 
known gene sequences  [  24  ] .  

    23.1.2.2   TEs as Transcriptional Enhancers 

 There are many examples of TE enhancer activity in human tissues  in vivo . For 
example, the ERV9 LTR element upstream of the DNase I hypersensitive site 5 (HS5) 
of the locus control region in the human  b -globin cluster is responsible for control-
ling expression of this cluster in erythroid cells  [  87  ] . The enhancer of human apolip-
rotein A was shown to reside within LINE element  [  139  ] . Alu sequence is a part of 
enhancer element located in the last intron of the human CD8 alpha gene  [  58  ] .  

    23.1.2.3   TEs as the Alternative Splice Sites 

 Apart from the modulation of transcription, TEs can also regulate splicing of pre-
mRNA. In a genome wide comparison of the genomes of human and mouse, a total 
of 3,932,058 and 3,122,416 transposable elements have been identifi ed in human and 
mouse, respectively. Interestingly, 60% of transposons in human are located in 
intronic sequences, whereas introns occupy only 24% of the genome  [  119  ] . All TE 
families in human can “exonize”,  i.e.  be included in the exons of mature mRNA. TEs 
that are shared between human and mouse exhibit the same percentage of exonization 
in the two species, but the exonization level of a primate-specifi c retroelement Alu is 
far greater than that of other human transposons. This results in a higher overall level 
of transposon exonization in human than in mouse (1,824 exons compared with 506 

  Fig. 23.2    Different mechanisms of RE infl uence on gene transcription       
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exons, respectively)  [  119  ] . Alus are the most abundant repetitive elements in the 
human genome. The major burst of  Alu  retroposition took place 50–60 million years 
ago and has since dropped to a frequency of one new retroposition for every 20–125 
new births  [  3,   28  ] . Alus are presented by more than 1.1 million of copies  [  21  ] , and 
over 0.5 million of them reside in introns of human protein coding genes  [  84  ] . Almost 
all Alu-derived exons are alternatively spliced. Alu-derived exons typically have 
signifi cantly weaker splicing signals compared to non-repetitive constitutively 
spliced exons and other alternatively spliced exons. However, at least six Alu-
containing exons (in genes  FAM55C ,  NLRP1 ,  ZNF611 ,  ADAL ,  RPP38  and  RSPH10B ) 
are constitutively spliced in human tissues  [  85,   91,   122  ] . 

 In some genes, Alu elements strikingly increased the average amount of sequence 
divergence between human and chimpanzee up to more than 2% in the 3 ¢ -UTRs. 
Moreover, 20 out of the 87 transcripts carrying Alu insert either in the 5 ¢ - or in the 
3 ¢ -UTR contained more than 10% structural divergence in length. In particular, two-
thirds of this structural divergence was found in the 3 ¢ -UTRs, and variable transcrip-
tion start sites were conspicuous in the 5 ¢ -UTRs  [  118  ] . In both 5 ¢ - and 3 ¢ -UTR 
sequences, presence of an Alu element may be important for post transcriptional regu-
lation of gene expression, for example by affecting protein translation, alternative 
splicing and mRNA stability  [  60  ] . Alu exonization might have played a certain role in 
human speciation. For example, there is a muscle-specifi c inclusion of an Alu-derived 
exon in mRNA of gene  SEPN1  (gene implicated in a form of congenital muscular 
dystrophy), which appeared due to a human-specifi c splicing change after the diver-
gence of humans and chimpanzees  [  83  ] . The second example is the above mentioned 
functional deletion of an exon of human gene  CMP  for syalic acid hydroxylase. 

 Overall, the proportion of proteins with TE-encoded exons (approximately 
0.1%), although probably underestimated, is much less than what the data at tran-
script level suggest (approximately 4%)  [  55  ] .  

    23.1.2.4   TEs as Providers of Polyadenylation Signals 

 mRNA polyadenylation is an essential step for the maturation of almost all eukaryotic 
mRNAs, and is tightly coupled with termination of transcription in defi ning the 3 ¢ -end 
of genes. A polyadenylation signal (AAUAAA) nearby the 3 ¢  end of pre-mRNA is 
required for poly(A) synthesis. The protein complex involved in the pre-mRNA poly-
adenylation is coupled with RNA polymerase II during the transcription of a gene, and 
only RNA polymerase II – products are terminally polyadenylated with the remarkable 
exception of two polyadenylated polymerase III – transcribed RNAs  [  7  ] . Autonomous 
retrotransposons encode proteins and utilize functional poly(A) signals at the 
3 ¢ -termini of their genes. Therefore, insertions of these elements in genes in the sense 
orientation can infl uence the expression of neighboring genes by providing new 
poly(A) signals. For example, 5 ¢  LTR of the retrovirus HERV-F may function as the 
alternative polyadenylation site for gene  ZNF195   [  73  ] . Human genes  HHLA2  and 
 HHLA3  utilize HERV-H LTRs as the major polyadenylation signals  [  89  ] . Recently it 
was estimated that ~8% of all mammalian poly(A) sites are associated with TEs  [  82  ] . 
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 In general, there is a clearly seen strong negative selective pressure on the 
intron-located autonomous TE inserts oriented in the same transcriptional direction 
as the enclosing gene  [  12,   29,   131,   137,   142  ] . Indeed, all protein-coding intronic 
retroelements (including LINEs and LTR retrotransposons) oriented sense to gene 
transcription are underrepresented in all investigated genomes compared to statisti-
cally expected ratio of sense/antisense inserts. In contrast, non-autonomous retro-
elements like Alu don’t employ polyadenylation of their transcripts and, thus, may 
have only casual AAUAAA sequences. However, such poly(A) signals are very 
weak and are highly affected by the surrounding sequence  [  113  ] .  

    23.1.2.5   TEs as the Antisense Transcriptional Regulators 

 It has been demonstrated that TE inserts in gene introns are preferentially fi xed in the 
antisense orientation relatively to enclosing gene transcriptional direction  [  96,   131  ] . 
Therefore, promoters of the intronic TEs may drive transcription of the RNAs that 
are complementary to gene introns and/or exons. Moreover, some retrotransposons 
are also known to possess bidirectional promoter  [  27,   34,   35,   39,   63,   94  ] , and even 
downstream insertions of these elements relatively to genes may result in production 
of the antisense RNAs. Recently applied CAGE technology identifi ed 48,718 human 
gene antisense transcriptional start sites within transposable elements  [  23  ] . 

 One possible mechanism of the antisense regulation on the pre-mRNA level is 
connected with the generation of alternatively spliced mRNAs. It has been shown 
previously that antisense transcripts can inhibit splicing of pre-mRNA  in vitro  and 
 in vivo   [  44  ] . The possible mechanism involves pairing of antisense transcript and a 
sense target RNA with the formation of double-stranded RNA that could induce 
the spliceosome to skip the paired region, thus forming an alternatively spliced 
transcript. This would result in the formation of non-functional RNAs containing 
multiple premature transcription termination codons. Normally, such RNAs are 
immediately degraded in the cytoplasm by nonsense-mediated decay machinery 
 [  38  ] . Alternatively, antisense transcript basepairing to the target RNA can lead to 
its rapid enzymatic degradation directly in the nucleus.  

    23.1.2.6   TEs as Recombination Agents 

 Recombination is a powerful factor of evolution that produces genetic variability 
by using reshuffl ing of already existing blocks of biological information  [  90  ] . 
Because of their high copy number and sequence similarity, TEs are the ideal 
substrates for illegitimate homologous recombination, also called ectopic recom-
bination. The chance that an ectopic recombination will occur depends on the 
number of homologous sequences and on the length of the elements  [  6,   121  ] . 
Recombination causes genetic rearrangements that can be deleterious, advanta-
geous or null. Alu-derived ectopic recombination generated 492 human-specifi c 
deletions, the distribution of which is biased towards gene-rich regions of the 
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genome  [  120  ] . Finally, L1s were shown to join DNA breaks by inserting into the 
genome through endonuclease-independent pathway, thus participating in DNA 
double-strand breaks repair  [  100  ] .  

    23.1.2.7   TE-Transduction of the Flanking Sequences 

 The ability to transduce 3 ¢ -fl anking DNA to new genomic loci was fi rstly shown for 
the L1 elements  [  53,   99,   108  ] . L1s have a rather weak polyadenylation signal; there-
fore, RNA polymerase sometimes gets through it and terminates an RNA synthesis 
on any polyadenylation site located downstream. It was estimated that ~20% of all 
L1 inserts contain transduced DNA at the 3 ¢ ends. The length of these sequences 
varies from few bases to over 1 kb. Taken together, such transduced DNA makes up 
~0.6–1% of the human genome. Therefore, L1-mediated transductions have the 
potential to shuffl e exons and regulatory sequences to new genomic sites. 

 Recently it was shown that SVA elements are also able to transduce downstream 
sequence and it was estimated that about 10% of human SVA elements were involved 
in DNA transduction events  [  107,   133  ] . Moreover, SVA-mediated transduction can 
serve as a previously uncharacterized mechanism for gene duplication  [  138  ] . It the 
latter case new sequences may appear either on the 5 ¢ - or on the 3 ¢  terminus of an 
SVA (5 ¢  and 3 ¢  SVA transduction, respectively). 3 ¢  Transduction mechanism is simi-
lar to that proposed for L1 retrotransposon. The size of genomic sequence trans-
ferred in such a way may differ from several base pairs to over 1.500 bp. The most 
striking example is the transduction of a whole gene  AMAC  (acyl-malonyl condens-
ing enzyme 1) in the great ape genomes  [  138  ] . Due to SVA 3 ¢  transduction, human 
genome has two additional copies of  AMAC . 

 Another kind of transduction results in attaching of new sequences to the 5 ¢  end 
of an SVA. TE transcription initiation may proceed from any promoter located 
upstream in the genomic sequence. In this case termination of transcription and 
RNA processing usually occur using normal polyadenylation signal of a TE. This 
results in a mature RNA having on its 5 ¢  end an additional copy of fl anking genomic 
sequence and a copy of RE at its 3 ¢  end. Subsequent reverse transcription and inte-
gration into the genome of a nascent cDNA result to a new RE genomic insert car-
rying 5 ¢  transduced part  [  8  ] .    

    23.2   Results 

    23.2.1   Discovery of New Human TE Families 

    23.2.1.1   RNA Recombination-Derived TEs 

 A typical LINE element encodes two proteins: ORF1p that is a RNA binding pro-
tein which likely helps reverse transcription as a nucleic acid chaperone  [  93  ] , and 
ORF2p, the reverse transcriptase and the endonuclease  [  71  ] . Due to a ‘cis-preference’, 
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the enzymatic machinery of a retrotransposition-competent LINE predominantly 
transposes its own copies  [  135  ] . However, LINEs are also able to mediate the trans-
position of other sequences, mostly non autonomous elements termed SINEs, but 
also cDNAs originating from different cellular RNAs, leading to the formation of 
processed pseudogenes  [  32  ] . Recently, we have shown that LINEs are involved in 
the formation of bi- and tripartite chimeric retrogenes during reverse transcription 
in many genomes including human and fungi  [  13,   14,   16,   41,   50  ] . Bipartite chimeric 
retrogenes with an unusual structure were identifi ed in three mammalian and in one 
fungal genomes (Fig.  23.3 ).  

 A total of 82, 116, 66 and 31 elements were found in human, mouse, rat and rice 
blast fungus  Magnaporthe grisea  DNAs, respectively  [  13,   14,   41,   50  ] . These ele-
ments are composed of DNA copies from cellular transcripts either directly fused to 
each other or more frequently fused to the 3 ¢  part of a LINE retrotransposon. The 
various cellular transcripts found in these chimeras correspond to messenger RNAs, 
ribosomal RNAs, small nuclear RNAs, and 7SL RNA. 

 The chimeras have the following common features: (1) 5  ¢  -parts are full-length 
copies of cellular RNAs; (2) 3  ¢  -parts are 5  ¢  -truncated copies of the corresponding 
RNAs (mostly LINEs); (3) sites of these truncations occur at random in the corre-
sponding RNA; (4) both parts are directly joined with the same transcriptional ori-
entation; (5) chimeras have a poly (A) tail at their 3  ¢   end, and (6) chimeras are 
fl anked by short direct repeats. 

 The last structural feature demonstrate that these elements were transposed as 
bipartite DNA copies. Indeed, mammalian chimeras carried at their 5  ¢   ends a T 

2
 A 

4
  

hexanucleotide or its variants  [  13,   14,   50  ]  that correspond to the T 
2
 A 

4
  genomic site 

used by LINEs to initiate reverse transcription on oligo (A) motifs and separate 
newly inserted DNA by short tandem repeats  [  67  ] . The simultaneous integration of 
both parts of these chimeras was further supported by the data came from PCR-
based evolutionary insertion polymorphism assay  [  13,   14  ] . 

 This suggests that these bipartite elements are generated by a specifi c active 
mechanism. It frequently combines functional cellular transcripts that have nothing 
in common with transposable elements  [  19  ] . Many of the chimeras can be considered 

  Fig. 23.3    Schematic representation of the bipartite chimeric retrogenes. Inserts are fl anked by 
10–20 bp long genomic direct repeats       
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as new genes, as they were shown to be transcribed, some of them in a tissue-specifi c 
manner  [  14,   48,   50,   51  ] . Later on, in the mammalian and fungal genomes we found 
also the tripartite chimeras of a similar structure  [  51  ] . We further proposed that 
these chimeric retrogenes were generated through a mechanism involving RNA 
recombination during the reverse transcription of cellular RNAs (Fig.  23.4 ). This 
model includes a switch from the nascent cDNA serving as template for the reverse 

  Fig. 23.4    Mechanism for the chimeras’ formation using LINE enzymatic machinery. ( Step 1 ) 
LINE pre-integration complex binds LINE, SINE or RNA in the cytoplasm. ( Step 2 ) The resulting 
ribonucleoprotein is transferred to the nucleus. ( Step 3 ) Reverse transcription of the bound RNA 
primed by a genomic DNA single-stranded break (target site primed reverse transcription). ( Step 
4A ) Successful integration of the reverse transcribed cDNA copy into the genomic DNA. ( Step 4B ) 
Switch of templates on another RNA during the reverse transcription. ( Step 5A ) Integration of the 
chimera formed into genomic DNA. ( Step 5B ) The second template switch to another RNA with 
subsequent DNA reparation mediates formation of a tripartite chimeric retrogene insertion fl anked 
by short direct repeats. The normal LINE integration pathway is: steps ( 1 ), ( 2 ), ( 3 ), ( 4A )       
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transcription of the 3 ¢  part of the chimera to another RNA template corresponding 
to the 5 ¢  part, followed by the chimera integration into the host genome  [  10  ] .  

 Although RT main enzymatic activity is the continuous synthesis of the cDNA 
on RNA template, RT is able to switch templates during reverse transcription. For 
example, in retroviruses, RT jumps from one site of the RNA template to another 
site, are necessary for the synthesis of LTRs. Moreover, as retroviral particles usually 
contain two independent RNA molecules  [  126  ] , the high template switch frequency 
signifi cantly increases the retroviral diversity through recombination between these 
RNAs  [  69  ] . These recombination events most probably account for the mosaic 
structure of most retroviruses  [  66,   125  ] . 

 This model for the chimera formation was further supported by results obtained 
with human L1 LINE element using an elegant experimental system of retrotrans-
position  in vitro   [  46  ] . The authors managed to characterize 100  de novo  retrotrans-
position events in HeLa cells. Importantly, one insert (1%) represented a newly 
formed chimera similar to those we identifi ed in human genome, consisting of a full 
length U6 snRNA fused to a 5 ¢  truncated L1. Similar results were obtained  in vivo  
with a transgenic mouse model for L1 retrotransposition by Babushok and coau-
thors that characterized 33 novel retrotransposition events. 13% of these events 
likely result from template switching during reverse transcription  [  1  ] . Interestingly, 
it has been recently postulated that RT template jumps from LINE RNA to host 
genomic DNA might facilitate integration and, thus, could be normally required for 
successful LINE retrotransposition  [  1,   4  ] . 

 Besides generating chimeric retrogenes, template switching events during LINE 
reverse transcription could give rise to chimeric SINE elements  [  104  ]  and to mosaic 
rodent L1 structures, likely resulting from RNA recombination between L1 tem-
plates  [  8,   61  ] . Evolution of certain LINE families might also involve RNA-RNA 
recombination, resulting in the fusion of the 3 ¢  part of a LINE to a new sequence at 
their 5 ¢  end, as suggested by the observation that the 5 ¢ -untranslated regions of 
human, murine, rat and rabbit L1 families are not homologous to each other  [  42  ] . 
Interestingly, RT encoded by another member of LINE superfamily – R2 from 
arthropods, was documented to jump from one template to another  in vitro , with 
R2-R2 chimeras being formed  [  4  ] . 

 Furthermore, it is speculated that LTR-containing retrotransposons and SINEs 
themselves represent chimeric elements  [  75,   76,   92,   105  ] . A phylogenetic analysis 
of the ribonuclease H domain revealed that LTR-containing retroelements might 
have been formed as a fusion between DNA transposon and non-LTR retrotranspo-
son  [  92  ] . tRNA-derived SINEs likely descended from retroviral strong-stop DNAs 
 [  105  ] . They consist of two regions: a conservative, including a tRNA promoter and 
a core domain, and a variable one similar to 3 ¢ -terminal sequence of different LINE 
families. The core domain of tRNA-like SINEs has conservative regions similar to 
fragments of lysine tRNA-primed retroviral LTRs. On the basis of these structural 
peculiarities it was suggested that tRNA-derived SINEs emerged due to the integra-
tion of retroviral strong-stop DNA into the LINE 3 ¢ -terminal part. The RE formed 
could be transcribed by RNA polymerase III and spread through the genome. Such 
a mechanism of SINE formation could also explain how these elements can transpose 
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in the genome. Namely, it seems very likely that they recruited the enzymatic 
machinery from LINEs through a common “tail” sequence  [  105  ] .  

    23.2.1.2   Human-Specifi c Hybrid Family CpG-SVA 

 Detailed structural analysis of the human specifi c SVA retrotransposons revealed 76 
elements of an unusual structure. At the 5 ¢  termini these elements carried copies of 
the fi rst exon of  MAST2  gene, whereas at the 3 ¢  end – SVA retrotransposon sequences. 
The border between exonic and SVA parts was located exactly between canonical 
acceptor splice site AG from exonic part and non-canonical donor splice-site CC 
from SVA-part (396 position in the SVA consensus sequence). Lengths of both parts 
of chimeric elements signifi cantly varied: from 35 to 383 bp for the 5 ¢ -terminal part 
and from 662 to 4,255 bp for the 3 ¢  terminal part. The border between the two parts 
was constant in all the chimeras (Fig.  23.5 ). On the 3 ¢  terminus, the chimeras har-
bored a poly (A) sequence of variable length. These bipartite elements were fl anked 
by 12–18 bp long direct repeats. In one case the length of direct repeats was unusu-
ally big (131 bp). Presence of the direct repeats surrounding chimeric inserts sug-
gest implication of L1 retrotranspositional machinery in their formation, whereas 
poly (A) sequence indicates that retrotransposed RNA was transcribed by RNA 
polymerase II. The identifi ed family of chimeric REs was called “CpG-SVA” 

  Fig. 23.5    Structure of chimeric CpG-SVA retrotransposons. CpG-SVA Inserts are fl anked by 
direct repeats. Lengths of 5 ¢  terminal (exonic) part vary from 35 to 383 bp, lengths of 3 ¢  (SVA-
derived) part vary from 662 to 4255 bp. 5 ¢  Terminal parts are homologous to the fi rst exon of 
 MAST2  gene, 3 ¢  terminal parts – to SVA retrotransposon. Junction point between the two parts is 
identical in all CpG-SVA elements (canonical splice acceptor site AG from the side of exonic part 
and non-canonical splice donor site CC from the side of SVA). All SVA fragments start from the 
position 396 of the SVA consensus sequence       
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because its 5 ¢  terminal part complementary to the fi rst exon of  MAST2  gene included 
a CpG island sequence. CpG-SVA elements were found only in human genomic 
DNA, whereas separately both SVA retrotransposons and  MAST2  exon sequence 
exist in the genomes of all great apes. Therefore, CpG-SVA may be regarded as a 
new human specifi c family of retrotransposons  [  2  ] .  

 Two other papers describing the same family of hybrid retrotransposons 
(CpG-SVA) have been simultaneously published, where this family was termed 
either “MAST2-SVA”  [  59  ]  or “SVA-F1”  [  30  ] . 

 Basing on the structural features of the identifi ed CpG-SVA family members, we 
purposed a mechanism for their formation (Fig.  23.6 ). At the fi rst stage, SVA ret-
rotransposon most probably has inserted into the fi rst intron of  MAST2  gene in the 
sense orientation. After that there was formed an aberrant RNA driven by  MAST2  
promoter and terminally processed using SVA polyadenylation signal. This RNA 
was further spliced which resulted in a fusion of the fi rst exon of  MAST2  with a 
3 ¢ -terminal fragment of an SVA (starting from 393 nucleotide of the SVA consensus 
sequence). This spliced chimeric RNA was then reverse transcribed by the L1 ret-
rotranspositional machinery followed by integration of a nascent cDNA into the 
genome. This resulted to emerging of the master copy of CpG-SVA inserted into 

  Fig. 23.6    Proposed mechanism of CpG-SVA family formation. ( a ) – schematic representation of 
genomic locus comprising human gene  MAST2 .  Dotted arrow  designates transcriptional direction, 
exons and splice sites are shown. ( b ) – Insert of an SVA retrotransposon in the sense orientation 
has changed gene exon-intronic structure and gave rise to aberrantly spliced mRNA polyadeny-
lated at SVA sequence. Copy of this mRNA has inserted into a new locus of human genome and 
gave rise to CpG-SVA family that continued proliferation in human DNA. However, the ancestral 
allele of  MAST2  gene comprising SVA insert was lost due to the negative selection       
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human DNA and fl anked by direct repeats. The newly Inserted CpG-SVA element 
appeared to be transcriptionally active, possible due to the enclosed CpG-islet, and 
gave rise to a new family of REs.  

 This hypothesis is supported by the observation that there is the canonical  MAST2  
gene acceptor splice site AG of on the border between the  MAST2-  and SVA-derived 
fragments. The putative donor splice site CC within an SVA is not canonical, what 
may be explained by the peculiarities of  MAST2  exon-intronic structure where non-
canonical splice sites form the majority (Fig.  23.6 ). 

 Interestingly, at present there is no fi xed SVA insert into  MAST2  gene intron in 
the human genome. Apparently, an ancestral allele containing the above SVA ele-
ment in gene intron was eliminated by the negative selection as it could not provide 
functional  MAST2  mRNA formation because of the aberrant splicing of transcripts 
and/or preliminary polyadenilation on the SVA sequence. 

 We have found among the CpG-SVA elements several cases of 5 ¢  and 3 ¢  trans-
duction of unrelated genomic DNA, proven by the mapping of the enclosing direct 
repeats. As in the classical 3 ¢  transduction mechanism, it is likely that the down-
stream genomic fragments were captured due to “getting through” of SVA polyade-
nilation signals by the RNA polymerase II complex with the subsequent termination 
on any downstream sequence. In case of 5 ¢  CpG-SVA transduction, there was apparently 
transcription of CpG-SVA elements initiated from upstream genomic promoters. 
Overall, we identifi ed 18 and 11 cases of the 5 ¢  and 3 ¢  CpG-SVA transductions, 
respectively. The size of transferred genomic sequence differed from 8 to 854 bp for 
5 ¢ - and from 141 to 734 bp for 3 ¢  transduction events. Remarkably, four CpG-SVA 
elements contained both 5 ¢  and 3 ¢  transduced sequences. These four elements were 
highly identical and consisted of 364 bp long  MAST2  exon and 2,143–3,361 bp long 
SVA sequences. SVA length variations were caused by the Instability its internal 
satellite repeat modules. The double transducer CpG-SVAs were fl anked by Alu 
sequence (member of evolutionally ancient AluSc family) at the 5 ¢ -termini and by 
the 400 bp long sequence including evolutionally ancient AluSp element at the 3 ¢  
ends. These structure similarities evidence common ancestry of these four elements 
from a single progenitor CpG-SVA element. 

 Once the exonic parts of the chimeras varied in length, but not in their primary 
structure, the SVA-derived parts had very different both lengths and primary structure. 
In the SVA parts there were different genetic changes like insertions, deletions, 
duplications, quantitative changes in tandem repeat composition and even insertions 
of retrotransposons. Together with the presence of transduced genomic sequences, 
this enabled us to construct phylogenetic tree for the members of CpG-SVA family 
to trace their reciprocal neighborhood. According to the primary structure similarity, 
CpG-SVA elements were grouped into three major branches (Fig.  23.3 ). Interestingly, 
although there was a kind of correlation between the size of “exonic” part and 
sequence localization on the tree, all three above brunches contained elements having 
exonic parts of very different lengths. There was also no connection between the 
position on a tree and lengths of the SVA parts. In several cases different tree 
brunches were including elements with the exactly same lengths of exonic part. For 
example, brunch 2 contained one CpG-SVA element with 364 bp long exonic part, 
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whereas brunch 1 – fi ve such elements. Exonic parts of seven elements from brunch 
2 and of one element from brunch 3 were 148 bp long. There were also similar 
coincidences for the lengths 64, 76, 88 and 361 bp. These coincidences of exonic 
part sizes evidence that there were multiple independent events when CpG-SVA 
elements with identical exonic parts were formed. 

 The observed peculiarities of distribution of lengths of CpG-SVA exonic parts 
may be explained by the following factors: (1) there could be multiple functional 
transcription start sites within CpG-SVA, or (2) in some cases reverse transcription 
of the CpG-SVA RNA could terminate before the complete copying of the template 
has fi nished. The resulting shortened CpG-SVA inserts could, in turn, generate new 
elements having even shorter exonic parts, etc. 

 What are the functions of exonic part of CpG-SVA? Considering that (1) the fi rst 
exon of  MAST2  gene includes CpG island, (2) CpG islands usually play major roles 
in gene transcriptional regulation, and (3)  MAST2  is strongly upregulated in testis, 
It can be hypothesized that the exonic part provides increased transcription of CpG-
SVA family members in testis. This may be benefi cial for the CpG-SVA family as it 
facilitates fi xation of new inserts in the genome. To be fi xed, RE insertion must 
occur into germ line cells,  e.g . those localized in testis. Indeed, in terms of prolifera-
tion in the genome, the evolutionary young family CpG-SVA should be considered 
as very successful one: offsprings of only one among more than 1,000 SVA copies 
that resided in human DNA at that time (i.e. < 0.1%) have generated 76 new fi xed 
inserts (~9% of all 860 human specifi ed SVA elements)  [  2  ] . Experimental investiga-
tion of this hypothesis will be a matter of our further studies.   

    23.2.2   Functional Characterization of a Family of Human 
Specifi c Endogenous Retroviruses HERV-K(HML-2) 

    23.2.2.1   Identifi cation of Human Specifi c Promoters 

 Promoter activity of human specifi c LTRs was investigated in both  in vitro  and 
 in vivo  assays. In transient transfection experiments with the luciferase or GFP 
reporter genes, the same human specifi c element from contig L47334 displayed 
very low promoter activity in three of the ten cell lines tested, moderate activity 
(10–20% of the SV40 early promoter) was observed in six cell lines and, fi nally, the 
maximal value of ~100% of SV40 promoter activity was obtained in Tera-1 cells, 
similarly to the above enhancer activity tests  [  34  ] . In the experiments by Lavie et al. 
 [  79  ] , fi ve human specifi c proviral 5 ¢  LTRs have demonstrated the promoter strengths 
as high as 5–15% of the cytomegalovirus (CMV) promoter activity in Tera-1 cells 
(AP000776 – 15% of CMV promoter expression, AC025757 – 9%, AC072054 – 8%, 
AC025420 – 6% and AL590785 – 5%). The authors have demonstrated that the 
promoter activities of these elements directly depend on the methylation status of 
their CpG dinucleotides. Interestingly, the same fi ve LTRs were strongly transcrip-
tionally repressed in T47D cells  [  79  ] . 
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 In  in vivo  experiments, 5 ¢  RACE (rapid amplifi cation of cDNA ends) – based 
mapping of transcriptional start sites for fi ve actively transcribed human specifi c 
LTRs provided evidence for the presence of two functional promoter regions within 
the LTR sequence  [  74  ] . Both promoters possess TATA box motif and other upstream 
regulatory sequences. The fi rst promoter was the canonical element located in the 
LTR U3 region, whereas the second one was mapped in the very 3 ¢  terminus of the 
LTR R region. Both promoters appeared to be active in solitary LTRs and in full-
length proviruses. Surprisingly, this second non-canonical element was even more 
active than the classical U3-located retroviral promoter. Therefore, the R region is 
excluded from most transcripts initiated on LTRs, whereas a classical retroviral life 
cycle model implies that the transcription is driven from between the LTR U3 and 
R elements (fi rst promoter), and the R transcript is a 5 ¢ -terminal component of the 
newly synthesized proviral RNA. Such a mode of proviral DNA transcription is a 
basis of the life cycle that provides the possibility of template jumps during proviral 
RNA reverse transcription. A shift of the transcriptional start site can be explained 
by the presence of at least two alternative promoters within the LTR, one of which 
is normally used for viral gene expression, and the other for transcription of 
retrotransposition-competent copies of the integrated provirus. The latter type of 
transcripts is supposed to be far less abundant, what basically corresponds to the 
above observations. It should be mentioned that alternative promoters with unknown 
functions were found earlier for many other retrotransposons  [  10,   31,   103  ] . 

 Recently, we performed the comprehensive study of the expression of human 
specifi c LTRs  in vivo  in human germ-line tissue (testicular parenchyma) and in the 
corresponding tumor (seminoma) sampled from the same patient  [  17  ] . These were 
chosen because of markedly high endogenous retroviral transcriptional activity in 
germ-line cells, which is most probably needed to make  de novo  retroviral integra-
tions inheritable  [  88,   112  ] . To this end, a new experimental technique that makes it 
possible to detect repetitive element own promoter activity has been developed  [  18  ] . 
This technique, termed GREM (genomic repeat expression monitor), combines the 
advantages of 5 ¢ -RACE and nucleic acid hybridization techniques. GREM is based 
on hybridization of total pools of cDNA 5 ¢  terminal parts to genome wide pools of 
repetitive elements fl anking DNA, followed by selective PCR amplifi cation of the 
resulting hybrid cDNA-genome duplexes. A library of cDNA/genomic DNA hybrid 
molecules obtained in such a way can be used as a set of tags for individual tran-
scriptionally active repetitive elements  [  18  ] . The method is both quantitative and 
qualitative, as the number of tags is proportional to the content of mRNA driven 
from the corresponding promoter active repetitive element. The GREM outcome 
was a set of amplifi ed cDNA/genomic DNA heteroduplexes, below referred to as 
Expressed LTR Tags (ELTs), which were further cloned and sequenced. This study 
was the fi rst detailed characterization of the functional promoters provided by a 
particular group of genomic repetitive elements. The data obtained in such a way 
suggest that at least 45% of human specifi c LTRs possessed promoter activity, and 
a total of 60 new human promoters have been identifi ed. Individual LTRs were 
expressed at markedly different levels ranging from ~0.001% to ~3% of the house-
keeping beta-actin gene transcript level. Although HS elements formed several 
subclusters on a phylogenetic tree  [  15,   95  ] , no clear correlation between LTR 
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primary structure and transcriptional activity was found. In contrast, the LTR status 
(solitary, 5 ¢  or 3 ¢  proviral) was an important factor affecting LTR activity: promoter 
strengths of solitary and 3 ¢  proviral LTRs were almost identical in both tissues, 
whereas 5 ¢  proviral LTRs displayed higher promoter activity (~2-fold and ~5-fold 
greater in testicular parenchyma and seminoma, respectively). These data suggest 
that a proviral sequence harbors some yet unknown downstream regulatory 
elements that provide signifi cantly higher 5 ¢  LTR expression, especially in semi-
noma  [  17,   18  ] . Another important factor affecting promoter activity was the LTR 
distance from genes: the relative content of promoter-active LTRs in gene-rich 
regions was signifi cantly higher than in gene-poor genomic loci. 

 The data obtained suggest also a selective suppression of transcription in both 
tissues for proviral 3 ¢  LTRs located in gene introns. Such a transcriptional suppres-
sion might be aimed at silencing of the proviral gene expression in gene-rich regions. 
In testicular parenchyma, the promoter strength of intronically located solitary LTRs 
was also signifi cantly decreased. This may suggest yet unknown mechanism(s) for 
selective suppression of “extra” promoters generated due to mutations or viral inte-
grations and located within gene introns or very closely to genes. Such a mechanism 
might minimize possible destructive effects of undesirable transcription. Many tran-
scriptionally competent LTRs were mapped near known human genes, and as many 
as 86–90% of all genes located in close proximity to promoter active LTRs are 
known to be transcribed in testis. However, in general no clear-cut correlation was 
observed between transcriptional activities of genes and closely located LTRs  [  17  ] . 
Overall, LTRs provided at least 60 functional human specifi c promoters for host 
non-repetitive DNA, that are transcribed at different levels ranging from ~0.001% 
to ~3% of beta-actin transcript level.  

    23.2.2.2   Antisense Regulation of Functional Genes by the Human Specifi c 
HERV-K(HML-2) Elements 

 Later on, we reported the fi rst evidence for the human specifi c antisense regulation 
of gene activity occurring due to promoter activity of HERV-K(HML-2) endogenous 
retroviral inserts  [  49,   52  ] . Human-specifi c LTRs located in the introns of genes 
 SLC4A8  (for sodium bicarbonate cotransporter) and  IFT172  (for intrafl agellar transport 
protein 172)  in vivo  generate transcripts that are complementary to exons within the 
corresponding mRNAs in a variety of human tissues (Fig.  23.7 ). As shown by using 
5 ¢ RACE technique (rapid amplifi cation of cDNA ends), in both cases the LTR-
promoted transcription starts within the same position of the LTR consensus 
sequence, which coincides with the previously reported HERV-K (HML-2) LTR 
transcriptional start site  [  74  ] .  

 The effect of the antisense transcript overexpression on the mRNA level of the 
corresponding genes was investigated using quantitative real-time RT-PCR. Almost 
fourfold increase in  SLC-AS  expression led to 3.9-fold decrease of  SLC4A8  mRNA 
level, and overexpression of  IFT-AS  transcript 2.9-fold reduced the level of  IFT172  
mRNA. In all cases the level of the antisense RNAs in the transfected cells was 
close to or lower than in many human tissues  [  52  ] . Similarly, intronically-located 



288 A. Buzdin et al.

representatives of an LTR retrotransposon family from rice genome called Dasheng 
likely regulate tissue-specifi c expression of several adjacent functional genes  via  
antisense transcripts driven by the LTRs  [  70  ] .  

    23.2.2.3   Enhancer Activity of Human Specifi c HERV-K(HML-2) 

 HERV-K (HML-2) LTR sequence harbors a complete set of regulatory elements 
required for regulation of the retroviral transcription  in vivo  and include a functional 
enhancer element including multiple transcription factor binding sites. HERV-K 
(HML-2) LTR enhancer activity was extensively studied  in vitro , mostly for non-
human specifi c members  [  33,   64,   115  ] , with the only exception of the human spe-
cifi c solitary LTR from the genomic contig L47334  [  115  ] . In transient transfection 
experiments on a panel of 10 mammalian cell lines, this LTR has demonstrated 
enhancer activity only in Tera-1 human testicular embryonal carcinoma cells (thus 
showing ~8-fold increase in luciferase expression, as compared to control plasmid 
lacking the enhancer element)  [  115  ] . 

 In our recent studies, we found that ~ one-third of all human specifi c HERV-K 
(HML-2) LTRs are located in the close gene neighborhood. Nine such elements 
reside in the upstream regions of known human genes, close to transcriptional start 
site ( i.e . at the distance less than 5 kb). In our experiments, three elements over nine 
have shown a strong enhancer effect in cell culture tests (up to ninefold increase in 
transcriptional activity). However, only one element, located upstream human gene 
 PRODH , has demonstrated a correlation between the enhancer activities  in vitro  and 
 in vivo . In the case of two other elements, the LTR inserts were deeply methylated 
in all the investigated tissues. In contrast, the LTR from  PRODH  region was mostly 
unmethylated in genomic DNAs of human brain and spinal cord. Our further studies 
revealed that the LTR enhancer activity is fully regulated by the methylation: the 
higher is the level of the methylation, the weaker is the LTR enhancer activity, and 
vice versa. Importantly,  PRODH  promoter is unmethylated in all the tissues, and 
this gene is transcribed predominantly in the central nervous system (CNS). In the 

  Fig. 23.7    Types of the antisense transcripts found and their corresponding accession numbers       
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experiments with the mouse brain progenitor cells, we have shown that  in vitro  the 
LTR insert has a strong enhancer activity on the  PRODH  promoter, thus fi vefold 
increasing transcriptional level of a reporter gene. Furthermore, we have identifi ed 
a family of transcriptional factors SRY/SOX, that are the most likely candidates for 
being the LTR activity mediators in germ cells and in the CNS. 

  PRODH  encodes a CNS-specifi c isoform of the proline dehydrogenase. Unlike 
the liver isoform,  PRODH  is involved not only in the proline catabolism, but, mostly, 
in the synthesis of neuromediators like dopamine, GABA, aspartate and glutamate. 
The deficiency in PRODH activity causes first-type hyperprolinemia, that is 
frequently linked with severe cognitive disorders and CNS malfunctions, and, in 
several documented cases, with schizophrenia. Due to its important functions, 
 PRODH  expression is tightly regulated in human brains, and its expression profi le 
in humans has little in common with the rodent ones. It should be noted, that  PRODH  
promoter sequence itself is highly conserved among the mammalians, and the major 
structural distinction of the  PRODH  upstream region in human, rat, mouse and 
chimpanzee is the presence of the HERV-K (HML-2) LTR insert in human.    

    23.3   Concluding Remarks 

 Thus, the detailed analysis of a small fraction of human specifi c transposable 
elements revealed that they may regulate our genes by acting both in  cis  (as promoters 
and enhancers) and in  trans  (as antisense regulators and RNA recombination 
hotspots). At least three genes have been identifi ed that are the subjects of a human-
specifi c regulation by the TEs. Considering that only a relatively small portion of 
the human specifi c TEs was thoroughly analyzed to the date (~2% of all human 
specifi c TEs), one can expect that in the future the detailed genome-wide functional 
characterization of all human-specifi c TEs will make it possible to identify tens- or 
hundreds of genes having unique for human expression profi les. This knowledge, 
hopefully, at least partly will help us to answer the question “What makes us 
humans?” … On the molecular level, of course.      
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