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Abstract

A typical eukaryotic genome harbors a rich variety of repetitive elements. The most abundant are
retrotransposons, mobile retroelements that utilize reverse transcriptase and an RNA intermediate
to relocate to a new location within the cellular genomes. A vast majority of the repetitive
mammalian genome content has originated from the retrotransposition of SINE (100-300 bp short
interspersed nuclear elements that are derived from the structural 7SL RNA or tRNA), LINE (7kb
long interspersed nuclear element), and LTR (2-3 kb long terminal repeats) transposable element
superfamilies. Broadly labeled as “evolutionary junkyard” or “fossils”, this enigmatic “dark
matter” of the genome possesses many yet to be discovered properties.

Keywords

retrotransposons; SINE; genomic boundaries; Pol 11 transcription; TFIIIC; chromatin architecture;
intrachromosomal interactions; tRNA genes

Introduction

Historically, retrotransposons were first characterized as “controlling elements” of
neighboring genes (McClintock 1956). Our understanding of the biology of retrotransposal
elements and the mechanisms of retrotransposition, as well as assessment of their abundance
within eukaryotic genomes, has increased over the last several years. We have learned that
these elements serve as a driving force of cell diversification and specification during
development and in response to environmental stimuli (Muotri et al. 2005, 2007; Coufal et
al. 2009), as well as that they are responsible for genomic rearrangements contributing to
genomic diversity (Kidd et al. 2008; Damert et al. 2009; Xing et al. 2009). Indeed, it is
becoming increasingly apparent that the retrotransposal portion of the genome has an impact
on many biological processes, from gene transcription to genome stability, and evidence is
mounting that it is more then insertional mutagenesis (Morrish et al. 2002). Although we are
still far from a complete understanding of genome “dark matter”, cumulative evidence
suggests that the retrotransposons can serve as regulatory sequences (both positive and
negative) by providing mobile RNA polymerase (Pol) Il and Pol Il promoters (Muotri et al.
2005; Walters et al. 2009; Ponicsan et al. 2010) and DNA methylation centers (Englander et
al. 1993; Hasse and Schulz 1994; Arnaud et al. 2000; Suzuki et al. 2007). Retrotransposal
elements can also mediate diverse cellular responses through a variety of embedded
transcriptional factor (TF) binding sites (Tomilin 2008; Bourque 2009), participate in the
establishment and maintenance of the pericentric heterochromatin and imprinted X
chromosome inactivation (Wheeler et al. 2009; Chow et al. 2010), act as a chromatin
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boundary and insulator elements (Lunyak et al. 2007; Roman et al. 2008), and drive
carcinogenic transformation and human aging (Zhao and Bourque 2009; Han et al. 2008;
Lin et al. 2009). The full spectrum of the biological consequences of the transcriptional
activation and repression of retrotransposons and the mechanistic aspects of their action
within genic versus intergenic portions of genomes are still poorly understood.

In this review we intend to convey some of the recent excitement in the field that points to
the functional significance of these elements in a variety of cellular processes and discuss
the remaining mysteries. Taking into account the non-random distribution patterns of
retrotransposons found in many eukaryotic genomes, we suggest that the biological utility of
these elements is similar to linguistic “punctuation marks”, which are aimed at separating
words into sentences, clauses, and phrases and are vital to clarifying their meaning. It is
plausible that retrotransposal elements participate in the packaging of the genome and,
owing to their higher degree of sequence conservation, are capable of mediating long-range
interactions by clustering of coordinately regulated loci. We believe that, as with linguistic
punctuation, these elements guide and direct genomic information to formulate a variety of
nuclear processes.

Abundance of retrotransposal transcription in the mammalian genome

It should be stressed that retrotransposons, together with other so-called junk DNA such as
DNA transposons and pseudogenes, have long been considered as lacking function (Feng et
al. 1996) and even having a deleterious effect on the host genome through their
transcriptional activity. Starting from the work of Chandler and Walbot (1986), who
described the role of DNA methylation in controlling the transposon’s activity in plants, it
was generally accepted that the potentially deleterious transcriptional activity of
retrotransposons in eukaryotic cells must be suppressed by DNA methylation-dependent
silencing, which has evolved as a cell defense mechanism against retrotransposal
proliferation within the host genome. The dominant view that retrotransposal RNA
expression is largely restricted to developing germ cells has been challenged in recent years.

Large-scale approaches to exploring the transcriptional status of the retrotransposal portion
of genomes leave no doubts that the initial rate and scale of their transcriptional activity
were highly underestimated. Pervasive, tissue-specific retrotransposal transcription was
recorded by using CAGE sequencing, where most of the retrotransposons initiate
transcription from a single, well-defined initiation site (Faulkner et al. 2009). Overall,
approximately 35% of all retrotransposon-associated transcriptional start sites have shown
spatially or temporally restricted expression. Such nonrandom expression could be related to
some functional implications of the retrotransposons in the genomes, despite the traditional
assumption that their transcription is “simply a noise”.

Interestingly, the vast majority of retrotransposal transcription was initiated in previously
unidentified sense and anti-sense promoters, although canonical 5" promoters of short
interspersed nuclear elements SINE B2 and L1 were found to be active as well (Faulkner et
al. 2009). A recent study of genome-wide occupancy of the 5 components of the Pol 1l
machinery in human K562 cells revealed that the striking majority (90%) of the otherwise
nonannotated Pol Ill-associated loci are near SINE retrotransposal elements (Moqtaderi et
al. 2010). There are hundreds of thousands of SINEs in many eukaryotic genomes
(Kramerov and Vassetzky 2005), with extensive variability between individual elements
(Umylny et al. 2007), and therefore a transcription of just a small proportion of them would
generate thousands of different transcripts. The SINE-associated genomic loci show much
lower levels of Pol 11 factors compared with tRNA genes, but these levels are still clearly
above the background. Importantly, it has been reported that retrotransposal transcripts in
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K562 cells are less abundant than protein-coding mRNA as shown by RNA-seq
experiments, but this could be due to stability of these transcripts, their processing, or their
turnover. There is no assessment of the function of retrotransposal transcriptional activity in
the K562 system just yet, although there has been much debate about whether transcripts,
the act of transcription, or both are relevant.

Given the abundance of the transcribed retrotransposal genomic sequences, it has been
suggested that retrotransposal transcription and (or) transcript processing may represent a
genome-wide strategy for the control of nuclear architecture and epigenetic memory
regulated by an RNA-directed process (Amaral et al. 2008).

Mechanistic aspects of Pol lll transcriptional complex assembly

It is useful to examine the mechanisms through which this strategy is carried out. In
eukaryotes, Pol 11l is devoted to the transcription of small RNAs participating in basic
cellular functions such as protein synthesis (tRNAs, 5S rRNA), RNA processing (e.g., U6
small nuclear RNA, the RNA subunit of RNase P), protein secretion (7SL RNA) (Paule and
White 2000; Geiduschek and Kassavetis 2001), vault RNA (Chugani et al. 1993; van Zon et
al. 2003), repression of the Pol 11 elongation complex (7SK) (Nguyen et al. 2001; Yang et al.
2001), and a family of small, nuclear factor 90 (NF90)-associated RNAs (snaRs) (Parrott et
al. 2007). Recently, it has been shown that Pol 111 can drive the expression of micro-RNAs
(Borchert et al. 2006) and brain-specific IncRNAs (BC1 and BC200) (Martignetti and
Brosius 1993, 1995). Despite the very simplistic view held 10 years ago regarding what Pol
I11 transcribes, the Pol 111 transcriptome now appears to be a functionally heterogeneous
group of non-protein-coding RNAs with a few well-known, abundant members and an
elusive and unexplored realm of nonabundant transcripts such as SINE retrotransposons.

Extensive work on Pol 11 transcription in yeast and higher eukaryotes has revealed the
transcriptional factors required for directing Pol 111 enzymatic machinery to its targets,
which allowed for identification of 3 types of Pol 111 gene promoters (Fig. 1A). The Pol 11l
machinery makes extensive use of promoter elements, located both within (internal) and
outside (external) the transcribed region, which generates remarkable complexity in the
delivery of Pol 111 enzymatic machinery to the gene. This, in turn, reflects how the
transcription of the diverse genes can be executed and (or) regulated.

Pol 111 is brought to the transcriptional start sites of the genes through interactions with its
central 3-subunit initiation factor, TFI1IB (subunits TBP, Bdpl, and Brf). Only a single
isoform of TFIIIB has been described in yeast (Huang and Maraia 2001). In contrast, human
cells contain 2 isoforms of TFIIIB (TFIIB-a and TFIIB-B) (Teichmann and Seifart 1995)
that are specifically recruited either to gene type 1 and 2 (TFI11B-B) promoters or to type 3
promoters (TFIIIB-a) shown in Fig. 1A. Human TFIIIB-a and TFIIIB-B both contain
TATA-binding proteins TBP and Bdp1, but differ with respect to the presence of TFIIIB-
related factor Brfl (in TFII1B-p complex) and Brf2 (In TFI1IB-a complex). In most Pol 111
genes, these are the so-called box A and box B (or A-block and B-block) regions, which
were initially identified in yeast tRNA genes and later shown to be evolutionarily conserved
in multiple species. Box B is always located at a variable distance (usually 30-60 bp)
downstream of box A, which itself is located downstream of the transcriptional start site.
These 2 sites are responsible for the oriented positioning of the 6-subunit assembly factor
transcription factor TFIIIC. TFIIIC in turn directs the association of the Pol I1l-recruiting
transcription factor TFIIIB to a ~50 bp DNA region immediately upstream of the
transcription start site in a largely sequence-independent process. In addition to box A,
transcription of the 5S rRNA gene does not require a box B, but rather a box C and an
intermediate element, recognized by the gene-specific transcription factor TFIIIA. This
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additional initiation factor, TFIIIA, serves solely as the adaptor for assembling TFIIIC on 5S
rRNA genes. Some genes (such as the 7SL RNA or the vault RNA genes) are not strictly
related to tRNA genes, yet they possess internal, tRNA-like box A — box B combinations
that are essential for transcription and sometimes even an external, downstream box B
(Saccharomyeces cerevisiae U6 sSnRNA gene). In other cases (e.g., S. cerevisiae RPRI), the
A and B boxes are situated within a transcribed leader sequence that is processed from the
mature transcript. Sometimes, a double box B is present in combination with box A
(Geiduschek and Kassavetis 2001; Schramm and Hernandez 2002; Dieci et al. 2007) (for
review, see Dieci et al. 2007).

A key component of TFIIIB is the TATA box-binding protein (TBP) or a TBP-related factor
(such as Drosophila melanogaster TRF1) that interacts with upstream DNA around position
—30. Accordingly, a TATA box or a TATA-like sequence element is found at this position
upstream of many class 111 genes. Not only is an essential TATA element present upstream
of all genes that lack internal promoter elements (such as the 7SK RNA gene), but a
functional TATA element can also be found upstream of box A- and box B-containing
genes, as in many tRNA genes or in the vault RNA gene. Composite, lineage-specific
upstream sequence motifs centered around the TBP-interacting region have been noted
upstream of tRNA genes in many eukaryotes (Giuliodori et al. 2003).

A well-characterized upstream promoter element of type I11 Pol 111 genes is the proximal
sequence element (PSE) that interacts with a multisubunit factor variously called SNAP,
PBP, or PTF (Schramm and Hernandez 2002). The PSE is generally located ~20 bp
upstream of the TATA box. Vertebrates contain an additional form of TFIIIB in which its
paralogue Brf2 replaces Brfl for transcription of a class of genes that use the SNAP.
complex in place of TFIIIC as their TFI1B-assembly factor (Geiduschek and Kassavetis
2001; Schramm and Hernandez 2002). In human cells, SNAP. binding to PSE facilitates the
TATA box-mediated association to DNA of a specific TFIIIB variant. The expression of
type Il genes with a completely external TATA/PSE-based promoter is enhanced by the so-
called distal sequence element (SDSE). The distal sequence element can contain several
protein binding sites, most frequently an SPH element and an octamer sequence, recruiting
the transcription factors STAF and OCTL1, respectively (Schramm and Hernandez 2002).
Upstream binding sites for other transcription factors (such as Sp1 and ATF) have been
found to stimulate transcription of certain type Il genes (Fig. 1A).

Once it has been assembled onto DNA, the core initiation complex recruits Pol 111 enzymatic
machinery (RNA PIII), the largest and most complex among RNA polymerases. Pol 111 is
highly conserved from yeast to humans. The yeast enzyme is composed of 17 subunits with
an overall mass of 700 kDa (Fernandez-Tornero et al. 2007). Of the 17 Pol 111 subunits, 5
(ABC27(hRPC25), ABC23(hRPC15), ABC14.5 (hRPC14), ABC10a(hRPC10), and
ABC10p(hRPC8)) are shared among polymerases I, 11, and 111, another 2 are shared with Pol
I (AC19 (hRPC19) and AC40(hRPC40)), 4 are homologous to subunits found in Pol I and
(or) Pol 11 (C160 (hRPC155), C128(hRPC128), C25(homologs in human are not identified),
and C11(hRPC25)), and 6 are unique to Pol Il (C82(hRPC62), C53(BN51), C37(not
identified in humans), C34(hRPC39), C31(hRPC32), and C17(hRPC17)) with no apparent
homology with the other polymerases (Huang and Maraia 2001; Dumay-Odelot et al. 2010).
Most of the latter group, the Pol I11-specific subunits, appear to function in recognizing the
TFIIC-TFIIIB-DNA initiation complex. In S. cerevisiae yeast, the 2 largest polypeptides in
the complex, C160 and C128, form the binding cleft for DNA and harbor the active site of
the enzyme. Humans have the homolog of yeast subunit C160- hRPC155. Three of these Pol
I11 subunits (C82(hRPC62), C34(hRPC39), and C31(hRPC32)) form a subassembly that
interacts with the TFIIIB-DNA complex and is required specifically for initiating
transcription (for review, see Fernandez-Tornero et al. 2007). Studies with recombinant
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proteins further showed that hRPC62 interacts in vitro with TFI11C63 and TFI1190 (Hsieh et
al. 19994, 19994). In addition, hRPC39 interacts in vitro with TFI11C90, thus further
reinforcing the hypothesis that the ternary subcomplex of Pol Il participates in establishing
protein—protein contact with transcriptional factors. Two subunits, C53(BN51) and C37, also
form a subassembly that limits the processivity of Pol 111 during elongation and contributes
to the ability of Pol Il to terminate transcription. The association of C53(BN51) and C37
with Pol 111 is mediated at least in part through interaction with the Rpb9- and TFI1S-related
subunit, C11(hRPC11) (Chédin et al. 1998; Landrieux et al. 2006).

Our understanding of the diversity of the Pol 111 complex assembly on its genomic targets in
higher eukaryotes has benefited tremendously from recent genome-wide analysis performed
by several groups (Barski et al. 2010; Moqtaderi et al. 2010; Oler et al. 2010) in a number of
human transformed cells and cells immortalized with TERT. These studies not only
confirmed the existence of the complexity (Fig. 1A) in the recruitment of basic transcription
machinery for Pol 111 but also largely agreed on (/) the existence of cell-type specificity of
the Pol I11 expression (Han et al. 2008; Dieci et al. 2007), (/i) the condition that not all
genomic units with assembled TFII1C complexes might be actively transcribed (Barski et al.
2010; Mogqtaderi et al. 2010; Oler et al. 2010), and demonstrated (///) the astonishing
correlation between Pol I11-associated loci and the presence of the Pol Il transcription
machinery. Intriguingly, this association also extends to the presence of genomic histone
marks associated with Pol Il gene regulation (such as histone acetylation and histone H3
lysine 4 methylation, among many). The most exciting observation in the context of this
review that comes from these studies is the notion that a vast majority (about 90%) of the
previously unreported Pol Il1-associated loci are located near SINE retrotransposons (Han et
al. 2008).

However, there are still a number of open questions related to these recently published data.
One of them is whether Pol 111 and Pol 1l association has a functional relevance for genome
organization and whether the presence of a Pol Il or Pol 1l genomic unit is functionally
relevant to transcription by Pol I11 holoenzyme.

Pol lll-controlled elements as genome organizers

Cytological studies pinpoint distinct functional territories within the nucleus of the cells
dedicated to Pol Il transcriptional activities (Pombo et al. 1999). The initial finding that 274
Pol Il1-transcribed tRNA genes in S. cerevisiae that are dispersed throughout the genome are
localized to a single nuclear substructure, the nucleolus, was an astonishing observation
(Thompson et al. 2003). Such localization is associated with more than tRNA maturation,
raising the possibility that this clustering has a major impact on the spatial organization of
the genome. Recently obtained data in the same system demonstrate that (/) general
transcriptional factors for Pol 111, such as TFIIIC and TFIIIB, can mediate genomic
association with condensin complexes (Haeusler et al. 2008; D’ Ambrosio et al. 20084); (/1)
the introduction of an ectopic TFIIIC binding site (B-box element GTTCXAXXC) into the
budding yeast genome generates a new condensin binding site (D’ Ambrosio et al. 20084a);
and (/77 chemical inhibition of Pol Il transcription has little effect on the ability of the
condensin to bind tDNA (D’Ambrosio et al. 20084), thus suggesting that active transcription
and tRNA production is not required for the clustering event. On the other hand, the
fluorescent in situ hybridization (FISH) microscopy analysis shows dispersed and
mislocalized distribution of tDNA of the temperature-sensitive mutants of all 5 subunits of
condensin (Haeusler et al. 2008). Similar to budding yeast, TFIIIC has been shown to be
involved in tDNA clustering in fission yeast, thus implying a role for this factor in the
maintenance of genome structure through interchromosomal interactions among Pol I11-
transcribed genes (Tsang et al. 2007). The involvement of highly conserved protein
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complexes such as cohesin and condensin at tRNA gene clusters brings into question
whether a similar function of Pol Il1-controlled elements can be found in higher eukaryotes.
If TFIIIC can mediate its action through the recruitment of highly evolutionarily conserved
condensin and (or) cohesin complexes (for review, see Wood et al. 2010), then the role of
Pol I11-dependent genomic units in organizing chromatin in the nucleus is more general then
previously anticipated.

Human TFIIC complex was separated by B-box-based affinity purification or by Mono-Q
chromotography into 2 functional modules, TFIIIC1 and TFIIIC2 (Dean and Berk 1987,
Yoshinaga et al. 1987). Although the exact composition of TFIIIC1 remains unknown
(Dumay-Odelot et al. 2007), the experiments performed upon F9 embryonic stem cell
differentiation suggest that the TFI11B subunit BDP1 is essential for TFIIC1 activity (Weser
et al. 2004). TFIICL is generally required for transcription of all types of Pol 111 genes
(Dumay-Odelot et al. 2007; Oettel et al. 1997) (Fig. 1A) and has shown to stimulate binding
of the TFII1C2 complex. Human TFII1C2 was resolved into a 5-subunit complex,
encompassing TF111220, TFIIC110, TFIIC102, TFIHIC90, and TFIIC63 (Yoshinaga et al.
1987; Kovelman and Roeder 1992; see recent review by Dumay-Odelot et al. 2010) (Fig.
1B). Three subunits of human TFINC2 (hTFI11C220, hTFINIC110, and hTFI11C90) each
harbor intrinsic histone acetylation activity that enables TFIIIC to combat the repressive
effects of chromatin (Hsieh et al. 19994; Kundu et al. 1999). These hTFIIIC subunits exhibit
the least homology with the scTFIHIC and spTFIIC subunits (Giuliodori et al. 2003) (Fig.
1B). hTFHIC90 exhibits a low level of homology with the putative Sfc9p but not with any
S.cerevisiae protein, and as noted previously, hTFII1C110 and TFC6p appear only distantly
related. In many higher eukaryotes, particularly vertebrates, the most abundant Pol 111
elements are SINE retrotransposons (Okada 1991). Some of the better-studied SINEs are
derived from pre-tRNA or 7SL RNA and make up about 7% of the murine and about 10% of
the human genome (Lander et al. 2001; Waterston et al. 2002). These data raise speculation
of the possible role of Pol Ill-regulated retrotransposons in orchestrating the coordination
chromatin dynamic within the cells via the recruitment of TFIIIC and (or) by generating the
transcripts. Several observations support this hypothesis. Transcripts from a tRNA
promoter-driven small RNA construct were found throughout the nucleoplasm and
resembled a punctate foci (Good et al. 1997). Preliminary attempts to broadly localize the
positions of SINE elements in human HeLa cells and SINE B2 elements in mouse
embryonic fibroblasts by FISH also showed that these genomic elements form a granular
pattern throughout the nucleoplasm, with no particular association with the nucleolus or
nuclear periphery (Kaplan et al. 1993; Haeusler and Engelke 2006; Pai and Engelke 2010).
In addition, in human HeLa cells, primary fibroblasts, and myogenic cells, the transcription
factor TFIIB has been localized to concentrated foci throughout nuclei (Kelter et al. 2000).

No evidence has yet been reported to confirm that the multiple linearly dispersed Pol 111
transcription units or the highly repetitive SINE elements influence subnuclear organization
of DNA in higher eukaryotes, but their potential influence on local and long-distance
chromatin organization has not yet been systematically explored. The next several examples
give a hint as to what these influences might be.

SINE repeats as chromosomal boundary elements

In mice, the strong developmental regulation of B1 and B2 SINE transcription has received
considerable interest. SINE B2 retrotransposons derived from pre-tRNA and SINE B1
(human Alu) derived from 7SL RNA can function as chromatin “boundary elements”
(Lunyak et al. 2007; Roman et al. 2011), effectively acting as a road block for the
propagation of heterochromatic spreading similar to the function of tRNA genes in yeast
(Donze et al. 1999).
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The B2 SINE family constitutes approximately 0.7% of total mouse genomic DNA (Bennett
et al. 1984). An interesting feature of SINE B2 repeats is that, in addition to serving as a Pol
I11 promoter, SINE B2 contains an active Pol Il promoter located outside the tRNA region
(Ferrigno et al. 2001). The 70 bp minimal Pol 11 promoter was initially delineated within
SINE B2 allocated in the Lama3 gene. This sequence has substantial nucleotide similarity
within the B2 SINE family. Moreover, Pol Il activity of SINE B2 does not preclude the Pol
I11 transcription that originated in the tRNA portion of the repeat (Ferrigno et al. 2001).

The data obtained from the functional analysis of the SINE B2 repeat in the murine GH
locus demonstrate that the repeat element is able to generate short overlapping Pol 11- and
Pol Il1-driven transcripts. The striking difference between the transcriptional activity of this
mouse SINE B2 repeat and the data on tRNA gene transcription reported in the yeast system
is that Pol 11 transcription from SINE B2 is activated in a developmental and tissue-specific
fashion and correlates with restructuring of the chromosomal domain of the GH gene.
Physical repositioning of the GH gene locus from the heterochromatic to the euchromatic
compartment was observed by FISH analysis within specific cell type. This repositioning
coincides with Pol Il transcriptional activity from the SINE B2 repeat and is accompanied
by changes in histone modification within the locus (Lunyak et al. 2007).

The SINE B2 repeat region within the GH locus provides context-independent insulator
activity (based on enhancer-blocking analysis) and can also buffer the spread of
heterochromatic modifications from facultative heterochromatin regions flanking the murine
GH locus at the 5” end. Therefore, SINE B2 repeats can be viewed as true genomic
boundaries. Promoter deletion and substitution analysis demonstrates that both Pol Il and
Pol 111 transcription are required to mediate the insulator function (Lunyak et al. 2007). How
does Pol Il gain access to sequences that are packaged as heterochromatin? Several models
have been proposed (Yasuhara and Wakimoto 2006) to explain the mechanisms of
heterochromatic transcription (Yasuhara and Wakimoto 2006; Lunyak 2008). One can argue
that the promoters driving the transcription of SINE repeats, unlike the promoters of protein-
coding euchromatic genes, have evolved to become somewhat impervious to
heterochromatic repression and might be marked by an epigenetic signature specifically
dedicated to this occasion. Indeed, one of the strands of SINE B2 repeat in the GH locus is
always transcribed at a low level by Pol Il transcriptional machinery even when the locus is
heterochromatic (Lunyak et al. 2007). Can the formation of Pol I1l-mediated transcripts
from SINE B2 create a clamp in the Pol 1l promoter portion of the repeat by engaging RNA/
molecular complexes, thus denying the recruitment of Pol 11- or Pol Il-recruiting factors to
the site? Could this restriction be lifted by development-specific changes in histone
modifications or by the recruitment of development-specific DNA binding factor(s) and
their coregulators?

To date there is no experimental evidence that can support the molecular basis for
development-specific Pol 11 transcriptional activity of SINE B2 in the context of the GH
locus, although a recent study of the boundary activity of B1_X35S that has shown the
recruitment of zing-finger transcription factor SLUG is important for the insulation function
(Roman et al. 2008). The insulation mechanisms of B1_X35S are complex and involve Pol
I11 and Pol Il transcription, with 2 major differences that set this genomic element apart from
SINE B2 in the GH locus. First, both Pol 111 and Pol Il transcription are working in the same
orientation (e.g., transcribing the same strand of DNA). Second, the transcription factor
AHR increases B1_X35S transcription by an exchange mechanism that recruits a Pol Il and
releases a Pol 111 complex (Roman et al. 2011), suggesting the role for the transcriptional
factors involved in cell growth, proliferation, apoptosis, and migration in the regulation of
transcriptional activities of retrotransposons. Since dynamic restructuring of the nucleus by
arming or disarming genomic boundary and insulator elements appears to be both a cause
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and consequence of alterations in gene expression, DNA replication, and DNA damage
repair, these observations might imply a role for SINE retrotransposons in all these
processes.

Pol lll-regulated network and repertoire of transcription factor binding in
retrotransposons

Multiple reports have demonstrated that chromosomal sites of Pol 111 transcription have
“extratranscriptional” functions. For instance, the assembled Pol I1l complexes can act as
pause sites for replication forks (Deshpande and Newlon 1996), alter nucleosome
positioning (Oki and Kamakaka 2005; Dhillon et al. 2009), affect the transcription of
neighboring genes (Raab and Kamakaka 2010), act as genomic boundaries or insulators
(Lunyak et al. 2007; Donze et al. 1999), and partition the genome into distinct chromatin
domains by bringing the elements into proximity at the nuclear periphery (Noma et al.
2006). In addition, Pol 111 transcription units can play a role in sister chromatid cohesion and
chromatin condensation (D’ Ambrosio et al. 2008z, 20085).

Recent studies have indicated that a large fraction of bona fide binding sites for a number of
transcriptional factors (TFs) that are development or cell-type specific, such as ER, TP 53,
myc, Oct4, Sox2, and CTCF, are embedded in distinct families of retrotransposons. By
leveraging the ability of the ChiP sequencing platforms to detect TF binding sites, Bourgue
et al. (2008) have demonstrated that a significant portion of binding sites of the
transcriptional regulator are embedded within the different classes of retrotransposal
elements. In cross-linking experiments, Dumay-Odelot et al. (2010) have found that c-myc
is often present at Pol 111 promoters, indicating that it might have a role in initiating Pol 111
transcription. In addition, Pol Ill-transcribed genes (along with c-myc and Pol 111
polymerases) are often found nearby Pol 1l transcriptional activators (Dumay-Odelot et al.
2010). These observations suggest that there is much more to the regulation of the Pol Il
and Pol Il transcriptional activity of the retrotransposons than meets the eye and that many
of these regulations can directly impact the course of the developmental event.

In mice, the strong developmental regulation of B1 and B2 SINE transcription has received
considerable interest. Regulation of B2 RNA expression is especially intriguing in relation
to its demonstrated role in Pol 11 transcriptional regulation. B2 RNA binds directly to Pol Il
and represses transcription from specific genes after heat shock (Goodrich and Kugel 2006).
Another interesting example of Pol 111 developmental regulation is provided by the BC1
RNA, whose gene has been suggested to act as a master gene for the SINE repetitive DNA
family whose members (1D elements) are interspersed throughout rodent genomes. The BC1
RNA is expressed in a subset of male germ cells (a prerequisite for the generation of
repetitive elements through retrotransposition), and its expression pattern was found to
change during spermatogenic development (Muslimov et al. 2002). Interestingly, several
novel Pol I11-dependent ncRNAs recently identified in Caenorhabditis elegans display
developmentally variable expression. In particular, snoRNA-like transcripts, whose
expression is driven by upstream tRNA-like promoters, showed the highest expression
during the middle stages of development, whereas the genes of the other class of noncoding
RNA, stem-bulge RNA (sbRNA), tended to be expressed more in the later stages of worm
development (Deng et al. 2006). Therefore, an assumption that developmental and tissue-
specific regulation of Pol Il transcription must rely on transcriptional regulatory activities is
probably correct, although the mechanistic aspects of this events are largely unknown and
deserve further exploration.
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Conclusion

This is an exciting time in genome biology. Aspects of genomic form and function that were
largely inconceivable only a few decades ago are now being revealed on a daily basis. It
should come as no surprise (and indeed, it probably does not) that new roles are being
discovered for noncoding DNA and that some of yesterday’s buzzwords — including “junk
DNA” — are destined for the junkyard. Long-standing assumptions and dogmas about how
transcriptional machineries operate are destined to be revised in light of current knowledge
about genome complexity. New experimental evidence makes room for new paradigms
regarding how these machineries might function on portions of the genome far greater than
the ~2% that codes for protein. In our assumptions, we have artificially constrained
ourselves to a limited and incomplete definition of the genes that are parsed throughout the
genome in a linear fashion. With every new step in genome research we are learning that
genomes are far more complex than we imagined, and there is now little use in approaching
them from a simplistic point of view.
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(A) Highly schematic representation of different classes of Pol 111 transcribed genes. The
important function of the various promoter elements and their associated transcriptional
factors is to bring TFIIIB to the start site of the transcription and to stabilize it there for the
recruitment of Pol |1l enzymatic machinery. Type | genes are composed of a major internal
element, the C box, as well as additional elements that vary among species. The single-
factor TFI1IA mediates the recruitment of TFIIC, which binds along the length of the 5S
gene in the presence of TFIIIA and is required for transcription. The exact mechanism of
TFIIC recruitment to the type 1 promoter remains unclear. Type 11 genes consist of 2 highly
conserved sequence elements, a proximal A box and a more distal B box, within the
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transcribed region. The distance between the A and B boxes is variable, and these elements
are responsible for the recruitment of the TFI1IC complex. TFIIIC binds along the entire
length of a tRNA gene, beginning just upstream of the start site of transcription and
extending through the terminator (shown in red circle (dark grey in print version)), a
separate control element that resides 20-25 bp downstream of the B box. For type | and type
I1 gene promoters the proximal subunits of TFIHIC direct TFIIIB to bind upstream of the
transcription start site. TFIIIB then recruits and positions Pol 111 over the initiation site and
remains stably bound to the DNA through multiple rounds of reinitiation by Pol I11. Type Il
genes utilize an upstream TATA box, a proximal sequence element (PSE), and a distal
sequence element (DSE). The PSE functions with the TATA element to recruit the SNAPc
complex (Mittal et al. 1999). The transcriptional activator Octl is recruited to DSE and
functions in part by promoting SNAPc complex recruitment. TFIIIB, SNAPc, and Oct-1
cooperative interactions promote a stable initiation complex mediated, in part, by a
positioned nucleosome (red nucleosome (dark grey in print version)) between DSE and PSE
(Zhao et al. 2001). Octl, Stafl, and SNAPc can also participate in the activation of Pol 11
transcription (Schaub et al. 1997). In some Pol 111 transcribed genes the combination of
promoter element differs from those described above. Green nucleosomes represent the
histone marks associated with active transcription recently observed in genome-wide studies
(Barski et al. 2010; Moqtaderi et al. 2010; Oler et al. 2010). (B) Schematic representation of
the homology of the TFIHIC complex subunits in Schizosaccharomyces pombe,
Saccharomyces cerevisiae, and human cells. The comparison analysis for homolog
identifications was reported by Huang and Maraia (2001) and completed by Dumay-Odelot
et al. (2010). Intensity of color corresponds to strength of homology (Dumay-Odelot et al.
2007). The brackets enclose the 5 subunits of human TFIIIC that correspond most strongly
to the yeast TFIIIC (Dumay-Odelot et al. 2007).
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