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Chimeric retrogenes suggest a role for the nucleolus in LINE amplification
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Abstract Chimeric retrogenes, found in mammalian and fungal
genomes, are bipartite elements composed of DNA copies of cel-
lular transcripts either directly fused to each other or fused to the
3 0 part of a LINE retrotransposon. These cellular transcripts
correspond to messenger RNAs, ribosomal RNAs, small nuclear
RNAs and 7SL RNA. The chimeras are likely formed by RNA
template switches during reverse transcription of LINE elements
by their retrotranspositional machinery. The 5 0 part of chimeras
are copies of nucleolar RNAs, suggesting that the nucleolus plays
a significant role in LINE retrotransposition. RNAs from the
nucleolus might have protective function against retroelement
invasion or, alternatively, the nucleolus may be required for ret-
rotranspositional complex assembly and maturation. These
hypotheses will be discussed in this review.
� 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

Reverse transcription is one of the key processes that shape

eukaryotic genomes. At least 40% of the mammalian genome is

resulting from reverse transcription events [1,2]. This phenom-

enon was discovered by Temin and Baltimore while they puri-

fied and characterized the first retroviral RNA-dependant

DNA polymerase (reverse transcriptase, RT), which catalyzes

the synthesis of complementary DNA using a RNA template

[3]. Since, RT sequences were found in diverse retroviruses,

mitochondrial group II introns, bacterial retrointrons, plas-

mids and in genetic elements termed retroelements (REs).

REs are transposable elements that proliferate through RNA

intermediates using self-encoded or exogenous RT and insert

the newformed DNA copy of the element into the host gen-

ome.

Autonomous retroelements that carry their own RT genes

can be subdivided into two major classes: long terminal repeat

(LTR) containing elements, and non LTR retrotransposons

[4]. Autonomous non LTR REs are mostly long interspersed

nuclear elements (LINEs) found in essentially all eukaryotic
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genomes [5,6]. LINEs are 3.5–8 kb long, encode a RT and

few other proteins necessary for their transposition [7]. LINEs

also provide their RT enzyme for the proliferation of non-

autonomous REs such as short interspersed nuclear elements

(SINEs) [8]. Novel insertions of LINEs in a genome can be eas-

ily identified by the presence of 10–20 bp long target site dupli-

cations flanking the REs, that are formed during the

integration process. LINEs contain canonical polyadenylation

signals, oligo(A) tails or, sometimes, other A-rich sequences at

their 3 0-termini [9]. LINEs are transcribed by the cellular RNA

polymerase II from an internal promoter located in their 5 0-

untranslated region [10]. Another LINE distinguishing feature

is their frequent 5 0-truncation that likely result from an inter-

ruption of LINE RNA reverse transcription, as RT could fre-

quently dissociate from its RNA template before having

completed a full cDNA synthesis [11].

Most LINEs found in eukaryotic genomes are inactive 5 0-

truncated copies that are transpositionally deficient while only

a small number of actively transposing full-sized elements are

present [12]. However, LINEs have frequently expanded dur-

ing genome evolution as observed for the human genome that

contains 5 · 105 L1 elements representing 17% of the total hu-

man genomic DNA [1,2]. The presence of such a number of

LINEs in genomes affects many cellular processes. Highly

repetitive LINE sequences may serve as recombination hot

spots, causing frequent host DNA rearrangements [13]. More-

over, LINEs may disrupt preexisting gene exon-intronic struc-

tures [14] and in different ways interfere with host gene

expression [15–17]. Another interesting property of LINEs is

their ability to transfer their 3 0-flanking DNA to new genomic

loci, termed L1 transduction [18,19]. Taken together, this

transduced DNA makes up �0.6–1% of the human genome.

The full-sized LINE (+) RNA has a dual role as transposi-

tional RNA intermediate and template for protein synthesis

[20]. LINE transposition is known to proceed in several steps

including RNA Pol II transcription of an active element, re-

verse transcription of the RNA formed with a LINE-encoded

RT, and integration of the cDNA into a new position within

the genome using an endonuclease [21] (Fig. 1A). A typical

LINE element encodes two proteins: ORF1p that is a RNA

binding protein which likely helps reverse transcription as a

nucleic acid chaperone [22], and ORF2p, the reverse transcrip-

tase and the endonuclease [21]. Due to a ‘cis-preference’, the

enzymatic machinery of a retrotransposition-competent LINE

predominantly transposes its own copies [23] (Fig. 1A). How-

ever, LINEs are able to mediate the transposition of other se-

quences, mostly non-autonomous elements termed SINEs, but
ation of European Biochemical Societies.
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Fig. 1. Mechanism for the chimeras’ formation by LINE enzymatic
machinery. (Step 1) LINE pre-integration complex binds LINE, SINE
or host mRNAs in the cytoplasm. (Step 2) The resulting ribonucleo-
protein is transferred to the nucleus. (Step 3) Reverse transcription of
the bound mRNA primed by a genomic DNA single-stranded break
within the TTTTAA sequence (target site primed reverse transcrip-
tion). (Step 4A) Successful integration of the reverse transcribed LINE
cDNA copy into the genomic DNA. (Step 4B) Switch of templates to
another RNA during the reverse transcription. (Step 5A) Integration
of the chimera formed after RNA template switch into genomic DNA.
This event leads to the formation of a bipartite chimeric retrogene
carrying a poly(A) sequence at the 3 0 terminus and flanked by short
direct repeats. The normal LINE integration pathway is: Steps (1)–(2)–
(3)–(4A).

Fig. 2. Schematic representation of the bipartite chimeric retrogenes
identified in eukaryotic genomes. The insertions in mammalian
genomes are located downstream of the TTAAAA hexanucleotide
motif. Insertions in mammalian and fungal genomes harbour poly(A)
sequence and are flanked by 10–25 bp long genomic direct repeats.
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also cDNAs originating from different cellular RNAs, leading

to the formation of processed pseudogenes [24]. Recently, we

have shown that LINEs are involved in the formation of bipar-

tite chimeric retrogenes during reverse transcription in many

genomes including human and fungi [25–29].
2. Template switching generates bipartite chimeric retrogenes

Bipartite chimeric retrogenes with an unusual structure were

recently identified in three mammalian and in one fungal gen-

omes (Fig. 2): a total of 82, 116, 66 and 31 elements were found

in human, mouse, rat and rice blast fungus Magnaporthe grisea

DNAs, respectively [25,27–29]. These elements are composed

of DNA copies from cellular transcripts either directly fused
to each other or more frequently fused to the 3 0 part of a LINE

retroposon. The various cellular transcripts found in these chi-

meras correspond to messenger RNAs, ribosomal RNAs,

small nuclear RNAs, and 7SL RNA.

The chimeras have the following common features: (i) 5 0-

parts are full-length copies of cellular RNAs; (ii) 3 0-parts are

5 0-truncated copies of the corresponding RNAs (mostly

LINEs); (iii) sites of these truncations occur at random in

the corresponding RNA; (iv) both parts are directly joined

with the same transcriptional orientation; (v) chimeras have

a poly(A) tail at their 3 0 end, and (vi) chimeras are flanked

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 0 ends a T2A4 hexanucleotide or its

variants [25,27,28] that correspond to the T2A4 genomic site

used by LINEs to initiate reverse transcription on oligo(A)

motifs and separate newly inserted DNA by short tandem re-

peats [30]. The simultaneous integration of both parts of these

chimeras was further supported by the data came from PCR-

based evolutionary insertion polymorphism assay [25,27].

The number of mouse and rat chimeras is likely underesti-

mated as their 3 0-terminal parts are often missing because they

correspond to gaps in the genome sequence (23 and 33 cases

for mouse and rat genomes, respectively). This significant sam-

pling suggests that these bipartite elements are generated by a

specific active mechanism. This mechanism frequently com-

bines functional cellular transcripts that have nothing in com-

mon with transposable elements. Many of the chimeras can be

considered as new genes, as they were shown to be transcribed,

some of them in a tissue-specific manner [25,28,31] Gogvadze,

2007, unpublished for M. grisea.

We further hypothesised that these chimeric retrogenes were

generated through a mechanism involving RNA recombina-

tion during the reverse transcription of cellular RNAs

(Fig. 1B). This model includes a switch from the nascent

cDNA serving as template for the reverse transcription of

the 3 0 part of the chimera to another RNA template corre-

sponding to the 5 0 part, followed by the chimera integration

into the host genome [6]. Although RT main enzymatic activ-

ity 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
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of LTRs. Moreover, as retroviral particles usually contain two

independent RNA molecules [32], the high template switch fre-

quency significantly increases the retroviral diversity through

recombination between these RNAs [33]. These recombination

events most probably account for the mosaic structure of most

retroviruses [34,35].

Besides generating chimeric retrogenes, template switching

events during LINE reverse transcription could give rise to chi-

meric SINE elements [36] and to mosaic rodent L1 structures,

likely resulting from RNA recombination between L1 tem-

plates [37,38]. Evolution of certain LINE families might also

involve RNA–RNA recombination, resulting in the fusion of

the 3 0 part of a LINE to a new sequence at their 5 0 end, as sug-

gested by the observation that the 5 0-untranslated regions of

human, murine, rat and rabbit L1 families are not homologous

to each other [11]. Interestingly, RT encoded by another mem-

ber of LINE superfamily – R2 from arthropods, was docu-

mented to jump from one template to another in vitro, with

R2–R2 chimeras being formed [39].

This model for the chimera formation was further supported

by results obtained with human L1 LINE element using an ele-

gant experimental system of retrotransposition in vitro [40].

The authors managed to characterize 100 de novo retrotrans-

position events in HeLa cells. Importantly, one insert (1%) rep-

resented a newly formed chimera similar to those we identified

in human genome, consisting of a full length U6 snRNA fused

to a 5 0 truncated L1. Similar results were obtained in vivo with

a transgenic mouse model for L1 retrotransposition by Babus-

hok and coauthors that characterized 33 novel retrotransposi-

tion events. Thirteen percent of these events likely result from

template switching during reverse transcription [41]. Interest-

ingly, it has been recently postulated that RT template jumps

from LINE RNA to host genomic DNA might facilitate inte-

gration and, thus, could be normally required for successful

LINE retrotransposition [39,41].

Overall, these genome analyses, evolutionary studies and

experimental evidence strongly suggest that RNA template

switching occurs during reverse transcription of LINE retroel-

ements. This property of LINE RTs is likely responsible for

the generation of mosaic retroelements and chimeric retroge-

nes. We were able to find such chimeras in the available mam-

malian genomes, but not in those from amphibian, fishes or

invertebrates. However, such chimeras were identified in the

genome of rice blast fungus Magnaporthe grisea [29] suggesting

a conservation of this mechanism across animal and fungal

kingdoms.
3. Why are there so many nucleolar RNAs in bipartite LINE

chimeras?

Essentially all RNAs participating in the chimera formation

are abundant cellular transcripts. This observation is in line

with the observed prevalence of abundant RNA copies among

the usual (singular) retropseudogenes [42]. The 5 0-parts of the

bipartite chimeric retrogenes correspond to DNA copies of

nucleolar RNAs, while the 3 0-parts are copies of cytoplasmic

RNAs including LINE transcripts. The 3 0 parts of the chime-

ras are mostly (>80%) composed of 5 0-truncated copies of a

LINE. However, we identified in 12–20% of the chimeras a

3 0 part corresponding either to pseudogenes of various protein

coding mRNAs or to SINE retroposons. In mammalian gen-
omes, the 5 0 parts of these chimeras correspond mostly to

pseudogenes encoding small nuclear RNAs (snRNAs) includ-

ing U6 (82–93%), U3 (1–10%) and U5 (0–1%). Other pseudo-

genes identified at low frequency at their 5 0-termini include Alu

SINE (0–2%), 7SL RNA (0–1%) and 5S ribosomal RNA (3–

6%). All these RNAs have known nucleolar localization. U3

snRNA is involved in nucleolar ribosomal RNA processing

[43]. Although U5 and U6 normally reside outside of nucleolus

in speckles (spliceosomes), their maturation is performed in the

nucleolus (U6–2 0-O-methylation and pseudouridylation of

nucleotides) [44]. 7SL and Alu RNAs are processed in the

nucleolus [45] as well as 5S rRNA (pre-rRNA processing).

Unfortunately, in the fungus M. grisea, we were not able to

identify cellular localization of the RNA corresponding to

the 5 0 part of the fungal chimeric retrogene family termed

MINE.

The 5 0 parts of MINE correspond to a full length copy of a

1.1 kb long non-coding transcript of unknown function called

WEIRD that is constitutively expressed at high level [29]. U6

encoding gene was identified in M. grisea genome and it is

not associated with the chimeras [Gogvadze, 2007 unpub-

lished]. The 3 0 parts of MINE correspond to 5 0 truncated cop-

ies of the MGL LINE element [29]. As the fungal MINE

element is similar in structure to mammalian chimeras, we

hypothesize that the RNA corresponding to its 5 0 part

(WEIRD), although it differs from U6 snRNA, is likely lo-

cated in the nucleolus or associated with MGL LINE RNA

or particles.

The prevalence of DNA copies corresponding to nucleolar

RNAs at the 3 0 terminus of mammalian chimeric retrogenes

suggests that some phases of the LINE life cycle are associated

with the nucleolus. In agreement with this hypothesis, Goodier

et al. [46] have shown that both human LINE-encoded pro-

teins (ORF1p and ORF2p) may enter the nucleolus. The

authors identified a functional nucleolar localization signal in

ORF2p (RT/integrase) and found that the C-terminus trun-

cated ORF2 protein was cytoplasmic, nuclear and nucleolar

in the cultured cells. ORF1p was mainly localized in the cyto-

plasm with a speckled pattern although it also colocalized with

ORF2p in the nucleolus of a subset of cells. Therefore, the

nucleolus is a cell compartment in which mammalian LINE

proteins and possibly RNAs are occurring. This finding is in

line with the recent identification of numerous mammalian

nucleolar RNA-derived retropseudogenes most probably cre-

ated by LINE enzymatic machinery [47,48]. One such pseudo-

gene was even a bipartite chimera consisting of a full-length

housekeeping gene RPS3A processed pseudogene followed

by a copy of H/ACA box U70 snoRNA [48].

However, it is clear that LINE reverse transcription is not

limited to the nucleolus. Otherwise, a majority of LINEs

would be inserted into ribosomal RNA genes, which are the

nucleoli-forming centers. Obviously, this is not the case [49].

A second hypothesis postulate that RNAs from the nucleo-

lus have a role in protecting the genome from LINE invasions.

As the 5 0-terminal LINE components always correspond to 5 0

truncated copies, these chimeras could result from unsuccessful

LINE retrotransposition events. According to this hypothesis,

5 0 truncations of newly inserted LINEs could reflect RNA at-

tacks of retrotranspositional complexes. This hypothesis is in

agreement with the fact that U6 snRNA is the key spliceoso-

mal attacking component that may act on other RNAs. A sur-

vey of the three mammalian genomes studied for 5 0-truncated
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LINE inserts showed that their truncation sites are quite sim-

ilar to those observed in bipartite chimeric retrogenes (Fig. 3).

Interestingly, L1 LINE RT has at least five pausing sites dur-

ing reverse-transcription of L1 RNA [50]. Surprisingly, these

sites coincide with some of the hot spots for LINE 5 0 trunca-

tion and chimerization (Fig. 3). In in vitro experiments with

R2 LINE RT, it was shown that RNA template switches occur

only when the RT has reached the 5 0 end of the RNA template

[39]. If this is true for L1 RT as well, template switch and chi-

meric retrogene production could only occur at the 5 0 end of a

template RNA. Therefore, the template corresponding to the

3 0-terminus of the chimera can only be a nicked or damaged

(LINE) RNA. 5 0 truncated LINE RNAs have been already re-

ported by Belancio et al. [51] in human and mouse as a result

of in vivo splicing.

A third hypothesis, likely more realistic, explains the presence

of LINE ribonucleoproteins in the nucleolus as a need for their

RNA modification(s) that would be required for the activation

of retrotransposition. This hypothesis relies partly on the fact

that numerous RNA modifications are performed in the

nucleolus, many being uncharacterized. Additionally, the

nucleolus might be the compartment in which final assembly

of the LINE ribonucleoprotein complex is taking place, as ob-

served for several retroviruses [52]. The recent identification of

conserved functional nucleolar localization signals in mamma-

lian LINE RTs supports this hypothesis [19]. It is believed that

LINE ribonucleoprotein complex is normally pre-assembled in

cytoplasm and enters later in the nucleus. According to this
Fig. 3. Comparison of frequencies of 5 0-truncation versus chimerization e
represent each the number of L1 5 0-truncations per 100 nt, whereas chimeriza
of both truncation- and chimerization-rich regions in the 3 0-terminal part of
chimerization points for all mammalian L1-containing chimeras were comp
mouse and 210 rat L1s. Arrows represent transcriptional pause sites, observed
human L1s, 50 L1PA1, 50 L1PA2, 50 L1PA3, 50 L1PA5 and 50 L1PA7 el
chosen because their representatives were found among the chimera 3 0 parts.
sampled, whereas for the rat we took 210 L1_RN elements. Full length eleme
recovered with BLAT search engine at the UCSC web site (http://genome.uc
nucleotides of the consensus sequence for each respective L1 family [57].
hypothesis, this ribonucleoprotein would be further transferred

to nucleolus, where it would maturate and will be finally assem-

bled. During this maturation process, a subset of abundant

nucleolar RNAs could be occasionally captured by the LINE

ribonucleoprotein, especially by its ORF1p RNA binding pro-

tein component. The final active complex could move away

from the nucleolus and start the retrotransposition when in

contact with chromosomal DNA. At this stage, reverse-tran-

scription pause may occur at low frequency [50]. This pause

could be followed by the dissociation of RT from the original

RNA template creating new 5 0-truncated LINE copy, or by a

switch of the RT to a new RNA template likely captured by

LINE ribonucleoprotein complex in the nucleolus, creating a

novel bipartite chimeric retrogene. This hypothesis could also

explain the high proportion of chimeras with a U6 copy as a

consequence of its high affinity for the LINE RNA binding pro-

tein. Indeed, as shown indirectly by Garcia-Perez et al. [53],

ORF1p was absolutely required for the successful U6 pseudog-

enization de novo, whereas other RNAs could be successfully

mobilized by the RT alone. In addition, U6 was shown to dis-

play a high affinity for Gag proteins from retroviruses or LTR

retrotransposons that are nucleic acid chaperones functionally

similar to LINE ORF1p [54] and U6 molecules are frequently

captured by retroviral particles [55,56].

Although these different hypotheses are still equally proba-

ble, they reflect an unexpected role of the nucleolus and its

abundant RNAs in the reverse transcription and transposition

of LINE elements. We believe that the cellular localization of
vents along the mammalian L1 sequences. Upper columns (in gray)
tion events are shown in black (scale bars on the left). Co-clusterization
L1 sequence is seen for all three genomes investigated. For these plots,
ared with 5 0-truncation sites from randomly chosen 250 human, 350
for human L1 RT when reverse-transcribing L1 template in vitro. For

ements were taken. These and other mammalian LINE families were
For mouse, 150 L1_MM, 150 L1Md_F and 50 L1Md_T elements were
nts were excluded from the sampling. All mammalian L1 elements were
sc.edu/cgi-bin/hgBlat?command=start) using as a query 50 3 0-terminal

http://genome.ucsc.edu/cgi-bin/hgBlat?command=start
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the WEIRD RNA, a major component of the fungal bipartite

chimeras, will help understanding this challenging phenome-

non.
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