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Abstract

Deciphering the human genome includes reliable identification and structural characterization of individual retrotransposon elements. The

most active group of autonomous transposable elements, the long interspersed nuclear elements (LINE), transpose themselves as well as

other RNAs, including those of human endogenous retroviruses (HERV). During this transposition, however, the LINE-encoded reverse

transcriptase (RT) often abortively dissociates from the RNA template, leaving a prematurely terminated, 50 truncated copy. We have

analyzed the length distributions of LINEs and of processed pseudogenes derived from HERV-W. As expected, we have found that the

majority of 50 truncated LINEs and HERV-W processed pseudogenes show a prevalence of very short elements terminated close to the 30 end.

On the other hand, the number of complete elements is far above the expectation. The characteristic distribution in both cases indicates two

important conclusions: (i) dissociation of LINE RT from the template cannot be fully explained by low processivity of RT modelled as a

stochastic, Poisson-type process. (ii) Currently cited numbers of pseudogenes within the human genome are underestimated, since a large

percentage of pseudogenes are terminated in the 30 untranslated region and remain undetectable in translated homology searches of protein

databases against the human genome. q 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Long interspersed nuclear elements (LINE, LINE1 or

L1), retrotransposons lacking long terminal repeats (LTR)

and containing polyA tails, are the most active autonomous

transposable elements in the human genome (Kazazian and

Moran, 1998; Ostertag and Kazazian, 2001a). They are

estimated to be present there in more than 500,000 copies,

comprising 17% of the genome (Smit, 1996, 1999; IHGSC,

2001). However, due to frequent mutations, only 30–60

LINEs per haploid genome remain active and transpose

along the genome (Sassaman et al., 1997; Kazazian, 1999;

Ostertag and Kazazian, 2001a).

LINEs encode two proteins, one of which, ORF2 (second

open reading frame), has both endonuclease and reverse

transcriptase (RT) activity (Mathias et al., 1991; Feng et al.,

1996; Malik et al., 1999), and they are thought to integrate by

a coupled reverse transcription/integration process called

target-primed reverse transcription (TPRT; Luan et al.,

1993). During TPRT (reviewed in Ostertag and Kazazian,

2001a), the endonuclease activity cleaves one strand of the

DNA at its target site, producing a free 30-hydroxyl at the

DNA nick. After the retrotransposon RNA anneals at the

break, the RT activity uses this RNA as a template and the 30-

hydroxyl as a primer for reverse transcription. The remaining

steps of TPRT include the cleavage of the second DNA

strand, integration of the cDNA, and completion of DNA

synthesis. Upon completion of TPRT, a copy of the original

retrotransposon is integrated in a new genomic location

flanked by target site duplications. The 50 ends of most LINEs

in the genome are either truncated or both inverted and

truncated (Voliva et al., 1983; Smit, 1999; Boissinot et al.,

2000; IHGSC, 2001; Ostertag and Kazazian, 2001b).

Truncations have been hypothesized to occur because of a
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low processivity of the LINE reverse transcriptase or because

of activity of cellular RNAse H (see Ostertag and Kazazian,

2001a and refs. therein). If the RT dissociates from the RNA

template before completion of the reverse transcription, the

resulting insertion becomes truncated at the 50 end.

Similar 50 truncations have been described for processed

pseudogenes. They were first defined as pseudogenes

structurally collinear with their parental gene messenger

RNA (mRNA) lacking promoters, introns, and, in general,

without protein-coding capacity due to mutations and

frequent stop codons. Their mRNA-derived structure,

polyA tails at the 30 end and the presence of direct repeats

of variable (5–15 bp) length suggested that their formation

required RT, and these pseudogenes were termed processed

pseudogenes (Vanin, 1985; Weiner et al., 1986; Weiner,

2002). Recently, in vitro experiments demonstrated the

creation of reporter gene copies by the LINE machinery with

all hallmarks of processed pseudogenes (Esnault et al., 2000;

Wei et al., 2001).

Retrotransposed repetitive elements like LINEs or pro-

cessed pseudogenes of human endogenous retroviruses

(HERV) have particular advantages for studies of properties

of pseudogenes. Since the mRNA structure is the same

(LINEs) or part of the DNA consensus sequences (HERVs),

we can easily identify these sequences using standard tools for

repeat detection. Given the sensitivity of RepeatMasker (Smit

and Green RepeatMasker at http://repeatmasker.genome.

washington.edu), it is possible to identify even very small

fragments that could be overlooked by widely used fast

heuristic searches. In this work, we analyzed the length

distributions of LINEs and processed pseudogenes of HERVs

detected by a similarity search to full-length mRNA. Using

this approach, we confirmed that the majority of LINEs and

processed pseudogenes are 50 truncated. We show that the 50

truncated copies of the youngest LINE family L1HS (Ta

subset) display a power-law-like length distribution (except

for the proportion of full-size copies), which changes for older

families, probably due to post-integration processes. In

addition, the number of complete elements in young LINE

families is far above the expectation for random terminations.

These data are at odds with the assumption of low processivity

of RT randomly dissociating from an RNA template. More-

over, these results suggest that cited numbers of retro-

transpositions of cellular mRNAs within the human genome,

currently identified by the homology to protein coding

sequences, are by far underestimated because the short

pseudogenes, 50 truncated inside the 30 untranslated region

(30UTR), are neglected.

2. Materials and methods

2.1. Identification and length distribution of LINEs in the

human genome

The RepeatMasker program (Smit and Green Repeat-

Masker at http://repeatmasker.genome.washington.edu)

with standard settings and Repbase Update libraries version

6.3 (http://www.girinst.org/Repbase_Update.html; Smit,

1996; Jurka, 1998, 2000) were used to identify LINEs in

the GoldenPath assembly (August 6 2001 Human Genome

Working Draft at http://genome.ucsc.edu/). LINE fragments

annotated by RepeatMasker as parts of one element were

joined together as one element. For the size calculations, we

only used elements with intact 30 ends, arbitrarily circum-

scribed as elements terminated at least 20 bp from the 30 end

of the family consensus, to define the allowed uncertainty in

the RepeatMasker detection. In contrast, elements termi-

nated less than 20 bp from the 30 end of the family consensus

are termed 30 truncated elements and were not included in

this analysis. Insertions of other repeats into LINEs were

excluded from the length calculations.

2.2. Length distribution of HERV-W processed pseudogenes

We used the dataset of HERV-W (HERV17) pseudo-

genes obtained in our previous work (Pavlı́ček et al., 2002)

from our HERV database (http://herv.img.cas.cz; Pačes

et al., 2002). For 107 50 truncated elements of HERV-W

with an intact 30 end, defined again as elements terminated at

least 20 bp from the 30 end of the HERV-W mRNA

consensus, we calculated the length after exclusion of

insertions; in addition, 46 complete, untruncated pseudo-

genes (both 50 and 30 within 20 bp from the mRNA termini)

were plotted separately.

3. Results

3.1. Length distribution of LINEs in the human genome

We identified 557,011 independent LINEs in the Gold-

enPath assembly of the human genome. The particular

advantage of the RepeatMasker detection is that the

program annotates fragments as parts of one element,

irrespective of fragment orientations; thus, even the

frequently found LINEs with 50 terminal insertions

(Ostertag and Kazazian, 2001b) are treated as one element.

About 594 elements (0.108%) contain multiple inversions

(up to fourfold inversions). For a few elements we detected

unusual inversions of the terminal 30 sequence. For the

length distribution we only took into account elements with

intact 30 ends, after removal of insertions of other elements.

LINEs with terminal gaps over 20 bp were defined as 30

truncated and were excluded from the length calculation.

This exclusion involved 317,516 (mainly old) LINEs, or

57% (in majority they were both 50 and 30 truncated).

In the next step, we calculated the length distribution for

selected LINE families. Fig. 1 shows the length distribution

of the youngest human-specific LINE family L1HS (Smit

et al., 1995) or Ta, corresponding to subsets of Ta-0 and Ta-

1 subfamilies (Boissinot et al., 2000). A power-law fit (log
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of number n versus log of length l in bp) yielded

n ¼ 981,000 l 21.45; the power is 21.45 ^ 0.06 (Jolicoeur

error estimate, 5% level). The corresponding exponential fit

function is also shown, n ¼ 87.4 exp(20.000721 l ). For

both fits, we excluded elements longer than 6 kb, since they

contain full-length LINE copies. We also excluded the first

two length intervals (points), because very short fragments

of LINEs are less likely to be detected by RepeatMasker and

can be underrepresented: the threshold criterion, the Smith-

Waterman score, is positively correlated with the length of

the alignment. The length distribution of young L1HS is

similar to a power-law distribution rather than to an

exponential.

Fig. 2 shows a comparison of the length distributions

between several LINE families. The power-law distribution

of L1HS gradually changes for older families L1PA2,

L1PA3, and L1PA5, whose distributions became more

exponential-like (data not shown). The proportion of 30

truncated and therefore excluded elements was 5.6% (59/

1053) for L1HS, 3.4% (138/4065) for L1PA2, 4.0% (351/

8726) for L1PA3, 4.2% (392/9295) for L1PA5, 8.2% (395/

4807) for L1PA10, 10.6% (591/5556) for L1PA15 and

45.9% (2010/4377) for the L1ME3 family.

The percentage of the potential full-length LINEs

decreases with the age of a given family. The human-

specific L1HS family (Smit et al., 1995; Boissinot et al.,

2001) contains 28.7% full-length elements, in good

agreement with estimated 35% for recent LINE insertions

(Boissinot et al., 2000, 2001), whereas this proportion drops

to less than 0.3% for the old L1ME3 family. As noted by

Boissinot et al. (2001), chromosome Y has more complete

LINE1 elements; in agreement, we detected 161/513

(31.4%) of full-sized Y-linked elements from L1HS,

L1PA2–5 families. For all LINE elements, the average

percentage of elements over 5 kbp is 3.2%.

3.2. Length distribution of HERV-W processed pseudogenes

We used our dataset of HERV-W pseudogenes in the

human genome (Pavlı́ček et al., 2002) to calculate the

lengths of these pseudogenes. Forty-six complete and 107 50

but not 30 truncated pseudogenes were separately included

in the calculation. One pseudogene displays 50 inversion,

similar to 50 inversions frequent in LINEs (Ostertag and

Kazazian, 2001b), another one contains 30 inversion rarely

found in LINEs (see above). Thirteen percent (23/176) of

HERV-W pseudogenes were truncated at the 30 terminus of

HERV-W mRNA, and were excluded from our analysis. All

insertions were removed from HERV-W sequences. Fig. 3

shows the length distribution of the resulting selection of

HERV-W processed pseudogenes. The power-law fit

Fig. 1. Length distribution of the LINE L1HS family. Absolute numbers of

L1HS elements within the 200 bp intervals are depicted in the plot. All 30

truncated copies and copies with insertions were excluded (see Section 2).

The power-law (black) and exponential (gray) fit functions (see Section 3)

are shown. All elements longer than 6 kbp were excluded from both fits.

Fig. 2. Comparison of length distributions between several LINE families.

Relative frequencies of the length distribution for several LINE families;

500 bp intervals were used. All 30 truncated copies and insertions were

excluded (see Section 2). The general length profile of all LINE copies with

an intact 30 terminus is shown (black curve).

Fig. 3. Length distribution of HERV-W processed pseudogenes. Absolute

numbers of HERV-W processed pseudogenes within 500 bp intervals are

depicted in the plot. Data on HERV-W processed pseudognes are from

Pavlı́ček et al. (2002). All 30 truncated copies and insertions were excluded

(see Section 2). Power-law (black) and exponential (gray) fit functions are

shown. For both fits, we excluded all full-length elements (gray column).
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function is n ¼ 31,750 l 21.116. The exponential fit function

is also shown, n ¼ 29.37 exp(20.000546 l ).

4. Discussion

4.1. Length distribution of LINEs and HERV-W processed

pseudogenes

In the present work, we analyzed the length distribution

of several LINE families and processed pseudogenes

derived from endogenous retroviruses (Figs. 1–3). As

expected (IHGSC, 2001; Boissinot et al., 2001), the

majority of elements are very short, and very few elements

range between 2 and 5 kbp. Over 5 kbp, there is a peak of

potentially full-length elements, representing successfully

terminated reverse transcripts. If the premature termination

of TPRT were a Poisson-type process without memory, i.e.

with equal probability of abortive RT dissociation at any

nucleotide of reversely transcribed mRNA, then the length

sizes should follow an exponential distribution. Instead, the

length distribution of the youngest family L1HS (Ta) is

rather of a power-law character, indicating a different

process than random termination of TPRT (Fig. 1). Indeed,

(1) the number of very short elements is clearly above the

exponential expectation, i.e. the probability of termination

is higher for early steps of integration compared to the

random model; and (2) the number of full-length elements is

far above the expectation. From the exponential fit we

calculated the expected number of full-length elements

(element longer than 6 kb) to be less than ten. However, 260

elements over 6 kb were observed; in other words, 26 times

more than expected according to the exponential fit.

Given the purifying selection of LINEs that can change

the length distribution (Boissinot et al., 2001), we first

concentrated on the youngest family L1HS (Ta). The length

distribution of 50-truncated copies of this family has a

power-law-like character (Fig. 1). The power-law fit

decreases with the age of LINEs; the second best hit was

found for L1PA2, followed by L1PA3 and L1PA5 families,

where the distribution became more like a (truncated)

exponential, but again, the peak of complete elements is far

above expectations. For older LINEs, due to the degra-

dation, the peak of full-length copies disappeared and the

distribution became monotonously decreasing (Fig. 2).

The degradation of complete copies and other changes in

the distribution are very likely results of multiple post-

integration processes, including recombination, deletion

and selection. It is well know that some, particularly full-

length autosomal LINE insertions, are under negative

selection (Boissinot et al., 2001). LINEs can have some

beneficial function in X-chromosome inactivation (Bailey

et al., 2000; however, see Chureau et al., 2002). LINEs in

introns are negatively selected if they are in the same

orientation as the gene (Smit et al., 1995; Smit, 1999). The

LINE size also depends on the composition of flanking

sequences, e.g. LINEs from GC-rich regions tend to be 2–

2.5 times shorter that LINEs in GC-poor regions (Smit,

1999). All these phenomena can change the original size

distribution.

The rate of gradual shortening in time can be considered

by comparing the proportions of 30 truncated elements in

different LINE families. Whereas young families contain

only about 5% of 30 truncated LINE elements, the

proportion of 30 truncated copies reaches 50–60% for

older families. In fact, the contribution of postintegration

truncations (i.e. after TPRT and integration) could be

roughly estimated from these differences. Also, very

recently, endonuclease-independent LINE insertions

through double-stranded break DNA repair were reported,

predominantly truncated at 30 ends (Morrish et al., 2002);

nevertheless, they were very likely rare in human evolution,

since only a small fraction of young elements is truncated at

the 30 end (see above).

The length distribution of HERV-W processed pseudo-

genes is similar to the distribution of LINEs. Again, there is

a high peak of complete elements. However, contrary to

LINEs that, in general, lack splicing (Ostertag and

Kazazian, 2001a), HERV-Ws have a complex splicing

pattern and the majority of their pseudogenes correspond to

these splice variants, so it is difficult to calculate the

expectation for full-length copies. The full size of the

shortest splice variants is only 600–1300 bp, although the

full size of HERV-W mRNA is about 9500 bp (Pavlı́ček

et al., 2002).

Alus, another type of non-autonomous LINE-dependent

repeats (see for example Ostertag and Kazazian, 2001a;

Weiner, 2002), often escape the 50 truncation thanks to their

very small size (about 280 bp at the consensus). For the

young AluYa5 family, we found just 8.3% (300/3609) of 50

truncated copies compared to 3.7% (133/3609) of 30

truncated copies.

As can be seen in Figs. 1 and 3, the distributions of the

L1HS family and of processed pseudogenes of HERV-W

are not consistent with the random termination model. The

first difference is the overrepresentation of short elements. It

is possible that early invasion of the internal primer onto the

LINE RNA before reverse transcription that has begun at

the polyT primer or shortly thereafter (Ostertag and

Kazazian, 2001b) can lead to premature inversions and,

hence, to early truncations, and can reshape the size

distribution. Nevertheless, excluding 50 inverted copies

does not significantly change the size distribution (not

shown). Frequent transduction of 30 sequences during LINE

transposition (Pickeral et al., 2000; Goodier et al., 2000;

IHGSC, 2001) can also shift the length distribution,

especially in the small sizes, since the RT first integrates

the transduced 30 sequence and after this, if not already

terminated, proceeds further to the LINE sequence.

However, the unexpectedly high number of complete

elements (also found for processed pseudogenes of

A. Pavlı́ček et al. / Gene 300 (2002) 189–194192



ribosomal proteins, Zhang et al., 2002) definitely does not fit

with the model of low-processive RT.

4.2. Implications for the processed pseudogene detection

Currently, the translated homology search of protein

databases against the human genome is the method of

choice for detection of processed pseudogenes (Dunham

et al., 1999; Goncalves et al., 2000; Venter et al., 2001;

Harrison et al., 2002). This approach can obviously detect

only pseudogenes homologous to protein coding sequences.

However, eukaryotic mRNAs also contain untranslated

regions, often with important cis-acting sequences regulat-

ing the mRNA stability, cytoplasmic transport, translational

efficiency, etc. (Makalowski and Boguski, 1998; Pesole

et al., 2001). Taking 1028 bp as a mean length of human

30UTRs (Pesole et al., 2001), we theoretically overlook 47%

(468/994), 72.3% (173,103/239,495) or 28% (49/176) of

processed pseudogenes shorter than 1028 bp, provided that

their distribution is similar to L1HS, all LINEs or HERV-W

processed pseudogenes, respectively.

Considering the factor of 28% for HERV-W as a

theoretical limit, this is clearly an underestimation of the

real situation, since the commonly used criterion is a long

uninterrupted homology to the closest matching protein

(Goncalves et al., 2000; Venter et al., 2001; Harrison et al.,

2002). However, the proportion of LINEs and HERV-W

pseudogenes longer than 3 kb is low (Figs. 1 – 3),

comprising mostly full-length elements, i.e. only 26% (46/

176) of all HERV-W processed pseudogenes. It is, there-

fore, possible that only about 25–35% of processed

pseudogenes are detected by conventional methods, in

majority full-length. Indeed, 95% of processed pseudogenes

of ribosomal proteins were found complete (Zhang et al.,

2002), again indicating some other process than the low

processivity of RT in the 50 truncations. Moreover, this can

still be an underestimate, since the HERV-W mRNA is

relatively short in comparison to the mean human genes (9.5

versus 27 kbp; IHGSC, 2001) and has a proportionally

higher probability to be complete, i.e. untruncated. Also, the

criterion of long continuous homology with the protein

sequence can disregard some splice variants if large parts of

coding sequences are spliced out.

Taken together, it is possible that as much as 65–75% of

processed pseudogenes remain undetected by conventional

methods, because they do not take into account the length

distribution of processed pseudogenes. Homology searches

using UTR databases (Pesole et al., 2002) can provide a

better estimate of the number of processed pseudogenes.

5. Conclusion

In contrast to the expected randomness of TPRT

termination, the length distribution of the young LINE

L1HS (Ta) family (and partially also processed pseudo-

genes) is more similar to a power-law rather than to an

exponential distribution. The unexpectedly high proportions

of short elements and particularly a surprisingly high

number of complete copies again indicate a different

process than the low processivity of RT in the generating

of 50 truncated copies. Since the probability of termination is

highest immediately at the beginning of the TPRT, whereas

after proceeding past the first 2–3 kb the integration is likely

to terminate successfully, the mechanism of the 50

truncation might tentatively be linked to early steps in the

TPRT reaction. Alternatively, premature termination can be

a mixture of two or more independent processes. We also

demonstrate that transposon-derived pseudogenes represent,

thanks to the standard methodology for their detection, a

powerful tool for the studies of processed pseudogene

properties.

In conclusion, based on our results, the current estimate

of 22,000–33,000 processed pseudogenes in the human

genome (Goncalves et al., 2000) should be increased by a

factor of at least three, taking into account all retro-

transpositions of cellular mRNAs, not only those with a long

homology to proteins (whether processed pseudogenes

without homology to protein coding regions can be called

pseudogenes is merely a matter of terminology). An open

question remains: how is it possible to have such a high

number of retroposed pseudogenes in spite of the strong cis-

preference of the LINE proteins to mobilize its own RNA

(Sassaman et al., 1997; Esnault et al., 2000; Wei et al.,

2001)?
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