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Abstract

Endogenous retroviral elements (ERVs) in mice are significant genomic mutagens, causing ,10% of all reported
spontaneous germ line mutations in laboratory strains. The majority of these mutations are due to insertions of two high
copy ERV families, the IAP and ETn/MusD elements. This significant level of ongoing retrotranspositional activity suggests
that inbred mice are highly variable in content of these two ERV groups. However, no comprehensive genome-wide studies
have been performed to assess their level of polymorphism. Here we compared three test strains, for which sufficient
genomic sequence is available, to each other and to the reference C57BL/6J genome and detected very high levels of
insertional polymorphism for both ERV families, with an estimated false discovery rate of only 0.4%. Specifically, we found
that at least 60% of IAP and 25% of ETn/MusD elements detected in any strain are absent in one or more of the other three
strains. The polymorphic nature of a set of 40 ETn/MusD elements found within gene introns was confirmed using genomic
PCR on DNA from a panel of mouse strains. For some cases, we detected gene-splicing abnormalities involving the ERV and
obtained additional evidence for decreased gene expression in strains carrying the insertion. In total, we identified nearly
700 polymorphic IAP or ETn/MusD ERVs or solitary LTRs that reside in gene introns, providing potential candidates that may
contribute to gene expression differences among strains. These extreme levels of polymorphism suggest that ERV insertions
play a significant role in genetic drift of mouse lines.
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Introduction

The laboratory mouse is the model of choice for mammalian

biological research and a plethora of mouse genomic resources

and databases now exist [1]. Notably, fueled by availability of

genomic sequence for the common strain C57BL/6J (B6)[2],

several groups have documented genetic variation among strains

using single nucleotide polymorphisms (SNPs) [3–5]. Surveys of

mouse polymorphism due to segmental duplications or copy

number variations have also recently been published [6,7]. Such

resources are invaluable in trait mapping, in tracing strain origins

and in genotype/phenotype studies. However, to date, genome-

wide studies to document other types of genetic variation have

been lacking. For example, long terminal repeat (LTR) retro-

transposons/endogenous retroviral elements (ERVs) are known to

be highly active in inbred mice, causing ,10% of spontaneous

mutations [8], but relatively little is known about the level of

polymorphism of such sequences. Southern blotting and extensive

genetic mapping has clearly demonstrated that ERVs related to

murine leukemia virus (MLV) are highly polymorphic [9–11], but

such techniques are feasible only for low copy number ERVs

which constitute a very small fraction of ERVs and LTR

retrotransposons in the mouse genome. Due to the array-based

technology employed, the largest mouse polymorphism study
performed by Perlegen focused only on SNPs and was not
designed to detect insertional ERV polymorphisms [5].

Compared with a single nucleotide difference, genetic variation

due to insertion of an ERV obviously has a much greater

probability of affecting the host. Not only is the absolute change in

the DNA much larger, but the inserted ERV sequences also carry

powerful transcriptional regulatory elements that can influence
host genes. The phenotypes of most mouse germ-line mutations

caused by ERV insertions result not from simple physical

disruption of coding regions, although this does occur, but rather

from transcriptional abnormalities mediated by ERVs located in

introns or near the affected genes [8]. It is also well appreciated

that retroviruses can activate oncogenes or growth control genes

leading to malignancy [9,12,13], and indeed, are used as tags to

identify genes involved in cancer [14,15]. Determining the extent
of mouse ERV polymorphism is therefore critical in understanding

how ERVs contribute to diversity and disease susceptibility among

inbred strains.

The retroviral-like Intracisternal A Particle (IAP) and the
MusD/Early Transposon (ETn) families are two high copy
number ERVs responsible for most of the insertional germ-line

mutations described in mice. IAP elements have been extensively
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studied since the early 1980s [16] and cause both germ line

mutations as well as oncogene or growth factor gene activation in

somatic cells [8,9,12,17,18]. ETn elements were also originally

reported in the early 1980s as a non-coding transposon-like

sequence expressed in early embryogenesis [19–21] and capable of

causing new mutations. It is now known that ETns represent a

non-coding subclass of the retroviral-like MusD elements [22,23],

which provide the proteins in trans necessary for ETns to

retrotranspose [24]. Thus, throughout this study, this group is

referred to as ETn/MusD elements.

According to a list compiled at the end of 2005 [8], six strain

polymorphisms and 26 mutations due to insertions of IAP

elements have been documented. Four polymorphisms and 19

mutations due to insertions of members of the ETn/MusD family

have also been reported. Genomic hybridization and PCR

methods have demonstrated that the IAP [25–27] and ETn/

MusD [28] families are polymorphic among strains, but the extent

of this variation and the potential consequences on phenotype are

unknown. The goal of this work was to conduct a genome-wide

assessment of the level of insertional polymorphism of the IAP and

ETn/MusD families. A second goal was to identify polymorphic

ERVs with the highest probability of affecting host genes. By

comparing only the few strains for which sufficient genomic

sequence is available, we found high levels of insertional

polymorphism for both the IAP and ETn/MusD families.

Moreover, we detected 695 polymorphic members of these

families located within genes, and found evidence that some of

these affect gene transcription. Such polymorphisms represent a

substantial source of genetic variability among inbred strains and

may play a major role in strain-specific traits.

Results/Discussion

Prevalence of ETn/MusDs and IAPs in Different Strains
As the first step to assess the ERV polymorphisms in mice, we

conducted a survey of the overall copy numbers of IAP and ETn/

MusD elements in the well-sequenced, assembled B6 genome

using BLAST (see Materials and Methods for details). For the IAP

family, we detected 2595 full-length or partly deleted elements plus

2477 solitary LTRs, for a total of 5072. ETn/MusD elements are

less numerous than IAPs, with 1873 sequences in the B6 genome,

1457 of which are solitary LTRs. In accord with previous studies

[29], our results indicated that solitary LTRs, the result of

recombination between the 59 and 39 LTRs of proviral forms, are

typically more common than full length ERVs.

For mouse strains other than B6, sufficient whole genome

shotgun sequence traces (see Figure S1) are available for only three

of them: A/J, DBA/2J, and 129X1/SvJ (referred to hereafter as

the three test strains). To identify all traces containing IAP or

ETn/MusD sequences, we used specifically designed ERV probes

(see Figure S2 and Table S1) to screen the trace archives of the

three strains with local sequence alignment. Sequences flanking

the ERV segment in each trace were then used to map the region

to a unique position in the assembled B6 genome and to combine

redundant traces (see Materials and Methods). This screening

method identified 1659, 1509 and 1379 ETn/MusD elements that

could be assigned a unique location in A/J, DBA/2J and 129X1/

SvJ, respectively. Similarly, for the IAP elements, we identified

4696 elements in A/J, 4320 in DBA/2J, and 3878 in 129X1/SvJ.

As discussed above, our genomic survey detected 1873 MusD/

ETn elements and 5072 IAPs in assembled B6 genome. The lower

ERV numbers detected in the three test strains compared with B6

is likely mainly due to incomplete sequence coverage of the traces

available for each strain. Another factor that contributes to the loss

of detectable ERV insertions is inability to map the trace to a

unique location, usually because the flanking non-ERV portion is

too short, composed of other types of repeats, or is located within

duplicated genomic regions. To determine the approximate

fraction of elements from each of the three test strains that are

not detectable due to incomplete sequence coverage or other

reasons, we determined how many elements in the assembled B6

genome could be found with our method using randomly sampled

sets of WGS traces from the B6 trace archive database. Using

numbers of B6 traces equivalent to that available for A/J

(11,646,236), DBA/2J (7,998,826) and 129X1/SvJ (5,998,950),

we detected 83.8%, 77.9% and 68.6% of the 1865 ETn/MusD

insertions present in the assembled B6 genome (Figure S3). Thus,

it seems reasonable that approximately 16.2%, 22.1% and 33.4%

of the ERVs present in the three test strains are not found due to

incomplete coverage or mapping difficulties. Moreover, this B6

trace sampling experiment also allowed us to conservatively

estimate the false discovery rate of this procedure to be ,0.4% (see

Materials and Methods).

Identification and Frequency of Polymorphic ERVs
As outlined in Figure 1 and described fully in Materials and

Methods, we designed a four-phase screening process to identify

polymorphic ERVs. In the first phase, probes derived from known

ERV sequences were used to screen the B6 assembled genome and

a collection of ETn/MusD or IAP elements in B6 was obtained. In

the second phase, illustrated in Figure 1A, we determined if the

ERVs identified in the three test strains were also present in B6 by

checking for existence of such ERV sequences at corresponding

loci in the assembled B6 genome. In the third phase, represented

in Figure 1B, we included the dataset of all ERVs present in B6

and determined the presence of these ERVs in the three test

strains. To achieve this, we retrieved the 59 and 39 flanking

sequences from elements present in the assembled B6 genome,

obtained those flanking segments that could be uniquely mapped

to the genome and then identified sequence traces from the test

Author Summary

The laboratory mouse is the most widely used mammal for
biological research. Hundreds of inbred mouse strains
have been developed that vary in characteristics such as
susceptibility to cancer or other diseases. There is much
interest in uncovering differences between strains that
result in different traits and, to aid this effort, millions of
single nucleotide differences or polymorphisms between
strains have been cataloged. To date, there has been less
emphasis placed on other sources of genetic variation. In
this study, we have conducted a genome-wide analysis to
examine the level of polymorphism of mouse endogenous
retroviral sequences (ERVs). ERVs are derived from
infectious retroviruses that now exist in the genome and
are inherited as part of chromosomes. Unlike in humans,
genomic insertions of ERVs cause many new mutations in
mice but their extent of variation between strains has been
difficult to study because of their high copy numbers. By
comparing genomic sequences of four common mouse
strains, we found very high levels of polymorphism for two
large active families of ERVs. Moreover, we documented
nearly 700 polymorphic ERVs located within gene introns
and found evidence that some of these affect gene
transcript levels. This study demonstrates that ERV
polymorphisms are a major source of genetic variability
among mouse strains and likely contribute to strain-
specific traits.

Mouse Endogenous Retroviral Polymorphisms
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strains that contain these flanking segments. The traces were then

checked for presence of the ERV. In the final phase, a similar

strategy was applied to the polymorphic ERV insertions found in

each test strain (but not in B6), and the existence of corresponding

ERVs in the other two test strains was assessed. The combination

of these strategies allowed us to compile lists of ERV genomic

locations and the polymorphism status of each ERV in the four

strains. Due to inability to uniquely map many ERV flanking

regions to the short, unassembled sequence traces, the status of

many elements present in the assembled B6 genome could not be

computationally determined in the test strains (see below). In

addition, as discussed above, incomplete sequence coverage of the

test strains results in an ‘‘unknown’’ status for a proportion of

ERVs in each test strain.

In spite of these limitations, we identified a large number of

polymorphic ERVs (Figure 2). Of all IAP elements detected in at

least one strain, 2143 were present in all four strains while 3394

elements were scored as polymorphic (absent in at least one of the

four strains), giving an overall polymorphic fraction of 61.3%. For

ETn/MusD elements, 1087 were mapped as present in all four

strains and 375 could be scored as absent in one or more strains, a

polymorphic fraction of 25.6% of all the elements having a

determinable status. Another 1767 IAP and 660 ETn/MusD

elements present in the assembled B6 genome could not be

mapped to the test strain traces due to incomplete trace coverage

or repetitive flanking regions, so their polymorphic status could not

be computationally determined. These high levels of insertional

polymorphism were obtained by considering just four strains and

despite the fact that the status of many elements could not be

ascertained in some strains. Thus, the numbers of polymorphic

ERVs among inbred mice must be significantly higher.

Genic Distribution Patterns of the Youngest ERVs are
Distinct from Older Elements

Previous studies on human ERVs have shown that they are less

prevalent in gene introns than expected by chance, likely due to

selection against LTR elements found in genes [30–32]. Although

they can affect genes at significant distances [9,13,17], retroviral

elements or LTRs in introns are more likely to impact expression

by introducing powerful transcriptional regulatory elements and

splice sites [32]. Moreover, genomic analyses in several species

have shown that ERVs/LTRs in introns are more likely to be

oriented antisense to the enclosing gene [30–34]. Since retrovi-

ruses show no orientation bias upon insertion into genes (i.e. 50%

Figure 1. Screening strategy for detection of polymorphic ERV insertions. A) Identification of ERV insertions in test strains. In the first step,
ERV probes of different lengths were designed based on known ERV sequences (see Materials and Methods and Table S1 for more details). Next, the
ERV probes were aligned to trace sequences of the test strain with WU-BLAST, and all traces containing the target ERV sequences were retrieved (step
2). From each ERV-containing trace, a chimeric tag was constructed by taking the flanking genomic sequence appended with a small tail (#50 bp) of
the target ERV sequence (step 3). In the final step, all chimeric tags were mapped to the assembled B6 genome with BLAT, and the existence of
corresponding ERVs in B6 was determined by checking whether the small ERV-tail was included in the alignment (step 4). B) Determining the
polymorphism status of ERVs present in B6. In the first step, probes were built based on the sequences flanking all ERV insertions in the B6 genome.
In the next step, these probes were used to select all traces containing such flanking sequences in test strains. In the third step, a 35-bp-region
adjacent to the mapped flanking sequence in each trace obtained from previous step was compared to the corresponding ERV sequence in the B6
genome, and the existence of such ERV element in the test strain was assessed according to the sequence identity. In both panels, solid blue bars
represent genomic sequences flanking the ERV insertions in mice. Green hatched bars or arrows with solid borders are ERV internal or LTR sequences,
respectively. Gray shaded bars or arrows with broken borders are suspected ERV sequences, of which the existence is determined by the alignment
score of regions annotated with ‘‘?’’s.
doi:10.1371/journal.pgen.1000007.g001
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in sense direction) [34,35], this antisense bias is likely the result of

stronger negative selection against sense-oriented elements.

Indeed, of the 19 cases of ETn elements known to disrupt gene

expression in various new mutations, 16 are oriented in the same

direction as the gene [8,32], indicating that sense-oriented

elements are much more likely to perturb gene expression, causing

a detectable phenotype, and being subject to negative selection.

Although the original integration site preferences for ERVs are

generally unknown, two studies have mapped small sets of fresh

(unselected) insertions of IAP and ETn/MusD elements in

retrotransposition assay systems and the data are consistent with

a fairly random pattern of integration and no strand bias upon

insertion into transcriptional units [24,36].

Given that the genomic distributions of ERVs fixed in a species

are strongly shaped by selection, we predict that recently inserted

ERVs will display genic distributions different from their older

cousins. To test this prediction, we compared the distributional

properties of a subset enriched for the youngest ERVs with that of

ERVs common to all four strains. To obtain the youngest

elements, we chose those present in only one strain and which

could be computationally scored as absent in the other three

strains. Many of these likely still represent older polymorphic

elements due to the fact that lab strains are genetic mixtures of

subspecies of Mus [3–5,37]. However, this group will contain all

the truly young elements that inserted after strain divergence. As

shown in Figure 3, these datasets enriched for the ‘‘youngest’’

elements are more likely to be found in genes (Figure 3A) and in

the sense orientation within genes (Figure 3B), compared with

elements shared between all four strains. The higher prevalence in

genes and reduced intronic orientation bias displayed by ERV

subsets enriched for the youngest elements suggests that some are

deleterious but have inserted very recently and have not been

eliminated by selection.

Confirmation of Polymorphic ERVs in Gene Introns
Our bioinformatics screens identified 623 polymorphic IAP

elements and 72 polymorphic ETn/MusD elements located within

genes in one or more of the four strains. Complete lists of these

elements and their locations with respect to the B6 genome are

given in Tables S2 and S3. These tables list in which of the four

strains each element was computationally detected by our screens.

As discussed above, the question marks in the Tables are mainly

due to mapping difficulties or incomplete sequence coverage of the

trace databases. A subset of these elements was analyzed using

genomic PCR on DNA from a panel of mouse strains (including

B6 and the three test strains) with primers flanking the insertion

site to verify the insertion status. For this analysis, we chose all 28

cases of ETn/MusD elements found in A/J gene introns but

absent in B6, and 12 cases of ETn/MusD elements present in B6

gene introns but scored as absent in A/J (Table 1). For the 28 cases

of elements computationally detected in A/J (cases 1–28 in

Table 1), the ETn insertion in the dysferlin (Dysf ) gene (case #9) is

the only previously reported case and occurred 20–30 years ago in

the A/J breeding stocks [38]. For the set of 12 elements present in

B6 (cases 29–40 in Table 1), the ETn element in the Wiz gene

(case #40) has also previously been reported as polymorphic [28].

In total, these 40 selected cases and four strains generated an

experimental space of 160 predictions. As shown in Table 1,

columns with a strain name followed by a ‘‘(p)’’ indicate that data

in these columns are computational predictions of the existence of

the ERV insertions in the corresponding strain. After excluding 16

undeterminable instances (denoted as ‘‘?’’s in these columns in

Table 1), we computationally determined the presence of these

ERV insertions in all four strains with a total number of 144

predictions. For 140 of these, our computational predictions

precisely matched the experimental confirmation of ERV insertion

status using genomic PCR, demonstrating a high accuracy of our

bioinformatics screens. In one instance, (case #39 in DBA), the

PCR failed so we could not test our prediction. Therefore, only

three cases showed anomalous PCR results that did not match our

bioinformatics predictions. One of these cases was #24 in Table 1,

where we predicted an ETn/MusD insertion in an intron of the

Sytl3 gene in A/J mice. Using PCR, we found no evidence for this

insertion in the A/J DNA sample used. We then reexamined the

A/J sequence dataset and found orthologous sequence traces both

with and without this particular ERV element (Figure 4). The most

likely explanation for this finding is that this ERV represents a very

recent insertion present in a heterozygous state in the A/J genomic

DNA used to generate the trace sequence data. Since the rate of

ETn/MusD retrotransposition in A/J is relatively high compared

with other strains [8], it is not surprising that individual A/J mice

will have occasional ‘‘private’’ insertions. The second anomalous

case was #34 of an ETn/MusD LTR found in the B6 genome

Figure 2. Fractions of polymorphic ERVs based on the four
strains. Pie charts indicate the status of all detectable IAP elements
(Part A) and ETn/MusD elements (Part B). White sections indicate the
fraction of elements that could be scored as present in all four strains
(annotated as ‘common’). Dark blue sections represent the fraction of
elements scored as absent in at least one strain (annotated as
‘polymorphic’). Side bars illustrate the data composition of polymorphic
ERVs, with dotted/striped sections indicating polymorphic elements for
which status could be/not be confirmed in all four strains, respectively.
doi:10.1371/journal.pgen.1000007.g002
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within the Cadm4 gene, and confirmed as present in all tested

strains by PCR (Table 1). Our computational screens correctly

scored this LTR as present in DBA/2J and 129X1/SvJ but scored

it as absent in A/J. Upon further examination of the sequence

data, we found that one of the two available A/J sequence traces

mapping to this location is an artifact since it contains a segment of

unknown origin. The other trace is also unusual as segments of it

map to two locations several kb apart. Thus, this case can be

explained by artifactual sequence traces, demonstrating that the

trace archives and, therefore, our dataset are not without errors.

The last inconsistent case was #37, an insertion located within the

Slfn8 gene and predicted as present in both B6 and DBA. In this

case, the PCR verification in DBA showed that the element is not

present. Since both the computational and experimental results

were clear yet contradictory, we do not have a definitive

explanation for this case, although it is possible the trace is not

of DBA origin. In any event, this case was regarded as a false

positive. In several instances, the PCR data also allowed us to

assign a definite insertion status to elements in test strains that

could not be predicted in silico due to incomplete sequence

coverage of the traces (see Table 1).

As expected, some of these insertions are not specific to a single

strain. This finding indicates that many of the polymorphic ERV

insertions arose prior to divergence of common inbred strains or

represent even older polymorphisms due to different origins of

chromosomal segments in the genomes of today’s lab mice. For the

28 cases present in A/J but absent from B6, the short A/J

sequence traces do not contain the entire ERV, but length of the

inserted element could be estimated from the size of the genomic

PCR product for 25 of these cases (see last column in Table 1). In

15 cases, the size matches that expected for an ETn element of

5.5–6 kb, whereas two appear to be full length MusD elements of

7.5–7.8 kb and one is likely a partly deleted element (case #10).

Seven are solitary LTRs (320–400 bp), so the nature of the

original insertion cannot be determined since the LTRs of ETnII

elements and MusDs are extremely similar [22,39]. For the 12

elements present in the assembled B6 genome, seven are solitary

LTRs, one is a partial element and four are ETn elements based

on size and sequence. The element in the Wiz gene is a longer

ETn variant [28]. The preponderance of polymorphic ETn

elements over MusD was expected, given that most published

mutagenic insertions of this family are of the ETnII subfamily

[8,28].

Potential Gene Expression Effects Mediated by
Polymorphic ERVs

Since ERVs/LTRs can affect gene transcription via a variety of

mechanisms, some of the polymorphic ERVs detected here may

contribute to gene expression differences between strains, possibly

leading to phenotypic differences. However, the factors that

Figure 3. Distributions of young versus older ERV elements with respect to genes. A) Fraction of elements located within genes. B)
Fraction of genic elements oriented in the same transcriptional direction as the gene. Dark blue bars represent elements found in all four strains.
White bars represent ERVs present in only one of the four strains. Dashed lines indicate the expected fractions assuming a random genomic
integration pattern. Error bars show standard errors, and P-values based on two sample z-test comparing young and old groups are shown. All
comparisons between the ‘‘young’’ and ‘‘old’’ subsets are statistically significantly different except for the orientation bias of ETn/MusD elements
(marked with ‘‘*’’ in Figure 3B), due to the low numbers of elements in this category. Actual numbers of elements in each category are shown as
numerators in fractions, with denominators being the total numbers of elements in the different groups.
doi:10.1371/journal.pgen.1000007.g003
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determine whether transcription of a gene will be affected by a

nearby or intragenic ERV insertion are not understood and are

likely complex. Thus, it is not possible to estimate what fraction of

the polymorphic insertions documented here may have functional

consequences. Nonetheless, we can predict which cases may be

more likely to affect gene expression. In the majority of

documented cases where a new mutagenic ETn/MusD insertion

causes significant transcriptional defects, the element has been

located within an intron in the sense orientation and disrupted

splicing patterns of the gene [8]. Thus, we predict that ETn

elements within introns and oriented in the same direction as the

enclosing gene have a relatively high probability of affecting

mRNA processing. Moreover, compared with older insertions, the

youngest, polymorphic subsets of these elements are potentially

more likely to impact host gene expression, as selection may still be

operating in these cases.

Based on the above reasoning, we chose a subset of cases to

examine further using the following criteria: First, since the

consequences of IAP insertions can involve LTR bidirectional

promoter effects [8] which are more complicated and difficult to

predict, we focused on ETn/MusD insertions. Second, we chose

intronic ETn elements oriented in the same direction as the gene.

Third, we chose elements verified as present in A/J and lacking in

B6 using genomic PCR (see Table 1). Seven such cases exist,

involving ETns in the Dnajc10, Dysf, Opcml, Prkca, A2bp1, Mtm1,

and Col4a6 genes. We performed RT-PCR on RNA from A/J

mice using primers from the gene exon upstream of the ETn

insertion, coupled with primers from within the ETn, chosen to

detect the most frequently reported types of ETn-mediated

transcriptional fusions from the literature [8]. Sources of RNAs

were chosen based on known expression patterns of the gene. As

shown in Figure 5, chimeric transcripts were detected for all five of

the genes tested, namely Dnajc10, Prkca, Mtm1, Opcm1 and Col4a6.

The sense-oriented ETn element found in the Dysf gene in A/J has

already been shown to cause similar splicing defects [38] and we

did not examine A2bp1. In most cases, the splice sites used in the

ETn element in the examples analyzed here were analogous to

those characterized in known mutagenic cases. However, for Prkca,

this analysis showed that the insertion is a member of the ETnI

subfamily, as opposed to ETnII, and revealed usage of cryptic

splice acceptor sites not previously documented. (see Figure S4 for

sequences of splice sites). It should be noted that the subset of

chimeric transcripts shown in Figure 5 is likely an underestimate,

since a limited number of clones were sequenced and not all

transcript variants would have been detected with the primers

used. This RT-PCR analysis demonstrates that these ETn

elements cause patterns of aberrant splicing similar to those

documented in cases of known mutations due to new ETn

integrations. However, further quantitative analyses are required

to determine the significance of these splicing abnormalities in

affecting overall levels of gene expression. Such in depth

experimental investigations for each case are beyond the scope

of the present study.

We also surveyed microarray data on gene expression

differences in inbred strains available through the Gene Expres-

sion Omnibus [40] (http://www.ncbi.nlm.nih.gov/geo/). We

examined all cases listed in Table 1 for correlations between

presence of the insertion and differences in gene transcript levels

compared with strains lacking the insertion (see Materials and

Methods). Specifically, we analyzed the microarray data of Zapala

et al. [41] (NCBI GEO accession GSE3594) that includes data on

gene expression in 10 tissues profiled in A/J, B6, C3H/HeJ,

DBA/2J and 129S6/SvEvTac mice. For the Dnajc10 gene, tissue-

wide reduction in expression was noted in A/J mice relative to the
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Figure 5. Detection of ETn-gene chimeric transcripts. Aberrant transcripts induced by a novel ETn insertion into a gene intron are shown. Gene
direction, from left to right, is the same as ETn orientation. Genes Dnajc10, Opcml, Mtm1 and Col4a6 harbor ETnII insertions, while Prkca has an ETnI
insertion. ETn sections that are different in an ETnI element compared to ETnII are shown as striped. Cryptic and natural splice acceptor sites are
designated as blue (previously identified) or yellow (newly identified in this study) vertical arrows. Splice donor sites are represented as red
(previously known) or light blue (newly identified) triangles. Natural and cryptic polyadenylation sites are marked as pA. Numbered thin arrows
denote primers used to amplify chimeric transcripts. Sense primers in the upstream exon are as follows: 1, Prkca-up-ex-s; 2, Dnajc10-up-ex-s; 3, Mtm1-
up-ex-s; 4, Opcml-up-ex-s; 5, Col4a6-up-ex-s. Antisense primers in the ETn are as follows: 6, IM_3as; 7, MusD2_7130as; 8, LTR_2as. Number of clones
for each transcript variant compared to all clones sequenced for each primer pair is indicated. Chimeric ETn transcripts and number of their examples
identified previously [8] are shown at the bottom. Sequences of all splice sites used in these cases are shown in Figure S4.
doi:10.1371/journal.pgen.1000007.g005

Figure 4. An apparent heterozygous ETn insertion in the Sytl3 gene in an A/J mouse. The top line is the first 30bp of an ETnII LTR. The
second line is from the A/J trace gnl|ti|1104656312, which consists of a non-ERV part and an ETn LTR part. The third line is a different trace sequence
from A/J (gnl|ti|1344398576). The bottom line is from the RefSeq gene Sytl3 in the assembled B6 genome (build 36) with genomic coordinates shown.
ETn sequences are bold red, and non-ETn sequences are blue.
doi:10.1371/journal.pgen.1000007.g004
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other four strains (p,1024, Binomial distribution) (Figure 6).

Microarray data available through the GeneNetwork web site

(http://www.genenetwork.org/) also showed that transcript levels

of this gene in A/J are much lower than in all other tested strains,

based on whole brain, cerebellum, hippocampus and eye datasets

(Figure S5). Dnajc10 has a sense-oriented ETn element in the third

intron in A/J and the related A/WySn mice, but no other tested

strain (Table 1). This gene (also termed ERdj5) encodes an

endoplasmic reticulum (ER) chaperone protein induced during

ER stress and is likely involved in protein folding [42,43].

Another gene for which significant differences in expression

correlate with presence of an ETn element is Opcml. No data is

available from the Zapala et al. study on this gene but datasets

accessed through GeneNetwork show that transcript levels in A/J,

the only tested strain carrying an ETn insertion (Table 1), are

significantly lower than in any other strain in cerebellum, whole

brain, hippocampus and eye, the only tissues where A/J

microarray information is available for this gene (Figure S6).

Opcml (Opioid binding protein/cell adhesion molecule-like), also

termed Obcam, is a member of the IgLON gene family and encodes

a synaptic neural cell adhesion molecule [44,45]. Loss of

expression and/or promoter hypermethylation of this gene has

been reported in some human cancers, suggesting that it may play

a tumor suppressive role [46,47]. We performed Northern blot

analysis on total RNA from A/J and B6 cerebellum using a probe

derived from the exon upstream of the insertion site and results are

shown in Figure 7A. The ,6.5 kb band corresponding to Opcml

full length mRNA is markedly decreased in A/J compared with

B6. A similar reduction in Opcml RNA was also observed in A/J

using an exon probe downstream of the insertion site (data not

shown). The two bands at 3–3.5 kb are due to cross-hybridization

to another gene, neurotrimin (Hnt), which is a closely linked

member of the IgLON family and highly related to Opcml in the

region used as a probe [48]. We also performed semi-quantitative

RT-PCR on total RNA from A/J and B6 cerebral hemispheres

using primers from Opcml exons just upstream and downstream of

the ETn insertion site and found an approximately 4.6-fold

reduction in the correctly spliced Opcml RNA in A/J relative to B6

(Figure 7B). These results confirm the microarray data (Figure S6)

and show that presence of the ETn insertion correlates with a

substantial decrease in full length, correctly spliced Opcml mRNA.

While there could be other reasons for the reduced transcript

levels, such patterns suggest that the ETn element in these two

genes significantly affects expression by causing aberrant splicing

(as shown in Figure 5) allowing only a minor fraction of normal

transcripts to be produced.

For all other cases from Table 1, including the other genes with

insertions that cause aberrant splicing detected by RT-PCR

(Figure 5), available microarray data was either inconsistent or did

not show a clear relationship between presence of the insertion

and altered levels of transcripts. These findings suggest that, in

most cases, the ETn insertion has no significant effect on

expression. This result is not surprising since thousands of ERVs

or LTRs have become fixed during evolution in human and

mouse genes [32], indicating that they can reside within introns

without a functional impact. However, as illustrated by the Dysf

case, the microarray data should be treated with caution. It has

been convincingly shown by Northern analysis that A/J mice with

the ETn insertion lack full length Dsyf mRNA and protein in

skeletal muscle [38]. However, the available microarray data for

Dysf is limited to cerebellum and whole brain, neither of which

shows abnormally low transcript levels in A/J (data not shown).

There could be several reasons for this discrepancy but it illustrates

that wet lab approaches are necessary to properly evaluate each

case.

Besides causing gene splicing defects similar to ETns, it is well

established that IAP LTRs can also promote ectopic gene

transcription in cases of somatic oncogene activations and germ

Figure 6. Normalized, tissue-averaged expression of Dnajc10 across strains. Analysis of microarray data of Zapala et al [41] (NCBI GEO
accession GSE3594) of transcript levels in 10 tissues profiled in A/J, B6, C3H/HeJ, DBA/2J and 129S6/SvEvTac mice. Replicates within a tissue/strain
were averaged and a variation pattern of relative expression levels across the above five strains was computed for each tissue. These patterns were
found to be similar across tissues (except white adipose tissue which was an outlier).
doi:10.1371/journal.pgen.1000007.g006
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line mutations [8,9,12,17,18]. Moreover, a few mutations caused

by IAP-driven aberrant gene expression have been shown to act as

metastable epialleles, exhibiting variable expressivity among

genetic identical mice linked to the variable epigenetic state of

the IAP LTR [17,49]. In a recent study, Horie et al [50] identified

transcripts from 11 loci in 129 strain embryonic stem cells that

initiate in an IAP LTR and read into flanking sequence, in five

cases giving rise to chimeric RNAs between an intronic IAP and

the enclosing gene. In six of the 11 loci analyzed, the IAP element

was not present in the B6 genome, prompting the authors to

postulate that variations in IAPs may contribute to strain-specific

traits [50]. We have not yet functionally examined any cases of

polymorphic IAPs identified here to look for LTR-initiated

fusion gene transcripts, but it is likely that numerous such cases

exist.

Concluding Remarks
Although mice and humans have similar overall numbers of old

retroviral-related sequences in their genomes [2], recent levels of

activity of these elements are vastly different in the two species. In

humans, only about a dozen ERV loci are known to be

polymorphic, and no mutations due to ERV insertions have been

documented [51]. In mouse, however, ERVs/LTR retrotranspo-

sons continue to retrotranspose and are a significant source of new

mutations as discussed above. Here we have used the available

DNA sequence from four inbred strains to conduct an assessment

of the level of insertional polymorphism of the currently active IAP

and ETn/MusD ERV families. Despite mapping limitations and

incomplete sequence coverage, we identified 3394 IAP and 375

ETn/MusD elements that are polymorphic among the four

strains, resulting in polymorphic fractions of 61.3% and 25.6%,

respectively. This is the first genome-wide determination of the

extent of polymorphism of these ERV families. Given that this

study was based on only a few strains, the total numbers of

polymorphic elements must be substantially higher and represent a

large source of genetic variation among inbred strains.

Among the polymorphic copies, 623 IAPs and 72 ETn/MusD

elements reside in gene introns. In all five cases of sense-oriented

ETn elements in A/J introns that we examined, evidence for gene

splicing disruption was found by RT-PCR and, for two genes,

further evidence of lower gene expression in A/J mice was

observed through surveys of microarray data. While most

polymorphic ERVs likely have little effect on host genes, we

found that the prevalence within genes and the intronic

orientation bias exhibited by polymorphic ERV subsets enriched

for the youngest elements are distinctly different from that of older

elements. This observation suggests that some of the former are

deleterious but have not yet been eliminated by selection due to

their short time in the genome or the controlled breeding

environment of laboratory mice. Indeed, new insertions of these

elements could play a significant role in genetic drift and

inbreeding depression of mouse lines [52]. We propose that a

comprehensive effort to document ERV and other transposable

element polymorphisms among multiple inbred strains would

complement SNP data and greatly contribute to our understand-

ing of mouse genetic history and genotypic and phenotypic

variation.

Figure 7. Transcript levels of Opcml in A/J versus B6. A) Northern blotting. Total RNA from the cerebellum of an A/J and B6 mouse was
hybridized to a probe from the Opcml exon upstream of the ETn insertion in A/J. The lower part of the figure is the ethidium bromide-stained gel,
showing even loading as indicated by the ribosomal RNA bands. The band corresponding to Opcml is marked with an arrow. The probe cross-
hybridized with a related gene Hnt, as explained in the text. B) Semi-quantitative PCR on cDNA from A/J and B6 cerebral hemispheres. Opcml cDNA
was amplified with primers from upstream and downstream of the ETn insertion site. Opcml and Gapdh fragments were amplified from cDNA
dilutions; for each dilution, the intensity of the resulting band was quantified and graphed as transcript levels of Opcml relative to Gapdh (see Figure
S7). The average and standard deviation for all experiments is shown.
doi:10.1371/journal.pgen.1000007.g007
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Materials and Methods

Source Data
The NCBI Trace Archive (http://0-www.ncbi.nlm.nih.gov.

library.vu.edu.au/Traces/trace.cgi) included a total number of

195,993,571 traces from 38 mouse strains/classes as of May 2007.

However, the majority of these traces were obtained by CHIP-

related resequencing techniques, which exclude most repetitive

sequences. In this study, we used only sequence traces obtained by

whole genome shotgun (WGS) sequencing, which are unbiased in

their content of repetitive elements. Three mouse strains (A/J, DBA/

2J, 129X1/SvJ) were chosen to compare to the assembled B6

genome, [version mm8 at the UCSC Genome Browser website

(http://genome.ucsc.edu)], since these were the only strains with

sufficient traces sequenced by shotgun-related strategies (Figure S1).

RefSeq gene annotations were retrieved from the RefGene

annotation table (version mm8, April 2007) downloaded from the

UCSC Genome Browser. When an ERV insertion was found in a

genomic region with multiple overlapping annotations, the one

with the smallest gene size was chosen to improve specificity. We

also calculated the genomic coverage of annotated RefSeq genes in

the mouse genome (used as the ‘expected value’ in Figure 3A)

based on the same annotation table. After merging overlapping

RefSeq annotations and removing redundancies, we calculated the

total coverage of genic regions in the mouse genome as 31.58%.

Design of ERV Probes and Detection of ERVs in the
Assembled B6 Genome

Three types of probes were designed based on template ERV

sequences (only the type-1 probe is shown in Figure 1, step A1). For

IAP, probes were based on a recently inserted polymorphic IAP 1D1

element (accession #EU183301) [53]. For ETn/MusD, probes were

based on a mutation-causing ETnII element (accession #Y17106)

[54]. MusD and ETnII elements are on average over 90% identical

in the regions of the probes. To capture ETnI elements, which differ

from ETnII/MusD elements in the 39 part of the LTR and 59

internal region [21,22], we used a representative ETnI element

(accession #AC068908). As shown in Figure S2, the type-1 probe

included the full-length LTR and a small fragment of the internal

ERV sequence; type-2 included only the full LTR; type-3 was only

the first/last 60 bp of the 59/39 LTR. More information about probe

design is summarized in Table S1.

We conducted a survey of both ETn/MusD and IAP insertions

in the B6 genome using the 60 bp type-3 probes because they are

in regions of low divergence between family members (data not

shown), ensuring that all ERVs of each group will be detected. The

probes were aligned to the B6 genome using the WU-BLAST 2.0

program, and any hit above our cut-off threshold was scored as an

ERV insertion. To keep both sensitivity and specificity as high as

possible, we designed an experiment to optimize the parameters of

alignment identity and length of the aligned region and the results

suggested a value of 80% for both parameters. To obtain an

estimation of the sizes and numbers of ETn/MusD and IAP

elements, all mapped ERV fragments (LTR termini) were merged

into one individual element if they met the following criteria: 1) on

the same chromosome; 2) in the same orientation; 3) within 10 kb

from each other.

Detection of ERV Insertions in Test Strains
The standalone version of the WU-BLAST v2.0 program (Gish,

W. 1996–2004 http://blast.wustl.edu/) was used to make local

alignments between ERV probes and mouse traces in the NCBI

trace archive database (step 2 in Figure 1A). Our threshold

parameters for BLAST were 80% for sequence identity and 80%

for length of the aligned region. A usable ERV-containing trace

consists of two parts – a non-ERV flanking sequence and the

target-ERV sequence. All ERV-containing traces with a flanking

portion shorter than 30 bp were discarded. Once identified, a

chimeric tag was constructed by taking the whole flanking portion

appended with a small tail of its target-ERV sequence (Figure 1A,

step 3). We required the target-ERV tail of the tag to be 1/5 of the

flanking portion in length, and a maximum of 50 bp.

The ERV-containing traces were then mapped to the assembled

B6 genome. Here we used the chimeric tags derived from the

previous step as the input query for BLAT [55] and mapped them

to the B6 genome (version mm8) (Figure 1A, step 4). We also

estimated the sequencing error rate of the mouse traces as about

5% (data not shown). We therefore defined criteria for a significant

mapping as follows: 1) it should be the highest mapping score

among all BLAT hits; 2) the best hit should be at least 2% higher

in identity and 10% longer in mapping length compared to the

second hit; 3) the alignment identity between the chimeric tag and

the target locus needed to be greater than 90%; 4) the length of

aligned region needed to be more than 70% of the tag length.

Once a significant BLAT mapping site was identified, it was

straightforward to check for presence of the ERV in the B6

genome based on alignment of the small target-ERV tail of the

chimeric tag. If the BLAT mapping included more than 2/3 of the

target-ERV tail, it was considered a common insertion also present

in B6; if the mapping included less than 1/3 of the target-ERV

tail, it was scored as absent from B6. Situations in between these

two boundaries were extremely rare and were discarded.

Determining the Polymorphism Status of ERVs Present in
B6 or in the Test Strains

All sequences in the B6 genome with a length of 35 bp flanking

both the 59 and 39 end of each detectable ERV element were

aligned back to the B6 genome with BLAT and only those with a

unique location were retained. Next, all these 35-bp-flanking-

sequences were used as queries of the WU-BLAST program and

all traces from the test strains containing such flanking sequences

were collected (Figure 1, step B2). A minimum identity of 90% and

a minimum mapping length of 80% were required. Because of

incomplete genomic coverage of traces of test strains, many ERV

flanking regions in B6 have no corresponding traces in the trace

archive database and, therefore, their polymorphism status could

not be determined (denoted as ‘‘?’’ in Tables S2 and S3). However,

for ERVs in B6 with unique flanking sequence found in one or

more test strain traces, presence of the ERV in test strains was

determined by assessing identity between the ERV sequence in B6

and the sequence adjacent to the flanking sequence in the trace of

the test strain. Here we used an implementation of the Needle-

man-Wunsch algorithm [56] to align the two sequences. We

required a minimum identity of 90% and an alignment length of at

least 35 bp to score the ERV as present in the test strain.

Using a similar strategy as above, we also assessed the

polymorphism status of ERV insertions found in a test strain but

not in B6. Using their locations with respect to the B6 genome,

probes based on flanking genomic sequences were built and the trace

archive database was searched to check if traces with the same

flanking sequences were present for other test strains. All qualified

traces obtained from other test strains were aligned to sequences of

corresponding ERV families based on the same mapping criteria

used above, and the existence of such ERV elements in other test

strains was determined. Here we used exemplar ERV sequences

instead of using the ERV portion in the original ERV-containing

traces because, for some traces, the ERV portion was too short (less

than 35 bp) to make an effective alignment.
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B6 Trace Sampling and Screening Simulations
The ERV numbers found in the three test strains are lower than

the numbers detected in the assembled B6 genome. Incomplete

sequence coverage and the inability to map the trace to a unique

location are responsible for most of the loss of detectable ERV

insertions. To estimate the fraction of ERVs that were not detected

in each test strain, we applied our screening method using random

samples of the unassembled B6 traces and plotted an ERV detection

curve based on this simulation (Figure S3). Since the sequence

quality of the B6 trace archive is generally lower than that of the

three test strains, the sampling process was based only on B6 traces

with less than 1% ‘‘N’’s. Sample trace datasets of different sizes were

constructed into simulative trace databases, and the corresponding

numbers of B6 ERV insertions detected with these datasets were

plotted in Figure S3. Independent random sampling was applied

twice for datasets smaller than 12 million traces.

A second purpose for performing the screening simulations with

B6 traces was to evaluate the accuracy of our screening method.

Theoretically, all insertions found in the simulation assays in the

B6 traces should be detected in the B6 reference genome.

However, we did find a few cases of insertions cataloged as

‘‘polymorphic’’, meaning they are from the B6 traces and were

mapped to a significant locus in the B6 reference genome where

no such insertion was found. One of the possible explanations for

this is the fact that the assembly of the B6 genome is not perfect,

especially in repetitive regions. Indeed, only 49 of the 54 non-

ecotropic murine leukemia viruses (MLV) known to be present in

B6 can be found in the mouse B6 assembly [57]. Nonetheless, we

considered all the ‘‘polymorphic’’ cases in each simulation assay to

be false positives and derived a conservative estimation of the

accuracy of our screening method, resulting in an average false

discovery rate of 0.4%60.1%.

Experimental Verification of Polymorphic Insertions
The presence of an insertion was tested by amplifying genomic

DNA from the following strains: SWR/J, C3H/HeJ, Balb/cJ, B6,

A/J, DBA/2J, 129X1/SvJ and A/WySn. All strains or DNA were

from the Jackson Laboratory. Primers (see Table S4) flanking the

potential insertion sites were used to amplify specific sequences

from 75 ng of genomic DNA in a 25ul reaction with Phusion DNA

polymerase (New England Biolabs). Cycling conditions were as per

the manufacturer’s instructions with annealing temperatures of

between 55–65uC and extension times between 20 seconds and

4 minutes. PCR products were visualized on agarose gels. In some

cases, amplification with the flanking primers did not produce a

product, so one flanking primer and one LTR primer was used to

confirm presence of an insertion. Therefore, in these cases, the size

of the ERV insertion could not be estimated. In two cases, marked

as ‘‘F’’ in Table 1, the PCRs were unsuccessful in one of the

strains, suggesting a structural rearrangement or the presence of

other polymorphisms that prevented amplification with the

primers used. Some products were sequenced directly on Minelute

(Qiagen) gel purified PCR fragments using the BigDye Terminator

v3.1 Cycle Sequencing Kit (ABI) in an ABI PRISMH 3730XL

DNA Analyzer system.

RT-PCR
RNA from mouse tissues was extracted using RNeasy RNA

isolation kit (Qiagen) according to manufacturer’s recommenda-

tions. The presence of native transcripts using primers located in

exons flanking the intron with the ETn insertion was confirmed

with the following primer pairs: Col4a6-up-ex-s and Col4a6-

down-ex-as; Dnajc10-up-ex-s and Dnajc10-down-ex-as; Mtm1-

up-ex-s and Mtm1-down-ex-as; Opcml-up-ex-s and Opcml-down-

ex-as; Prkca-up-ex-s and Prkca-down-ex-as. Then, RT-PCRs

designed to look for chimeric transcripts between gene exons

and the intronic ETn were performed. To search for transcripts

utilizing the 2nd and 3rd splice acceptor sites in the LTR (see

Figure 6), cDNA from A/J tissues specified in parentheses was

amplified using a common ETn primer located downstream of the

LTR, IM_3as, and the following upper exon-specific primers:

Col4a6-up-ex-s (eye), Dnajc10-up-ex-s (testis), Mtm1-up-ex-s

(lung), Opcml-up-ex-s (cerebral hemisphere) and Prkca-up-ex-s

(eye). The same exon-specific primers and cDNA were used for the

search of transcripts utilizing the first splice acceptor site, this time

with the LTR-specific primer located upstream of the first PolyA

site, MusD2_7130as. For Dnajc10, an additional PCR was

performed with an upstream exon primer and a primer located

at the very end of the LTR, IM_LTR_2as.

Semi-quantitative RT-PCR for the Opcml gene was performed

with a series of A/J and B6 cerebral hemisphere cDNA dilutions,

using primers in the exons upstream and downstream of the

intronic ETn insertion, Opcml-ex2-s and Opcml-ex3-as. For

Gapdh, primers Gapdh_ex6F and Gapdh_ex7R were used. Opcml

and Gapdh fragments were amplified from cDNA dilutions of 1/20,

1/40 and 1/80 (Figure S7A). For each dilution, the intensity of the

resulting band was quantified using ImageQuant LT (GE

Healthcare) software and graphed as the intensity of Opcml relative

to Gapdh (Figure S7B). The average and standard deviation among

all experiments are displayed (Figure 7B). All primer sequences for

RT-PCR experiments are listed in Table S4.

Northern Blotting
RNA from A/J and B6 cerebellum was used. For each lane,

6 mg of RNA was denatured, electrophoresed in 1% agarose 3.7%

formaldehyde gel in 16MOPS buffer, transferred overnight to a

Zeta-probe nylon membrane (Bio-Rad) and baked at 80uC. A

probe specific for the Opcml exon upstream of the ETn insertion

was synthesized by PCR using primers Opcml-ex2-s and Opcml-

ex2-as and labeled with 32P using a Random Primers DNA

Labeling System (Invitrogen). Membranes were prehybridized in

ExpressHyb (BD Biosciences) for 4 hours at 68uC, hybridized

overnight at the same temperature in fresh ExpressHyb, washed

according to manufacturer’s instructions and exposed to film.

Microarray Analysis
We obtained mRNA expression microarray data of Zapala et al

[41] (NCBI GEO accession GSE3594) and considered 10 tissues

profiled in A/J, B6, C3H/HeJ, DBA/2J and 129S6/SvEvTac

mice. We averaged the expression values for a given probeset

replicated within the same strain and tissue and examined the

probeset expression rank in two ways. First, we determined each

strain’s expression rank across genes within a given tissue, and

second, the inserter strain’s expression rank for a given gene was

determined across tissues.

Accession Numbers
The National Center for Biotechnology Information (NCBI)

Nucleotide database (http://www.ncbi.nlm.nih.gov/sites/en-

trez?db = Nucleotide) accession number for the ETnII element

used for probe design and to align in Figures 5 and S4 is Y17106.

The ETnI element used for probe design is located in a BAC clone

with accession number AC068908. The accession number for the

IAP element used in probe design is EU183301.

Supporting Information

Table S1 Details of ERV probes
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Found at: doi:10.1371/journal.pgen.1000007.s001 (0.05 MB

DOC)

Table S2 Polymorphic IAP cases in genes

Found at: doi:10.1371/journal.pgen.1000007.s002 (0.13 MB

XLS)

Table S3 Polymorphic ETn/MusD cases in genes

Found at: doi:10.1371/journal.pgen.1000007.s003 (0.03 MB

XLS)

Table S4 Primer sequences

Found at: doi:10.1371/journal.pgen.1000007.s004 (0.02 MB

XLS)

Figure S1 Mouse trace sequence archive composition (May

2007). Numbers of sequence traces produced by whole genome

shotgun methods are shown in yellow, traces produced by a re-

sequencing CHIP technology shown in blue and other methods

shown in green.

Found at: doi:10.1371/journal.pgen.1000007.s005 (0.26 MB TIF)

Figure S2 Design of probes. Type-1 probes include the full-

length LTR and a small 23 bp fragment of the internal 59 or 39

ERV sequence. Type-2 probes consist only of the full LTR. Type-

3 probes cover only the first/last 60 bp of the 59/39 LTR.

Found at: doi:10.1371/journal.pgen.1000007.s006 (0.21 MB TIF)

Figure S3 Estimation of fractional loss of detection of ERVs using

sequence traces. The graph shows the fraction of ERVs present in

the assembled B6 genome that were found using raw sequence

traces from B6. Varying numbers of whole genome shotgun traces

from B6 were mapped back to the assembled genome to detect

ETn/MusD sequences as described in Materials and Methods.

Arrows show the fraction of insertions found with an equivalent

number of WGS traces as that available for each test strain.

Standard deviations in percentages are plotted but are too small to

see, the largest being 1% for the sample size of four million traces.

Found at: doi:10.1371/journal.pgen.1000007.s007 (0.18 MB TIF)

Figure S4 Splice sites in ETn elements detected in chimeric

transcripts. An alignment of an ETnI element (chr2:110,262,865–

110,268,371 of mm8 version of B6 genome) and an ETnII element

is shown. The 59 LTR and part of the 39 LTR are shown with

some interior sequence. Filled arrows indicate SA sites identified in

cases of ETn mutations in the literature and also found here. Open

arrows show SA sites newly identified in this study. The open

triangle shows a SD site in ETnI newly identified here. PolyA site

marks a polyadenylation site in some published cases. The

sequence of the Dnajc10 ETnII insertion differs from that of the

ETnII shown, two C-to-A mutations producing new SA sites, one

suspected, marked with a ‘‘?’’, another one sequenced. An ETnII

element harboring these and one other mutation present in the

Dnajc10 insertion is present in the B6 genome on

chr13:23,177,615–23,184,720. Locations of primers used are

shown with arrowed lines.

Found at: doi:10.1371/journal.pgen.1000007.s008 (1.29 MB TIF)

Figure S5 Comparative microarray expression data of Dnajc10

in different strains. Graphs of relative transcript levels are

computer screen shots of datasets available on the GeneNetwork

site (www.GeneNetwork.org). Line at the top represents the

intron/exon structure of the gene with location of the ETn

insertion in A/J indicated and position of the probe used for

microarrays shown. A) Dataset from The Hippocampus Consor-

tium M430v2 (Dec. 2005) RMA (Robust Analysis of Microarrays)

series. Mouse strains are 129S1/Svlmj, A/J, AKR/J, Balb/cJ,

C3H/HeJ, C57BL/6J, CAST/Ei, DBA/2J, KK/HIJ, LG/J,

NOD/LtJ, NZO/HILtJ, PWD/PhJ, PWK/PhJ, WSB/EiJ,

B6D2F1, D2B6F1. B) Dataset from the Hamilton Eye Institute

mouse eye M430v2 (Nov. 2005) RMA series. Mouse strains are

129S1/Svlmj, A/J, BALB/cByJ, C3H/HeJ, C57BL/6J, CAST/

EiJ, DBA/2J, KK/HIJ, LG/J, NOD/LtJ, NZO/HILtJ, PWD/

PhJ, PWK/PhJ, WSB/EiJ, B6D2F1, D2B6F1. C) Dataset from

the Univ. of Colorado at Denver and Health Sciences Center

whole brain M430v2 (Nov06) RMA series. Mouse strains are

129P3/J, 129S1/Svlmj, A/J, AKR/J, BALB/cByJ, BALB/cJ,

C3H/HeJ, C57BL/6J, C58/J, CAST/EiJ, CBA/J, DBA/2J,

FVB/NJ, KK/HIJ, MOLF/EiJ, NOD/LtJ, NZW/LacJ, PWD/

PhJ, SJL/J. D) Dataset from the GE-NIAAA (National Institute on

Alcohol Abuse and Alcoholism) cerebellum Affymetrix M430v2

(May05) PDNN (Probe Dependent Nearest Neighbors) series.

Mouse strains are 129S1/Svlmj, A/J, AKR/J, BALB/cByJ,

BALB/cJ, C3H/HeJ, C57BL/6J, CAST/EiJ, DBA/2J, KK/

HIJ, LG/J, NOD/LtJ. Values for A/J in each graph are marked

with a star and fall significantly below the normal distribution

displayed by all other strains.

Found at: doi:10.1371/journal.pgen.1000007.s009 (1.13 MB TIF)

Figure S6 Comparative microarray expression data of Opcml in

different strains. Graphs of relative transcript levels are computer

screen shots of datasets available on the GeneNetwork site (www.

GeneNetwork.org). Line at the top represents the intron/exon

structure of the gene with location of the ETn insertion in A/J

indicated and position of the probe used for microarrays shown. A)

Dataset from The Hippocampus Consortium M430v2 (Dec. 2005)

RMA (Robust Analysis of Microarrays) series. B) Dataset from the

Hamilton Eye Institute mouse eye M430v2 (Nov. 2005) RMA

series. C) Dataset from the Univ. of Colorado at Denver and

Health Sciences Center whole brain M430v2 (Nov06) RMA series.

D) Dataset from the GE-NIAAA (National Institute on Alcohol

Abuse and Alcoholism) cerebellum Affymetrix M430v2 (May05)

PDNN (Probe Dependent Nearest Neighbors) series. Mouse

strains for all datasets are listed in the legend to Figure S5. Values

for A/J in each graph are marked with a star and fall significantly

below the normal distribution displayed by all other strains.

Found at: doi:10.1371/journal.pgen.1000007.s010 (1.07 MB TIF)

Figure S7 Semi-quantitative RT-PCR of Opcml in A/J versus

B6. A) Semi-quantitative RT-PCR. Opcml cDNA was amplified

with primers from upstream and downstream of the ETn

insertion. Opcml and Gapdh fragments were amplified from

undiluted cDNA and dilutions of 1/20, 1/40 and1/80. B)

Graphical representation of RT-PCR. For each dilution, the

intensity of the resulting band was quantified and graphed as

transcript levels of Opcml relative to Gapdh. The results of one of

two representative experiments are shown.

Found at: doi:10.1371/journal.pgen.1000007.s011 (0.53 MB TIF)
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