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Although human LINE-1 (L1) elements are actively mobilized in many cancers, a role for somatic L1 retrotransposition in

tumor initiation has not been conclusively demonstrated. Here, we identify a novel somatic L1 insertion in the APC tumor

suppressor gene that provided us with a unique opportunity to determine whether such insertions can actually initiate co-

lorectal cancer (CRC), and if so, how this might occur. Our data support a model whereby a hot L1 source element on

Chromosome 17 of the patient’s genome evaded somatic repression in normal colon tissues and thereby initiated CRC

by mutating the APC gene. This insertion worked together with a point mutation in the second APC allele to initiate tumor-

igenesis through the classic two-hit CRC pathway. We also show that L1 source profiles vary considerably depending on the

ancestry of an individual, and that population-specific hot L1 elements represent a novel form of cancer risk.

[Supplemental material is available for this article.]

Human LINE-1 (L1) elements are autonomous retrotransposons
that continue to produce new “offspring” L1 insertions in human
genomes (Beck et al. 2010, 2011; Ewing and Kazazian 2010; Huang
et al. 2010; Iskow et al. 2010; Stewart et al. 2011; The 1000
Genomes Project Consortium2015; Sudmant et al. 2015). Until re-
cently, L1 elements were thought to be mobilized primarily in the
germline and then silenced in somatic cells throughout adult-
hood. However, several recent reports have shown that L1 ele-
ments are active in at least some adult somatic tissues, including
the brain (Muotri et al. 2005; Coufal et al. 2009; Baillie et al.
2011; Evrony et al. 2012; Upton et al. 2015) and epithelial somatic
tumors (Miki et al. 1992; Iskow et al. 2010; Lee et al. 2012; Solyom
et al. 2012; Shukla et al. 2013; Helman et al. 2014; Tubio et al.
2014; Doucet-O’Hare et al. 2015; Ewing et al. 2015; Rodic et al.
2015). These observations have led to the suggestion that L1might
play a role in initiating human cancers by mutating specific onco-
genes or tumor suppressor genes in somatic cells.

However, several broad surveys of somatic L1 insertions in
human cancers have detected only a few strong L1 driver candi-
dates (Lee et al. 2012; Shukla et al. 2013; Helman et al. 2014;
Tubio et al. 2014), and it is unclear whether any of these insertions
could have initiated tumorigenesis in the cancers in which they
were discovered (see Discussion). Thus, somatic L1 drivers that af-
fect the earliest stages of tumorigenesis have been elusive in these
studies, and it is presently unclear whether L1 has the capacity to
initiate tumorigenesis in somatic cells. This could, in principle, re-
flect a lack of knowledge of the oncogenes and tumor suppressor

genes that act at the earliest stages of tumorigenesis in human can-
cers. However, it might instead indicate that L1 elements are not
generally capable of initiating tumorigenesis in somatic cells
because they are effectively repressed in most cells. An alternative
possibility is that somatic L1 mobilization generally occurs only
after an L1-permissive environment is established in an emerging
tumor. Under this scenario, L1 could not actually initiate tumori-
genesis but might instead become active during the more ad-
vanced stages of tumor progression and metastasis (e.g., Rodic
et al. 2015).

In perhaps the strongest study implicating L1 in tumor initi-
ation thus far, a somatic L1 insertion was identified in a case of co-
lorectal cancer (CRC) that disrupted the APC tumor suppressor
gene (Miki et al. 1992). The APC gene is the earliest gatekeeper
that is mutated in the majority (∼85%) of CRC cases and, in fact,
both copies of APC must be mutated to initiate CRC through
this classic two-hit pathway (Kinzler and Vogelstein 1996;
Fearon 2011). In the case of familial adenomatous polyposis
(FAP) and other CRC syndromes, one mutated copy of APC is in-
herited in the germline, and the other is acquired during the life-
time of the individual. In the sporadic form of the disease, both
copies of APC must be mutated independently in a somatic cell
in order to initiate tumorigenesis (Kinzler and Vogelstein 1996;
Fearon 2011). In the remaining 15% of CRC cases, tumorigenesis
is instead initiated by a hypermutation phenotype that is asso-
ciated with microsatellite instability (MSI) and faulty DNA repair
(Fearon 2011). APC also can be mutated in this less common
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form of MSI-CRC, but it does not promote the earliest stages of tu-
mor initiation in such cases.

Although one of the two APC alleles clearly was disrupted by
L1 in the sporadic case of CRC described by Miki et al. (1992), the
status of the second APC allele was not investigated in that study.
Furthermore, the MSI phenotype of the tumor was not investi-
gated, leaving open the possibility that tumorigenesis was initiated
by a hypermutation phenotype associated with faulty DNA repair,
rather than by the more common pathway involving biallelic
mutations in APC (Fearon 2011). It also is unclear how the L1 in-
sertion in APC could have been generated sufficiently early to ini-
tiate tumorigenesis in a normal colon cell. Thus, many questions
remain unanswered as to the genesis of this somatic L1 insertion
in APC and its impact on tumorigenesis (Miki et al. 1992).

Results

A novel somatic L1 insertion disrupts the APC tumor

suppressor gene

Inspired by Miki et al. (1992), we screened CRC samples obtained
from our institution to identify additional somatic L1 insertions in
APC and other genes that have been implicated in CRC (Methods;
Iskowet al. 2010). Among the first 10 tumors thatwe screenedwith

L1-seq assays, we discovered a somatic L1 insertion in patient
20444 that disrupted the open reading frame (ORF) of the APC tu-
mor suppressor gene (Fig. 1). PCR assays and subsequent Sanger
sequencing confirmed that this novel somatic L1 insertion dis-
rupted the sixteenth exon of the APC gene at codon 1396
(p.F1396L1 in GenBank gene ID NM_000038; hg19 coordinate
Chr 5:112,175,479) (Table 1; Fig. 1; Supplemental Tables S1, S5;
Supplemental Methods). This insertion was identified in the
same exon as theMiki et al. (1992) insertion, just 388 bp upstream
of that insertion (Fig. 1). We determined that the new L1 insertion
is 1387 bp in length, endswith a∼27-bp poly(A) tail, and is flanked
by a 14-bp target site duplication (TSD) with the sequence 5′-
CACTTGATAGTTTT-3′ (Fig. 1A; Supplemental Table S1). The in-
sertion is truncated at the 5′ end and also contains a 5′ inversion
and a small internal deletion at the inversion junction that pre-
sumably were caused by twin priming (Ostertag and Kazazian
2001). PCR validation assays confirmed that the APC L1 insertion
was found only in the tumor andwas absent fromnormal adjacent
tissues, thus confirming it as a true somatic L1 insertion (Supple-
mental Methods).

Whole-genome sequencing (WGS) confirms the L1 insertion

in APC and reveals additional somatic mutations

We next performed Illumina whole-ge-
nome sequencing (WGS) on the nor-
mal/tumor pair from patient 20444 to
gain a better understanding of how
this L1 insertion might have worked to-
gether with other somatic mutations to
promote tumorigenesis (Supplemental
Data S1, S2; Supplemental Tables S1, S6;
Supplemental Methods). We began by
scanning the WGS data to identify
additional somaticmobile element inser-
tions (MEIs) that might have been gener-
ated in the tumor using the Mobile
Element Locator Tool (MELT) that we de-
veloped for the 1000 Genomes Project
(Methods; Sudmant et al. 2015). MELT
confirmed the somatic L1 insertion in
the APC gene with the features outlined
above and detected 26 additional
somatic L1 insertions in the tumor that
were absent from adjacent normal tissues
(for a total of 27 somatic L1 insertions)
(Table 1; Supplemental Table S1). All
27 were validated as somatic insertions
in the tumor with at least one junc-
tion PCR and/or sequencing assay
(Supplemental Table S5; Supplemental
Methods). In addition, we amplified
and sequenced the entire insertion and
flanking regions for 16 of these somatic
L1 insertions, including the APC inser-
tion (Supplemental Tables S1, S5; Sup-
plemental Methods). Our data revealed
that all 16 of these fully sequenced in-
sertions terminated in poly(A) tails and
were flanked by TSDs, indicating that
they were generated by target primed re-
verse transcription (TPRT) as expected for

Figure 1. Mutagenesis of APC by a somatic L1 insertion. (A) A schematic of the L1 insertion in APC. The
top diagram shows the location of the APC gene (vertical red bar) in band q22.2 of Chromosome 5. The
diagram below depicts the 1387-bp somatic L1 insertion (dark and light green) in exon 16 of APCwith the
associated hallmarks of retrotransposition, including a flanking 14-bp TSD (orange), poly(A) tail (T in re-
verse order; red) and evidence for twin priming (two green boxes separated by an 18-bp deletion at the
inversion point). (B) The two diagrams show the inactivating mutations that were discovered in both al-
leles of APC in the tumor. The top allele is inactivated by the L1 insertion at codon 1396 (multicolored bar;
p.F1396L1) and has the reference codon at position 1450 (gray circle). The bottom allele is inactivated by
the p.R1450∗ stop codon (red circle) and does not have an L1 insertion (gray circle). (C) The diagram
shows the sites that are affected by these mutations within the APC protein. Also depicted is the L1 inser-
tion identified by Miki et al. (1992) (red square; p.P1526L1). All three of these mutations occur within or
near the somatic mutation cluster region (black bar) (Miyoshi et al. 1992) and are similar to other inac-
tivating APC mutations in CRC (see Discussion). This image is adapted from the output of the Protein
Painter tool (http://explore.pediatriccancergenomeproject.org/proteinPainter). The APC protein is
2843 amino acids long and consists of the following domains: Suppressor APC (red; involved in nuclear
export and other functions); Armadillo/beta-catenin-like repeats (orange; mediate protein–protein inter-
actions); APC cysteine-rich regions (yellow; bind beta-catenin); SAMP (green; binds axin); APC basic
(blue; interacts with microtubules); and MAPRE1-binding (aka EB1-binding; purple; binds the microtu-
bule-associating protein MAPRE1).
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genuine L1 retrotransposition events (Table 1; Supplemental Table
S1; Luan et al. 1993; Jurka 1997).

Vogelstein and colleagues have described the landscape of
genes that are frequently mutated in CRC and also have mapped
the temporal order in which these genes are mutated (Kinzler
and Vogelstein 1996; Fearon 2011; The Cancer Genome Atlas
Network 2012). Therefore, we next identified somatic mutations
in the tumor, including single nucleotide variants (SNVs) and
short insertions/deletions (indels), to determine how L1 might
have worked together with other types of mutations to initiate
and drive tumorigenesis. We detected a C to T somatic SNV that
created a premature stop codon in the sixteenth exon of APC
just 160 bp downstream from the somatic L1 insertion (p.
R1450∗ in GenBank gene ID NM_000038; hg19 coordinate Chr
5:112,175,639) (Fig. 1B; Supplemental Data S1). By manually in-
specting the WGS Illumina mate pairs in the region using the
Integrative Genomics Viewer (IGV) (Thorvaldsdottir et al. 2013),
we determined that the L1 insertion and the stop codon were on
mutually exclusive chromosomes and thus together would disrupt
bothAPC alleles.We further confirmed that the L1 and stop codon
affected two different APC alleles using a PCR-based strategy (Fig.
1B; Supplemental Table S5; Supplemental Methods). The p.
R1450∗ somatic mutation has been reported 21 times previously
in CRC by The Cancer Genome Atlas (TCGA) project (The
Cancer Genome Atlas Network 2012) and has been independently
documented in the COSMIC database (Forbes et al. 2014). In fact,
codon 1450 is one of the most frequently mutated APC sites in pa-

tients with sporadic CRC (Fearon 2011). These data indicate that
L1 was responsible for inactivating one APC allele, and the
p.R1450∗ stop codon was responsible for inactivating the second
APC allele.

A microsatellite stable CRC

TCGA and others have identified two subtypes of CRC: one sub-
type with microsatellite stability (MSS) and a second subtype
with high levels of microsatellite instability (MSI) (Fearon 2011;
The Cancer Genome Atlas Network 2012). These two CRC sub-
types also progress along different pathways: The MSS subtype is
initiated bymutations inAPC, whereas theMSI subtype is initiated
by a hypermutation phenotype that is associated with faulty DNA
repair (Markowitz and Bertagnolli 2009; Fearon 2011). Thus, we
next sought to assign our CRC case to one of these two subtypes.
We used the MSIsensor tool (Niu et al. 2014), together with the
Illumina WGS data described above, to measure microsatellites
in our tumor and adjacent normal control tissues (Methods).
The microsatellite mutation rate in our CRC sample (0.01%) was
clearly within the MSS range (Niu et al. 2014) and was well below
the rates observed in tumors that have MSI phenotypes (3.5%–

41%). Thus, our CRC sample was unambiguously assigned to
the MSS subtype. Likewise, no somatic mutations were detected
in DNA repair genes that previously have been linked to hyper-
mutation phenotypes in CRC (MLH1, MLH3, MSH2, MSH3,
MSH6, PMS2, POLE) (The Cancer Genome Atlas Network 2012).
Collectively, these data demonstrate that our CRC case progressed
along the classicMSS routewhereby APC serves as the earliest gate-
keeper. Therefore, these data formally demonstrate that the L1 in-
sertion, combinedwith the p.R1450∗ stop codon, were responsible
for initiating tumorigenesis in this case.

Other somatic mutations supporting an L1-initiated pathway

of tumorigenesis

As outlined above,Vogelstein and colleagues and TCGApreviously
have defined the landscape of genes that are frequentlymutated in
CRC (including genes mutated in MSS-CRC), and we identified
somatic mutations in three additional MSS-CRC genes in our tu-
mor (Supplemental Data S1; Supplemental Methods). First, we
identified a somatic point mutation in the PIK3CA gene (CAT to
CGT; p.H1047R) that causes an amino acid substitution of histi-
dine to arginine at codon 1047 of the encoded protein. PIK3CA
is mutated in 18% of MSS-CRCs, and this precise mutation has
been found previously in five independent CRCs by TCGA (The
Cancer Genome Atlas Network 2012). We also identified an 18-
bp tandem-duplication in the KRAS gene that includes codons
59 and 61 and retains the ORF of the encoded protein
(p.L56_E62dup). KRAS is mutated in 43% of MSS-CRCs, and this
mutation likely contributed to tumorigenesis since activating
point mutations affecting codons 59 and 61 have been reported
previously for this gene (The Cancer Genome Atlas Network
2012; Forbes et al. 2014). This specific tandem duplication has
not been identified previously by TCGA nor is it present in the
COSMIC database. However, COSMIC has several entries of
somatic indels spanning positions 59 and 61 that previously
have been implicated in a variety of cancer types, suggesting that
indels in this region can activate KRAS (Forbes et al. 2014). We
also identified a 2-bp somatic deletion in the ACVR1B gene that
causes a frameshift in the third exon of this gene (p.K177fs).
ACVR1B is mutated in 4% of MSS-CRC cases (The Cancer
Genome Atlas Network 2012).

Table 1. Twenty-seven somatic L1 insertions identified in the pa-
tient’s tumor

ID (Chr:pos) Strand Source Length Location
Gene
symbol

1:79306674 − Chr 14 1524 Intergenic —

1:192334470 + ND 1382 Intronic RGS21
2:21127375 + Chr 12 1822 Intergenic —

2:46142515 − Unk 417 Intronic PRKCE
2:108074967 − Chr 14 1786 Intergenic —

2:115370008 + Chr 14 1066 Intronic DPP10
2:226441747 − Chr 14 367 Intronic NYAP2
3:164346230 − Unk 342 Intergenic —

4:65697624 − ND ND Intergenic —

4:120879367 + Chr 17 578 Intergenic —

4:163870337 − Chr 14 1118 Intergenic —
5:15917732 + Chr 14 610 Intronic FBXL7
5:36700111 + Chr 14 1921 Intergenic —

5:112175479 − Chr 17 1387 Exonic APC
6:146839867 − ND 1196 Intergenic —

7:68130460 + Chr 14 1424 Intergenic —

7:82409579 − Chr 14 837 Intronic PCLO
8:50819246 + ND ND Intergenic —

8:76890366 − Chr 17 1394 Intergenic —

9:26150714 − Chr 17 402 Intergenic —

9:72023991 + Chr 12 3087 Intergenic —

9:76488906 + Unk 97 Intergenic —

11:115649909 + Chr 17 286 Intergenic —

16:56298643 + Chr 14 5616 Intronic GNAO1
18:3994881 − Unk 188 Intronic DLGAP1-AS4
18:65529080 + Chr 14 1511 Intronic LOC643542
X:104566886 − Chr 14 1057 Intronic IL1RAPL2

The data are tabulated for the 27 somatic L1 insertions in the patient’s
tumor. See Supplemental Table S1 for additional details.
(ID) location of insertion (Chromosome:position); (Unk) the source
cannot be identified because the mutation profile is not informative;
(ND) cannot be determined because of missing data.
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The p.R1450∗ mutation in APC,
along with the PIK3CA, KRAS, and
ACVR1Bmutations outlined above, were
validated through PCR, cloning, and
Sanger capillary sequencing (Supplemen-
tal Table S5; Supplemental Methods).
RNA-seq analysis of the normal and
tumor specimens also revealed that the
mutant alleles of these genes were all ex-
pressed in the tumor but were not ex-
pressed in the adjacent normal control
tissues, as would be expected of somatic
mutations (including the L1 insertion
allele of APC, the p.R1450∗ allele of
APC, and the mutant alleles of PIK3CA,
KRAS, and ACVR1B described above)
(Supplemental Table S3; Supplemental
Methods). As an independent validation
of the somatic mutations, we also per-
formed IlluminaWGS on a second geno-
mic DNA preparation from a separate
region of the tumor and confirmed the
presence of the L1 insertion inAPC along
with the other somatic mutations out-
lined above (p.R1450∗ in APC, and the
somatic mutations in PIK3CA, KRAS,
and ACVR1B) (Supplemental Data S1,
S2; Supplemental Table S6). Our data sug-
gest that these mutations were clonal
driver mutations, because they were
found in two separate tumor locations
and thus, must have occurred early in
tumorigenesis. Likewise, at least 25 of
27 (92.6%) of the somatic L1 insertions
were found in two separate tumor loca-
tions (Supplemental Data S2), suggesting
that most (if not all) of these insertions
also occurred at early stages of tumor
development.

L1 source elements generating somatic

offspring insertions

We next identified the full-length L1 (FL-L1) source elements that
generated most of the somatic L1 insertions in the tumor, includ-
ing the source element that produced the APC insertion. To
accomplish this goal, we leveraged interior mutations within
FL-L1s, which are abundant, as markers to identify source ele-
ments that produced specific offspring insertions (Fig. 2). Our
analysis was focused on Human-specific (Hs) full-length elements
(FL-L1Hs), since all active L1s in the human genome are found
within this group. Using MELT and associated MELT tools, we
identified a total of 308 FL-L1Hs elements in the patient’s genome
and analyzed the mutation profiles of these elements as follows
(Methods): The full sequences of 264 reference FL-L1Hs copies
were available in the hg19 human genome reference sequence
(Smit et al. 1996–2010; Lander et al. 2001), and the sequences of
31 of 44 additional nonreference FL-L1Hs elements were deter-
mined using a combination of long-range PCR and Sanger or
PacBio sequencing (Methods, Supplemental Tables S2, S5). By ex-
amining the internal mutation patterns of 295 of 308 (95.8%) of
the FL-L1Hs elements compared to the L1.3 reference L1 element

(GenBank ID L19088) (Dombroski et al. 1993), we learned that all
but five of these elements had a unique singleton mutation that
alone could be used to distinguish each individual element from
all other FL-L1Hs elements in the patient’s genome (Fig. 2B,C;
Supplemental Table S2). Moreover, the complete mutational sig-
natures of these elements, which ranged from 7 to 147 mutations,
were unique for each FL-L1Hs element in this patient (Fig. 2A;
Supplemental Table S2).

By comparing these FL-L1Hs profiles with the mutation pro-
file of the L1 insertion in APC, we identified a candidate source el-
ement on Chromosome 17 (Chr 17:18776467) that shared an
identical pattern of interior mutations with the L1 insertion in
APC (Figs. 2D, 3A). This Chr 17 FL-L1Hs element had a profile of
25 mutations that was unique among FL-L1Hs elements in the pa-
tient’s genome and also was consistent with this source giving rise
to the APC insertion along with four additional somatic L1 inser-
tions in the tumor (Figs. 2D, 3A; Supplemental Table S2). We iden-
tified two additional FL-L1Hs source elements on Chromosomes
14 (Chr 14:59160899) and 12 (Chr 12:117814460) that accounted
for most of the remaining somatic L1 insertions in the tumor
(Table 1; Figs. 2E,F, 3B,C). The unique signatures within these

Figure 2. Interior mutations in 295 FL-L1Hs source elements in the patient’s genome. (A) The total
number of mutations in each FL-L1Hs source element is depicted, grouped by pre-Ta and Ta subfamilies
(Boissinot et al. 2000). (B) The Chr 17 FL-L1Hs source element profile is compared to the three closest FL-
L1Hs elements in the patient’s genome. Although the three most similar elements have 15, 14, and 14
mutations in common with the Chr 17 source element, respectively (middle of Venn diagram), they have
18 total differences (Δ) in all three examples. Similar results were obtained with the remaining elements in
the patient’s genome (Supplemental Table S2). (C) Mutation frequencies in FL-L1Hs source elements.
Individual mutations are plotted by the total number of FL-L1Hs elements in which they are found. A total
of 2788 mutations are confined to a single source element (leftmost bar), whereas only a few mutations
are shared by the majority of the 295 FL-L1Hs elements in the patient’s genome (right bars). This large
collection of singleton mutations, and the profiles that are generated by combining these mutations,
has allowed us to identify source elements that generated specific somatic offspring insertions in the tu-
mor (Fig. 3) and also allowed us to evaluate the expression of these elements (Fig. 4). (D–F) Mutation
profiles for the Chr 17 (D), Chr 14 (E), and Chr 12 (F ) source elements. All three of these source elements
are heterozygous in our patient’s genome. Differences from the reference L1.3 element (GenBank ID
L19088) (Dombroski et al. 1993) are marked in green, red, blue, and yellow and represent mutations
to A, T, C, or G, respectively. We also determined the “allele frequencies” at which mutations appear
in the FL-L1Hs source elements from the patient’s genome and have depicted these in pie charts above
each mutation. Mutations that uniquely tag a single element are marked with a star (∗). Black bars above
the 3′ ends depict the signatures of mutations that were used to identify somatic offspring insertions in
the tumor.
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source elements allowed us to unambiguously assign 18 of 27 off-
spring insertions to one of these three source elements (Fig. 3;
Table 1; Supplemental Table S1). One additional offspring was
mapped to the Chr 12 source element using a 3′ transduction
that was associated with the offspring insertion (Fig. 3C; Moran
et al. 1999). The eight remaining insertions could not be mapped
unambiguously to source elements, because we had limited se-
quence information for these elements or they did not span re-
gions containing unique mutations.

The interior sequences of the Chr 17, Chr 14, and Chr 12
FL-L1Hs source elements revealed two intact ORFs and also indi-
cated that all three are L1Ta-1d elements, which include the
most active “hot” L1s in humans (Supplemental Table S2;
Boissinot et al. 2000; Brouha et al. 2003; Beck et al. 2010). All three
also are nonreference insertions that are absent from the hg19 hu-
man genome reference sequence but are present in the 1000

Genomes Phase III MEI data set (Sudmant et al. 2015). Upon com-
paring our sequenced elements to additional data sets, we learned
that Beck et al. (2010) had previously identified and sequenced the
Chr 17 source element. The Chr 17 source element fromBeck et al.
(2010) was cloned from a Yoruban individual (NA19129, Coriell)
and is identical in sequence to the Chr 17 source element that
we cloned from our patient (Supplemental Table S2). Beck et al.
(2010) previously tested the Chr 17 source element in a cell cul-
ture-based retrotransposition assay (Moran et al. 1996) and report-
ed that it is indeed a hot L1, with activity levels of 137% compared
to the hot L1.3 control (GenBank ID L19088) (Beck et al. 2010).
Therefore, since the Chr 17 source element sequences were identi-
cal in both studies, these data indicate that the somatic L1 inser-
tion in our patient’s APC gene was generated by an exceptionally
hot L1 source element.

Expression of L1 source elements in normal versus tumor tissues

Wenext sought to better understand how the somatic L1 insertion
in APCwas generated in tissues that should have repressed the Chr
17 source element. The Chr 17 source element must have been ac-
tive in normal cells at the earliest stages of tumorigenesis in order
to generate the L1 insertion in APC sufficiently early to initiate tu-
morigenesis. This suggested the possibility that the Chr 17 source
element might have been expressed in the normal somatic colon
tissues of this patient. To determine whether this was the case,
we performed strand-specific RNA-seq analysis and learned that
theChr17 source element indeedwasexpressed inboth thenormal
and tumor tissues of this patient (Fig. 4A; Supplemental Table S3;
Methods). Toperformthis analysis,we leveraged the interiormuta-
tion profiles of the FL-L1Hs elements (Fig. 2; Supplemental Table
S2) to identify source elements that were expressed in the patient’s

Figure 3. Source elements that gave rise to somatic L1 insertions in the
tumor. As in Figure 2, the bar diagrams in A–C depict mutations in the L1
sequences of source elements and somatic offspring relative to the refer-
ence element L1.3. Colored vertical lines represent single nucleotide mu-
tations as outlined in Figure 2. The Circos plots show the somatic
offspring L1 insertions that were generated by each FL-L1Hs source ele-
ment. (A) The Chr 17 source element gave rise to five somatic insertions,
including the insertion in APC. The mutation profile of the APC insertion
uniquely and perfectly matches that of the Chr 17 FL-L1Hs source element
to the extent that the APC insertion spans the 3′ region of the Chr 17
source element. Two of the Chr 17 somatic offspring (denoted by ∗) had
extreme 5′ truncations and thus only had one mutation (C5788T) com-
pared to L1.3. Although themutation profiles of these offspring do not ex-
clusively match that of the Chr 17 source element, the one remaining
possible source element for these somatic offspring (ID 1:86392759)
was ruled out due to lack of intact ORFs. (B) The Chr 14 source element
gave rise to 12 somatic insertions. The mutation profiles for 11 of 12
(91.7%) of these offspring uniquely and perfectlymatch themutation pro-
file of the Chr 14 source element. The remaining somatic offspring (denot-
ed by #) had one additional mutation (T4250G) that was not present in the
Chr 14 source element. This mutation does not match any other source el-
ement and most likely was introduced during retrotransposition (which is
error prone) (Gilbert et al. 2005). The blurry end of somatic offspring
16:56298643 represents ambiguity of the 5′ end because we did not se-
quence that end. (C) The Chr 12 source element gave rise to two somatic
insertions. One was assigned to the Chr 12 source element usingmutation
profiles as outlined for the Chr 17 and Chr 14 source elements above,
whereas the other was assigned using a 3′ transduction (purple box
flanked by poly(A) tails in green) (Moran et al. 1999). (D) Circos plot de-
picting all 27 somatic insertions discovered in this tumor, including the
somatic offspring with known source elements depicted above (A–C )
and eight additional somatic offspring from an unknown source element:
(green) unknown chromosome (Un).
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tissues. In each case, we identifiedmultiple RNA-seq traces that ex-
actly matched the unique mutation profiles of these source ele-
ments on the appropriate genomic DNA strand (Methods).

In addition to the Chr 17 source element, the Chr 14 and Chr
12 source elements also were expressed in these tissues, although
the Chr 12 element was expressed at very low levels and only in
the normal tissues (Fig. 4A,B). Eight additional FL-L1Hs elements,
including two nonreference and six reference elements, also evad-
ed somatic repression and were expressed in the tissues of this pa-
tient (Fig. 4A,B). Consistent with the idea that FL-L1Hs elements
are thought to bemostly repressed in normal colon tissues, we gen-
erally detected low levels (or no expression) of the remaining refer-
ence and nonreference FL-L1Hs elements (Fig. 4A,B; Supplemental
Table S3).

To understand why the Chr 17 and Chr 14 source elements
were inappropriately expressed in these tissues, we examined the
interior sequences of these elements more closely. The Chr 17 el-
ement has a mutation (G61A) in its promoter region that maps
to one of the four CpGs that previously were shown to be essen-
tial for suppression of the L1 promoter by DNA methylation (Fig.
4C; Hata and Sakaki 1997). We therefore sought to determine the
DNA methylation status of the Chr 17 element in the affected

patient. Bisulfite sequence analysis of the
Chr 17 source element indicated that
most of the CpG sites in the promoter re-
gion of this element were hypomethylated
in both the normal and tumor tissues
of this patient (Fig. 4C; Supplemental
Methods). Therefore, it appears that the
Chr 17 source element may have evaded
somatic repression because its promoter
was not sufficiently methylated at many
CpG sites, including the critical CpG site
at position 60 and three other critical sites
that were identified in the Hata study (Fig.
4C; Hata and Sakaki 1997; Discussion).

The Chr 17 and Chr 14 source elements are

restricted to African and African-derived

populations

We next evaluated the population genetics
of the Chr 17, Chr 14, and Chr 12 source el-
ements in 26 diverse human populations us-
ing the MEI data that we generated for the
1000 Genomes Project (The 1000 Genomes
Project Consortium 2015; Sudmant et al.
2015). Interestingly, we found that the Chr
17 and Chr 14 source elements are restricted
to African and African-derived populations
(Fig. 5; Supplemental Table S4). These data
are consistent with the fact that our patient
is African American (Methods) and that
Beck et al. (2010) sequenced the same Chr
17 source element from a Yoruban individu-
al. In contrast, the Chr 12 source element is
found in all continental groups and pop-
ulations (Fig. 5; Supplemental Table S4).
Overall, these data indicate that the source
FL-L1Hs content of an individual’s genome
is likely to vary considerably depending on
the ancestry of the individual, and that dif-

ferences in L1 content are likely to influence cancer risk. Our pa-
tient’s genome had a population-specific hot L1 source element
that is absent from most genomes and apparently increased her
cancer risk considerably.

Discussion

Next-generation sequencing has revolutionized somatic L1 discov-
ery over the past 6 yr, leading to the identification of thousands of
somatic L1 insertions in several types of human epithelial cancers
(Iskow et al. 2010; Lee et al. 2012; Solyom et al. 2012; Shukla et al.
2013; Helman et al. 2014; Tubio et al. 2014; Doucet-O’Hare et al.
2015; Ewing et al. 2015; Rodic et al. 2015). The fact that L1 mobi-
lization occurs frequently in human tumors raises the possibility
that somatic L1 insertions could act as driver mutations during tu-
mor initiation, progression, and metastasis. However, very few
somatic L1 insertions have been recovered in known oncogenes
and tumor suppressors, where a clear role in tumorigenesis could
be established in the tumors in which they were discovered.

In addition to theMiki et al. (1992) insertion described above,
one of the strongest driver candidates identified to date is a soma-
tic L1 insertion in the ST18 gene that led to up-regulation of this

Figure 4. FL-L1Hs source element expression in normal and tumor tissues. The unique interior mu-
tation profiles of FL-L1Hs elements in the patient’s genome (Fig. 2) were used to quantify expression
of the 31 nonreference FL-L1Hs source elements including the Chr 17, Chr 14, and Chr 12 source el-
ements (A) and the remaining 264 reference FL-L1Hs source elements in the patient’s genome, using
strand-specific RNA-seq (B) (Supplemental Table S3;Methods). Expression for each element is depict-
ed in the normal and tumor tissues as the mean number of independent reads covering all mutations
unique to a FL-L1Hs source element. Expression of FL-L1Hs source elements that could not be differ-
entiated from the expression of the surrounding gene in the same orientationwere excluded from this
analysis (A, n = 4; B, n = 37) (Supplemental Table S3). The horizontal dotted lines represent a cutoff
where the mean = two traces per unique site, and a total of 10 elements were expressed above this
level. (C) DNA methylation analysis of the Chr 17 source element promoter. The top panel displays
bisulfite sequencing results for the control 1000 Genomes Project (1KGP) sample (GWD sample
HG02583, which is heterozygous for the Chr 17 element; Coriell). The two panels below show the
results of bisulfite sequencing in the normal and tumor tissues of the CRC patient. Each circle repre-
sents a CpG site in the promoter (for a total of 29 CpGs at positions: 21, 37, 54, 60, 63, 72, 102, 137,
155, 160, 164, 166, 171, 181, 205, 231, 251, 255, 269, 284, 293, 305, 317, 320, 327, 351, 363,
369, 377 relative to the reference L1.3 sequence; GenBank ID L19088). White circles indicate no
DNA methylation; black circles indicate DNA methylation. The red highlighting indicates the CpG
at position 60 that previously was shown to be critical for repression of the L1 promoter byDNAmeth-
ylation (Hata and Sakaki 1997). This CpG is mutated in the Chr 17 element (G61A). The three remain-
ing CpG sites that are critical for repression of the L1 promoter by DNAmethylation also are indicated
(positions 54, 63, 72) (Hata and Sakaki 1997). The blue highlighting indicates a CpG to TpGmutation
at position 37 that destroys an additional CpG in the promoter region.
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gene in a case of hepatocellular carcinoma (Shukla et al. 2013).
Interestingly, the insertion disrupted a repressor of transcription
in an intron of the gene, which led to up-regulation of the gene
in the tumor. In human breast and lung cancer, ST18 acts as a tu-
mor suppressor (Jandrig et al. 2004; Job et al. 2010), but it appears
to have acted as an oncogene in this case (Shukla et al. 2013). The
precise role of ST18 in the development of hepatocellular carcino-
ma is unknown, and thus it is unclear whether this L1 insertion
might have influenced tumor initiation, or instead, later stages
of tumorigenesis. Another strong example of a potential L1 driver
mutation was identified in the sixth exon of the PTEN tumor sup-
pressor gene in a case of uterine corpus endometrial carcinoma
(Helman et al. 2014). Because this insertion disrupted a coding
exon, the tumor likely had lower levels of PTEN activity. How-
ever, once again, the precise role of this somatic insertion in this
case of uterine cancer is unclear.

A number of other genes have been hit by somatic L1 inser-
tions multiple times independently in tumors, suggesting that
these insertions might also constitute driver mutations (e.g.,
Helman et al. 2014; Ewing et al. 2015; Rodic et al. 2015). How-
ever, most of these insertions map to sites within genes that are
difficult to interpret (such as introns), or they map to genes with
tenuous connections to the cancers inwhich theywere discovered.
Thus, even when L1 driver candidates are identified in a given
tumor, it can be difficult to assign these mutations to clear roles
in tumorigenesis, particularly in tissues for which the landscape
of driver mutations has not been well established. In most tu-
mor types, the temporal order whereby specific gene mutations
influence tumorigenesis also has not been well established, mak-
ing it even more difficult to determine whether L1 can initiate
tumorigenesis.

Here, we present a clear example of a somatic L1 driver muta-
tion initiating tumorigenesis through the classic route of CRC pro-
gression that has been mapped out by Vogelstein and colleagues
(Fig. 6; Kinzler and Vogelstein 1996; Markowitz and Bertagnolli
2009; Fearon 2011; The Cancer Genome Atlas Network 2012).
The identification of a second somatic L1 insertion in the APC

gene >20 yr after the original Miki et al.
(1992) insertion provided us with an op-
portunity to determine whether such
insertions can actually initiate tumori-
genesis. We show that both gatekeeper
APC alleles are mutated in our patient’s
tumor, and this occurred in an MSS ge-
netic background where such mutations
would be expected to initiate CRC. A
key factor in this study was the availabil-
ity of relatively inexpensive whole-ge-
nome sequencing, which was not
available at the time of the Miki et al.
(1992) study. This allowed us to deter-
mine how the L1 insertion in APC was
generated and then how it worked to-
gether with other mutations in APC,
PIKC3A, KRAS, and ACVR1B to drive tu-
morigenesis (Fig. 6).

Our data support a model whereby
an exceptionally hot L1 source element
on Chromosome 17 of the patient’s ge-
nome evaded somatic repression and
produced an offspring insertion that dis-
rupted the APC gene in a normal colon

cell. This hot L1 source element has a mutation in one of the
four CpGs that are necessary for repression of the L1 promoter
by DNA methylation (Fig. 4C; Hata and Sakaki 1997). Indeed,
our data indicate that this source element likely evaded somatic re-
pression because its promoter was not sufficientlymethylated (Fig.
4C). Moreover, all four of the CpGs that previously were shown to

Figure 5. Population genetics of source elements in 26 diverse human populations. The 26 diverse hu-
man populations that were studied by the 1000 Genomes Project were examined to determine the fre-
quencies of the Chr 17, Chr 14, and Chr 12 elements in global populations. The measurements are
depicted by population on the world map as a set of three circles corresponding to the three FL-L1Hs
source elements that gave rise to somatic offspring in this study with an accompanying population ab-
breviation (Supplemental Table S4): (Chr 17) upper left circle; (Chr 14) upper right circle; (Chr 12) bottom
circle. Colored circles represent an allele frequency greater than 0 for that respective population, whereas
gray circles represent an allele frequency of 0 (Supplemental Table S4). The Chr 17 and Chr 14 source
elements are restricted to populations from Africa or African ancestry, whereas the Chr 12 element is
found in all 26 of the diverse populations. World map provided by Vector Open Stock (www.
vectoropenstock.com), under the Attribution Creative Commons 3.0 license.

Figure 6. An oncogenic hot L1 evades somatic repression and initiates
CRC. L1 Inheritance: Inheritance of a hot FL-L1Hs source element begins
the process of L1-mediated cancer (this study). In this case, the patient in-
herited an African-specific hot FL-L1Hs source element on Chromosome
17 (black bar with fire outline, bottom) from one of her parents. L1
Expression: The inherited FL-L1Hs source element evades somatic repres-
sion and generates transcripts (squiggle lines, bottom) in normal colon tis-
sues (this study). L1 Insertion: A somatic L1 offspring element is integrated
into the sixteenth exon of the APC gene, thereby disrupting one APC allele
(light blue star on Chr 5, bottom; this study) (Miki et al. 1992). The second
APC allele is disrupted by the somaticmutation p.R1450∗ (black star on Chr
5, bottom; this study). Thus, both gatekeeper APC alleles are disrupted and
the adenoma phase is initiated. Polyp Formation: Following loss of APC
function, additional important driver mutations in the PIK3CA and KRAS
genes (black stars on Chr 3 and Chr 12, respectively, bottom) result in pro-
gression to adenocarcinoma (cluster of red cells, top). Adenocarcinoma:
Additional driver and passenger mutations occur to further drive progres-
sion of adenocarcinoma. These changes include new somatic L1 insertions
(light blue stars, bottom), SNVs and indels (black stars, bottom), and per-
haps other structural variants.
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be essential for repression of the L1 promoter were either mutated
or hypomethylated in the normal colon and tumor tissues of
our patient (Fig. 4C). One intriguing possibility is that the G61A
mutation that eliminated one of these critical CpGs also served as
an “epimutation” that somehow caused the hypomethylation of
the entire promoter region of the Chr 17 element. Similar mecha-
nisms have been observed previously in several types of human
cancers. For example, a recent report demonstrated that a 2-bpmu-
tation altered the DNAmethylation pattern of the entire RB1 gene
promoter in a pedigree of human retinoblastomas (e.g., Quiñonez-
Silva et al. 2016). If thiswas the case, then it appears that only a sin-
gle mutation in L1 might have enabled the transposon to explore
an entirely different niche of mutagenesis in somatic cells, thereby
expanding upon its ability to mutagenize the germline.

Several previous studies have demonstrated that somatic L1
insertions occur relatively frequently in human CRC (Lee et al.
2012; Solyom et al. 2012; Tubio et al. 2014; Ewing et al. 2015).
Somatic L1 insertions also are abundant in adenomatous polyps
of the colon, suggesting that L1 mobilization can occur relatively
early in the process of CRC (Tubio et al. 2014; Ewing et al. 2015).
We now show that somatic L1 insertions can initiate CRC in
normal colon cells, and thus, can act at the earliest stages of tu-
morigenesis that precede adenomatous polyp formation. Once
adenomas are formed, it appears that additional somatic L1s can
be generated (Tubio et al. 2014; Ewing et al. 2015). Although
PIK3CA and KRASmutations are thought to play key roles in driv-
ing the subsequent transition from adenoma to adenocarcinoma
(Fearon 2011), it seems unlikely that L1 insertions could play a
role in this transition, because such insertions probably have a lim-
ited capacity to activate oncogenes. In fact, in our patient’s tumor,
PIK3CA and KRAS were mutated by an activating somatic point
mutation and a short duplication, respectively, underscoring the
idea that L1 works together with other types of somatic mutations
to drive human cancers. However, L1 could be envisioned to im-
pact tumor suppressors such as PTEN, e.g., which has been impli-
cated in later stages of CRC (Markowitz and Bertagnolli 2009;
Fearon 2011).

Cancer risk from an African-specific hot L1

The hot FL-L1Hs Chr 17 source element, and a second source ele-
ment on Chromosome 14 that generated most of the remaining
somatic L1 insertions in our patient’s tumor, are both restricted
to African and African-derived individuals (Fig. 5). Such source el-
ements appear to cause a novel form of ancestry-specific cancer
risk. Remarkably, awide range of epithelial cancers have been diag-
nosed in our patient’s immediate family, suggesting the possibility
that these two FL-L1Hs source elements might be responsible for
increased levels of cancer risk in her family. In fact, the patient’s
father and seven of 12 siblings had a history of cancer (including
vocal cord, breast, liver, prostate, lung, and esophageal cancers).
These two FL-L1Hs source elements could potentially be active
in a range of somatic tissues, where L1 is normally repressed and
hence, may help to drive tumorigenesis in these other tissues.
Such elements also may be active in somatic cells of the brain
where they could impact neurological diseases such as Aicardi-
Goutieres syndrome (Upton et al. 2015) and schizophrenia
(Bundo et al. 2014) in an ancestry-specific manner. Finally, these
elements would presumably remain active in the germline as
well, where they could impact other human traits and diseases
in an ancestry-specific manner.

As outlined above, several previous studies have suggested
that L1 driver mutations may be rare in human tumors. However,

a possible explanation for this observation is that the L1 insertions
in these previous studies might have been generated by source el-
ements that were derepressed only after tumorigenesis was well
under way. As a consequence, such tumors might be enriched
for passenger L1 insertions that played no clear role in tumorigen-
esis. Our study suggests that more emphasis needs to be placed on
L1 source elements that evade somatic repression in normal tissues
as a means to identify tumors that harbor L1 driver mutations.
Follow-up studies with cancer-prone families like our patient’s
family, who carry source elements that can evade somatic repres-
sion, may help to establish a firmer link between somatic L1muta-
genesis and human cancers.

Impact of APC mutations

The somatic L1 insertion and the p.R1450∗ stop codon that we
identified in APC both map to the mutation cluster region (MCR)
of the gene, where the majority of disease-causing mutations
have been discovered in sporadic CRCs (Fig. 1C).Most of themuta-
tions that have been identified in sporadic CRCs introduce frame-
shifts or premature stop codons into the MCR and thus truncate
the encoded APC protein within or near this region (Miyoshi
et al. 1992). Both of the mutations discovered in our study cause
these verysame typesof disruptions: Thep.F1396L1 insertioncaus-
es a frameshift and premature termination of the encoded protein
within the inserted L1, whereas the p.R1450∗ mutation introduces
a stop codon that terminates the protein within the MCR. More-
over, the p.R1450∗ mutation occurred at one of themost common-
ly mutated APC codons in sporadic CRC (Polakis 1995; Fearon
2011). Thus, both of these terminations are consistent with previ-
ously identified disease-causing APC alleles in sporadic CRCs.
Likewise, our RNA-seq data indicate that both of these mutant al-
leleswere expressed in the tumor, suggesting that these variants es-
cape nonsense-mediated mRNA decay (NMD) and likely produce
truncated proteins (Supplemental Table S3).

Interestingly, the original Miki et al. (1992) L1 insertion lies
slightly downstream from the MCR but is still very close to this re-
gion (codon 1526) (Fig. 1C). The Miki et al. (1992) insertion is in
the same orientation as the APC gene, whereas our L1 is in the op-
posite orientation of APC. However, both L1 insertions cause
frameshifts and terminate the protein within the inserted L1 se-
quences, suggesting that they effectively truncate APC in similar
ways. Importantly, we now formally demonstrate that our somatic
L1 insertion in APC initiated tumorigenesis. We cannot rule out
that the Miki et al. (1992) insertion at codon 1526 also might
have initiated CRC, but without knowing the status of the second
allele and whether the tumor had stable microsatellites, it remains
possible that the tumor was instead initiated by faulty DNA repair
(Markowitz and Bertagnolli 2009; Fearon 2011). However, APC
mutations are known to contribute to later stages of tumor progres-
sion inmutator-initiated CRCs, suggesting that both L1 insertions
likely acted as driver mutations, perhaps at different stages of tu-
morigenesis. The fact that two independent L1 insertions have
been identified in APC suggests that gateway tumor suppressors
are sensitive targets for L1 mutagenesis, particularly when an in-
herited hot L1 evades somatic repression.

Methods

Genetic analysis of CRC patient tissue samples

Ten CRC samples with adjacent normal colon tissues were ob-
tained from the Greenebaum Cancer Center Tumor Bank at the
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University of Maryland Medical Center under IRB protocol HP-
00060447. The following samples were obtained: adenocarcino-
mas 19079, 19084, 19202, 20085, 20106, 20559;mucinous adeno-
carcinomas 19120 and 20444; tubular adenoma 20267; and
carcinoid 20558. Patient 20444 (the major focus of this study)
was a 62-yr-old female African Americanwith a high-grademucin-
ous adenocarcinoma of the colon stage T4 N0. Genomic DNAwas
isolated from frozen tissue samples using the DNeasy Blood and
Tissue Kit (Qiagen) according to the manufacturer’s instructions.
Total RNA for patient 20444 was isolated from both the normal
and tumor tissues with the RNeasy Kit (Qiagen). Normal/tumor
pairs were screened for somatic L1 insertions in CRC using the
L1-seq method as described previously (Supplemental Methods;
Iskow et al. 2010). WGS, RNA-seq, PCR validation of variants,
and bisulfite sequencing were performed as described in the
Supplemental Methods.

Microsatellite assessment using MSIsensor

UsingMSIsensor (Niu et al. 2014), we determined the total number
of somatically mutated microsatellites in our normal/tumor pair
plus three control TCGA normal/tumor colorectal cancer pairs in
which the microsatellite status was known (two MSS samples
and one MSI sample) (The Cancer Genome Atlas Network 2012;
data not shown). Cases with <3.5% of microsatellites somatically
mutated are considered to have stable microsatellites (MSS),
whereas cases with >3.5% of microsatellites somatically mutated
are considered to have microsatellite instability (MSI).

MELT analysis

L1 discovery was performed on normal/tumor pairs using
WGS Illumina data and the MELT algorithm with default parame-
ters (http://melt.igs.umaryland.edu) (Supplemental Table S6;
Supplemental Data S2; Sudmant et al. 2015). Sites were manually
examined using the IGV (Thorvaldsdottir et al. 2013) and also
were validated by PCR and/or Sanger sequencing (Supplemental
Table S5; Supplemental Methods). Analysis of reference FL-L1Hs
elements was conducted by genotyping all reference elements us-
ing the MELT-Deletion algorithm (http://melt.igs.umaryland.
edu). The MELT-Deletion algorithm genotypes 4645 reference
L1Hs elements using L1 sites provided by RepeatMasker (Smit
et al. 1996–2010; Jurka et al. 2005). Of these, 19 FL-L1Hs source el-
ements (L1Hs >5900 bp) were absent from the patient’s genome
and were excluded from further analysis (Supplemental Table S2;
Supplemental Data S3).

Analysis of FL-L1 Hs source elements in the patient’s genome

The Chr 14 and Chr 17 FL-L1Hs source elements were amplified
with long-range PCR using LA Taq DNA Polymerase (Takara),
cloned into plasmids with the TOPO XL PCR Cloning Kit
(Invitrogen), and sequenced in triplicate with Sanger sequencing
using 20 custom L1 primers and universal flanking primers
(Supplemental Table S5). Thirty-one nonreference FL-L1Hs ele-
ments that were detected in the patient’s genome with MELT
were sequencedwith Pacific Biosciences sequencing. Each element
was amplified from either the normal sample DNA from patient
20444 or from a 1000 Genomes Project sample that also had the
element (see Supplemental Table S5 for a listing of DNAs and prim-
ers). Amplification was performed using LA Taq DNA Polymerase
(Takara) with the following reaction conditions (Supplemental
Table S5): 90 sec at 94°C, followed by 32 cycles for 30 sec at
94°C, for 30 sec at 57°C, and for 8 min 30 sec at 68°C. A final elon-
gation step was performed for 10 min at 68°C. All amplicons were
subsequently pooled in approximately equimolar amounts and

then purified with AMPure SizeSelect Beads (Beckman Coulter
Genomics). The amplicons were prepared for PacBio sequencing
using the DNA Template Prep Kit 1.0 (Pacific Biosciences) by fol-
lowing the manufacturer’s protocol. Small fragments and extra
adapters were removed from the sample using a BluePippin with
a 0.75% agarose cassette (Sage Science). One SMRT cell was se-
quenced per amplicon pool, using P6C4 chemistry and a 240-
min movie on the PacBio RS II.

Following PacBio sequencing, reads were aligned to their ge-
nomic locations using BLASR 1.3.1 (Chaisson and Tesler 2012).
Reads were clustered based on genomic locations and assembled
to form a consensus for each amplicon using version 2.3.0.140936
of ConsenseTools, which is available as part of the SMRTAnalysis
software package from Pacific Biosciences (https://github.com/
PacificBiosciences/SMRT-Analysis/wiki/ConsensusTools-v2.3.0-
Documentation). SNVs and FL-L1Hs subfamilies were then identi-
fied using the LINEU tool found in the MELT analysis package
(http://melt.igs.umaryland.edu). We used the Sanger sequencing
and PacBio sequencing data for FL-L1Hs elements outlined above,
together with the FL-L1Hs sequences available in hg19, to develop
a profile of 295 potential source elements in the patient’s genome
(Fig. 2A,B; Supplemental Table S2). Equivalent results were ob-
tained using FL-L1Hs sequences available in the GRCh38/hg38
build of the human genome reference sequence together with
our nonreference FL-L1Hs elements.

Strand-specific RNA-seq analysis of FL-L1Hs source elements

Total RNA samples were prepared for strand-specific RNA-seq anal-
ysis by first treating the samples with DNase I (Invitrogen).
Ribosomal RNA was reduced prior to library construction using
the Ribo-Zero rRNA Removal Kit (Human/Mouse/Rat; Illumina).
Illumina RNA-seq libraries were prepared from this material with
the TruSeq RNA Sample Prep Kit (Illumina) according to the man-
ufacturer’s protocol. Between first and second strand cDNA
synthesis, the primers and nucleotides were removed from the
samples with NucAway spin columns (Ambion). The second
strand was synthesized with a dNTP mix containing dUTP.
Adapters containing indexes 6 nt in length were ligated to the
double-stranded cDNA. After adapter ligation, the second strand
cDNA was digested with 2 units of Uracil-N-Glycosylase (Applied
Biosystems). The DNA was purified between enzymatic reactions,
and size selection of the library was performed with AMPure XT
beads (Beckman Coulter Genomics). Libraries were sequenced
on the HiSeq4000 with paired end runs (one sample per lane)
(Supplemental Table S6).

To evaluate FL-L1Hs RNA expression, raw RNA-seq FASTQ fi-
les that were generated by strand-specific RNA-seq (Supplemental
Table S6) were aligned to the reference FL-L1Hs L1.3 element
(GenBank ID L19088) (Dombroski et al. 1993) using Bowtie 2 ver-
sion 2.2.4 (Langmead and Salzberg 2012). Reads with perfect
matches to the FL-L1Hs element profiles outlined in Figure 2
were identified and quantified (Supplemental Table S3). To deter-
mine relative expression of all FL-L1Hs copies, the read coverages
over element-specific SNV signatures were pooled to obtain a raw
expression value for each element, and the mean coverage was re-
ported (Fig. 4; Supplemental Table S3).

Data access

Sequencing data from this study have been submitted to the
NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.
gov/sra/) under BioProject accession number PRJNA292328. The
BioSample numbers are listed in Supplemental Table S6.
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