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ABSTRACT: Chromothripsis (CTH) is a phenomenon
where multiple localized double-stranded DNA breaks re-
sult in complex genomic rearrangements. Although the
DNA -repair mechanisms involved in CTH have been de-
scribed, the mechanisms driving the localized “shatter-
ing” process remain unclear. High-throughput sequence
analysis of a familial germline CTH revealed an inserted
SV Ag retrotransposon associated with a 110-kb deletion
displaying hallmarks of L1-mediated retrotransposition.
Our analysis suggests that the SVAg insertion did not oc-
cur prior to or after, but concurrent with the CTH event.
We also observed L1-endonuclease potential target sites
in other breakpoints. In addition, we found four Alu ele-
ments flanking the 110-kb deletion and associated with an
inversion. We suggest that chromatin looping mediated by
homologous Alu elements may have brought distal DNA
regions into close proximity facilitating DNA cleavage by
catalytically active L1-endonuclease. Our data provide the
first evidence that active and inactive human retrotrans-
posons can serve as endogenous mutagens driving CTH in
the germline.
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Introduction

Chromothripsis (CTH) was first characterized in cancer where
hundreds of DNA double-strand breaks (DSBs) are localized in
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relatively small genomic regions ranging from a few hundred kb up
to several Mb in size or in larger regions as whole chromosome arms
or even entire chromosomes [Stephens et al., 2011; Kloosterman
et al., 2011b]. The frequency of CTH is 2%—3% in many cancer
forms and up to 25% in bone cancers [Stephens et al., 2011]. CTH
has also been observed in benign tumors, but with significantly
fewer breakpoints (BPs) [Mehine et al., 2014]. Subsequently, CTH
was also detected in congenital and developmental disorders and
was termed germline CTH (G-CTH) [Kloosterman et al., 2011a,
2012; Chiang et al., 2012; Nazaryan et al., 2014), but compared with
various human cancers only a limited number of G-CTH cases have
been described to date.

It has been hypothesized that CTH is initiated by extracellular or
intracellular genotoxic factors (such as ionizing radiation and reac-
tive oxygen substances) where the whole chromosome or part of it is
shattered into multiple pieces generating clustered DSBs, which are
subsequently “stitched” together in a random order [Stephens et al.,
2011; Chiangetal., 2012; Kloosterman et al., 2012). In general, DSBs
are repaired through different mechanisms such as homologous re-
combination [Li and Heyer, 2008), nonhomologous end-joining
(NHE]) [Lieber. 2010] or microhomology mediated end-joining
(MME]J) [McVey and Lee, 2008]. The BP junction (BPJ]) sequence
features of the hitherto described relatively balanced CTH cases sug-
gest that the multiple DSBs are primarily joined together by NHE]
and MME] repair mechanisms [Chiang et al., 2012; Kloosterman
etal.,2012). Asaresult, a patchwork of genomic fragments generates
complex rearrangements involving translocations, inversions, and
insertions. This mechanism may explain why CTH is relatively bal-
anced, although deletions are occasionally observed [Kloosterman
et al., 2012]. On the other hand, in chromoanasynthesis (a CTH-
like phenomenon) replication based repair mechanisms, such as
fork stalling and template switching (FoSTeS), and microhomology
mediated break-induced replication, are thought to be involved, re-
sulting in clustered duplications and triplications [Liu et al., 2011].
Recent single cell sequencing experiments have shown that CTH can
occur subsequent to partition of an intact chromosome or part of a
chromosome into a micronucleus [Zhang et al., 2015], as chromo-
somes in micronuclei are underreplicated and can accumulate DNA
damages [Crasta et al., 2012]. However, in the relatively balanced
CTH cases, it is still unclear which mechanism(s) drive the localized
shattering process and whether additional repair machineries other
than NHE] and MME] might be implicated.

LINE-1 (L1) retrotransposons are endogenous mutagens that
mobilize through an RNA intermediate via a copy-and-paste
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mechanism [Kazazian, 2004]. In humans, L1 is the only active
autonomous retrotransposon that is capable of mobilizing itself
[Moran et al., 1996; Kazazian, 2004] and other retrotransposons
such as Alu [Kajikawa and Okada, 2002; Dewannieux et al., 2003]
and SINE-VNTR-Alu (SVA) elements [Ostertag et al., 2003; Wang
et al., 2005; Hancks et al., 2011; Raiz et al., 2012]. L1s encode two
open-reading frames (ORF), one of which (ORF2p) has both DNA
endonuclease [Feng et al., 1996] and reverse-transcriptase [Math-
ias et al., 1991] activities. During retrotransposition, genomic DNA
is cleaved by the endonuclease activity at its target site followed
by reverse transcription primed by the liberated 3'-OH, a mecha-
nism termed target-primed reverse transcription [Luan et al., 1993;
Cost, 2002]. L1 activity has been described in early development
[Garcia-Perez et al., 2007; van den Hurk et al., 2007; Kano et al.,
2009] and in a variety of cancers [Lee et al., 2012a; Solyom et al.,
2012; Helman et al., 2014; Shukla et al., 2014; Tubio et al., 2014].
It has also been shown that L1 and SVA elements are expressed
in human germinal vesicles and that de novo retrotransposition
events can occur in human primary oocytes [Georgiou et al., 2009].
Previous studies have shown a correlation between retrotranspo-
son sequences and genomic structural variants [Deininger and
Batzer, 1999; Batzer and Deininger, 2002; Sen et al., 2006; Lee et al.,
2008] and segmental duplications [Bailey et al., 2003] in the human
genome.

Here, we describe a SVA element retrotransposition event and
Alu sequences associated with BPs in a G-CTH stably segregating
through three generations. We suggest a model where chromatin
looping of distal DNA regions mediated by homologous Alu ele-
ments poises DNA for CTH followed by DNA cleavage by the L1
endonuclease. This model can also explain the inverted orientation
of the genomic fragments flanking the retrotransposed SVA element.
Overall, this is the first report of active and inactive retrotransposons
associated with CTH, suggesting that different repair mechanisms
may cooperate depending on the specific sequence signatures of the
broken DNA.

Materials and Methods

PCR Cloning of the BPJs and Sanger Sequencing

The rearrangements and the BPs involved in this G-CTH were
initially identified with next-generation mate-pair sequencing in
four members of a three generation family (accession numbers
SRR1596548; SRR1611133; SRR1611136; and SRR1611134)
(described in Bertelsen et al.,, 2015). To fine map these BPJs,
sequences flanking the BP regions were obtained from the UCSC
Human Genome Browser and masked for repetitive sequences
using RepeatMasker, as previously described [Nazaryan et al,
2014]. Primers for each BPJ were designed using Primer3 [Unter-
grasser et al., 2012] and PCR was performed on genomic DNA
from the family members I:1, II:2, II:4, IL:6, III:2, III:14, III:15
(Supp. Fig. S1) and a normal control. Informed consents were
obtained from all subjects. Amplified BP-spanning fragments were
sequenced using BigDye-terminator chemistry and an ABI 3130XL
genetic analyzer (ABI, Columbia, MD). Obtained sequences were
aligned to the human reference genome (hgl9) and BPs were
determined using the EMBOSS Needle nucleotide alignment tool
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html).
Sequences spanning the BPJs obtained from Sanger sequencing
have been submitted to the GenBank with the accession numbers
KP083371-KP083409 (Supp. Table S1).
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Examination of the BPs and BPJs for Underlying
Mechanisms

Indels (small deletions and insertions) at the BP regions were
visualized by splitting the BPJ sequences at the BPs and aligning
them to genomic DNA of the BP region. BPJs were also examined
for microhomology and for the presence of any repetitive elements
to evaluate the putative repair mechanisms involved during the
G-CTH process. The inserted SVAg sequence was compared with
the datasets of the polymorphic human retrotransposon insertions
through targeted [Beck et al., 2010; Ewing and Kazazian, 2010;
Huang et al., 2010; Iskow et al., 2010; Witherspoon et al., 2010] or
whole-genome resequencing [Ewing and Kazazian, 2011; Stewart
etal., 2011]. The 5'- and 3’-BPJs flanking the SVAcy sequence were
examined with regard to the target-site duplications. All the BPs
were screened for L1 endonuclease cleavage sites (5'-YYYY/RR-3')
[Feng et al., 1996; Ostertag et al., 2003). The SVAcry sequence has
been submitted to GenBank with the accession number KP162058.

Results

In this study, we analyzed the BP] sequences of a G-CTH involv-
ing chromosomes 3 and 5 (Fig. 1A and B) identified in 11 members
of a three generation family (Supp. Fig. S1). The BPJs were iden-
tified by next-generation mate-pair sequencing and chromosome
microarray analysis (described in Bertelsen et al., 2015). The rear-
rangements were validated by PCR and Sanger sequencing of DNA
from seven family members representing all the three generations.
These data enabled fine mapping of the six BPJs to single base pair
level (Fig. 2; Supp. Table S1). All the BPJ sequences were identical in
all investigated G-CTH carriers; thus, the G-CTH segregated stably
through three generations.

Complex Rearrangements and BPJs

On chromosome 5, there was a single BP, whereas at 3q22.3-q23
an approximately 6.4 Mb region was shattered by six DNA breaks
generating seven fragments (3a—3g), where the ~110 kb fragment
3c was deleted (Fig. 1A). Furthermore, Sanger sequencing revealed
small deletions ranging from 2 to 70 bp at three BPs (3a/3b; 3d/3e;
and 5a/5b; Fig. 1A), two microhomologies at BPJ-3a_3e and BPJ-
3b_5b, and a 177-bp homology at BPJ-3e_3f due to the presence of
flanking Alu elements (Fig. 2A, B, and D). Finally, a 5'-truncated
SVAg element insertion (502 bp) was observed at BPJ-3d_3g
(Fig. 2F).

CTH Rearrangements Were Associated with Alu/Alu
Nonallelic Homologous Recombination

We identified Alu elements at four of the seven BP-sequences
(3b/3c, 3¢/3d, 3d/3e, 3e/3f; Figs. 1A and 3A). Alu elements are ~300
bp primate-specific SINE retrotransposons [Ade et al., 2013] and
due to their high copy number (~1 million copies in the human
genome), these elements are prone to NAHR events. Such events
have resulted in benign and pathogenic genomic deletions, duplica-
tions, and inversions in humans [Deininger and Batzer, 1999; Batzer
and Deininger, 2002; Sen et al., 2006; Lee et al., 2008].

Two AluSx elements flanking the 110-kb deleted 3c-fragment are
in the same orientation: one located 27 bp upstream of the BP-3b/3¢c
and the second spanning the BP-3¢/3d (Fig. 3A). Several reports have
described intra- and interchromosomal Alu sequences in the same
orientation resulting in gross deletions (reviewed in Deininger and
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Figure 1. Heritable germline chromothripsis. A: Diagram of the reference chromosomes (chr) 3 and 5 prior to chromothripsis. Fragments involved
in the chromothriptic rearrangement are labeled 3a—3f and 5a-5b. Sizes of internal fragments are indicated above each corresponding DNA
fragment. Rearrangements are highlighted by colored arrows between putative breakpoints. A red curvy line indicates the SVA RNA and the site of
retrotransposition at breakpoint 3¢c/3d. A denotes sites where genomic sequence was deleted during chromothripsis. Black arrows below fragment
names indicate orientation of genomic fragments. Alu elements implicated in chromothripsis are shown. Genomic coordinates at breakpoints are
according to hg19. B: Diagram of derived chromosomes 3 and 5 following chromothripsis as determined by next-generation mate-pair sequencing
and breakpoint junction resequencing. Mb, megabase; kb, kilobase; bp, basepair; cen, centromere; SVA, SINE VNTR Alu retrotransposon; BP,

breakpoint.

Batzer, 1999). This deletion also results in the truncation of the AluSx
element, where only a 21-bp polyA stretch of the AluSx, representing
the 5'-end of fragment 3d, remains at the site of the SVA integration
(Figs. 1B and 2F).

Two other Alu elements spanning the BPs of the fragment 3e prior
to the inversion are from different subfamilies (AluSqat the BP 3d/3e
and AluJb at the BP 3e/3f) and in opposite orientations (Fig. 1A).
The 5'-end of the AluSqwas translocated to chromosome 5 (Fig. 1B)
and processed further by DNA repair resulting in a 70-bp deletion,
a 9-bp inversion, and a 5-bp inversion-duplication (invdup) within
the AluSq sequence at the final BPJ-5a_3d (Fig. 2E). Following the
CTH event, the 3’-end of AluSq was attached to the 5'-end of Alujb
resulting in the formation of a chimeric Alu element at the BPJ-
3e_3f (Figs. 1B and 2B). Chimeric Alu elements are often observed
at Alu-associated inversions [Lee et al., 2008].

LINE-1-Mediated Retrotransposition of an SVA Element at
the BPJ 3d_3g

The 502-bp SVAg element (hereafter referred to as SVAcrn)
inserted into intron 2 of A4GNT (alpha-1,4-N-acetylglucosa-

minyltransferase) is associated with the occurrence of ~110 kb
deletion (fragment 3c) located at the 5'-end (Fig. 1A). However, the
inserted SVAcry did not connect the fragments 3b and 3d together
but appeared in between the BPJ-3d_3g (Fig. 2F). SVA elements are
hominid-specific nonautonomous retrotransposons mobilized by
L1 in trans [Ostertag et al., 2003; Wang et al., 2005; Hancks et al.,
2011; Raiz et al., 2012]. To investigate whether this insertion was
a result of an L1-mediated retrotransposition or a NAHR event, a
known mechanism by which retrotransposons can lead to deletions,
we examined the 5'- and 3'-BPJs flanking the SVAcry sequence in
more detail. Our analysis revealed that SVAcry displays character-
istics of L1-mediated retrotransposition. Specifically, the 5'-end of
SVAcry is truncated (at the very 3'-end of the SVA VNTR domain)
and the insertion occurred within a sequence resembling the L1
endonuclease cleavage site (5'-TTTT/GA-3") [Feng et al., 1996; Os-
tertag et al., 2003], where a single nucleotide (T) is deleted at the
3’-end of the insertion (Fig. 2F).

L1-mediated insertions, including Alu and SVA retrotransposons,
associated with large genomic deletions have been identified previ-
ously [Gilbert et al., 2002; Symer et al., 2002; Callinan et al., 2005;
Chen et al., 2005; Gilbert et al., 2005; Han et al., 2005; Hancks and
Kazazian, 2012; Lee et al., 2012b]. To determine whether the current
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F: BPJ-3d_3g. Insertion of a 502bp partial SVA[ repeat element (in gray).
microhomology=21bp (T)y;
microhomology=3bp (CCA)
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Figure 2. Sequence features of the breakpoint junctions (BPJs). The sequence features of the six BPJs are shown in separate boxes. The names
of the BPJs correspond to those in Figure 1B (e.g., 3a_3e, 3e_3f). The breakpoint sequences prior to chromothripsis (yellow and green) aligned to the
reference sequences of the corresponding joined fragments are shown (e.g., Ref_3a and Ref_3e_RC). Whenever it was necessary, the sequences
were reverse complemented (RC). Microhomology is outlined by black frames. Other variations (insertions, duplications, and inversions) at the
BPJs are indicated separately. Asterisks indicate homology between two sequences.
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Figure 3. Chromatin looping mediated by nonallelic genomic Alus poised configuration of reference chromosomes prior to chromothripsis. A:
Chromosome 3 configuration prior to chromothripsis. Labeling is identical to Figure 1. Yellow lightning bolts indicate putative mutagen driving
shattering of chromosome 3. B: Diagram of chromatin looping model prior to chromothripsis involving chromosome 3. Alu elements implicated
in chromothripsis are shown. Mispairing of two nonallelic AluSxs (orange arrows) in the same orientation flanking fragment 3¢ poise this locus
for deletion. Mispairing of two nonallelic Alu elements (A/luSq and Alu Jb) in opposite orientation results in the inversion of fragment 3e. Finally,
additional looping organizes fragments 3d and 3g in opposite orientation accounting for the genomic flanking sequence configuration following
SVA retrotransposition. A red curvy line indicates the SVA RNA and the site of retrotransposition.

SVActh insertion resembled other human retrotransposition-
associated deletions, we examined previously reported disease-
causing insertions since they represent recent events where the orig-
inal BPJs are likely intact (Table 1). Of the 104 disease-causing
L1-mediated retrotransposition events reported to date, 20 were as-
sociated with deletions at the site of insertion with 17 of these dele-
tions ranging from 1.4 kb to 1 Mb in size [Hancks and Kazazian,
2012; Vogt et al., 2014]. Notably, the retrotransposon insertions
associated with large deletions display four characteristics that are
shared with SVAcry (Table 1): (1) insertions occur at L1 endonu-
clease cleavage sites; (2) the 5'-ends of almost all insertions (15/17)
are extremely truncated, some having only poly-A tails remaining;
(3) the large deletion always occurs at the 5'-end of the insertion;
and (4) all lack target-site duplications. In addition, we identified
microhomology (5'-TGG-3') between the 5'-end of SVAcryy and the
site of attachment at fragment 3g (Fig. 2F). Microhomology with the
5'-genomic flanking sequence is well documented for 5'-truncated
L1-mediated insertions [Zingler et al., 2005]. Lastly, if SVAcry was a

bona fide retrotransposition event, one would expect SVAcry to be
derived from a full-length SVA source element. Indeed, BLAT search
[Kent, 2002] shows that the 502-bp SVAry shares 100% nucleotide
identity to a full-length SVA located on chr7:1,185,078-1,187,654
(GRCh37) belonging to a known active subfamily (SVAg) (Fig. 4F).
Thus, SVAcry displays hallmarks of L1-mediated retrotransposi-
tion.

SVAcry Insertion Occurred During CTH

Next, we wanted to examine whether the SVAcry insertion oc-
curred concomitantly with the G-CTH rearrangements. Three po-
tential possibilities for the timing of the SVAcry insertion at the
BPJ-3d_3g are: (1) SVAcry was inserted prior to the CTH event and
thus may be polymorphic in the human population (SVAcry first);
(2) SVAcry retrotransposed after the CTH rearrangements within
this family (CTH first); or (3) SVAcry retrotransposed concurrently
with the CTH event.
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Figure 4. Li-mediated retrotransposition of an SVA RNA drives DNA breakage resulting in chromosome 3 “shattering.” An enhanced view
of chromatin looping of chromosome 3 mediated by local Alu elements. Chromosome fragment orientation is similar to Figure 3. In addition, the
naming and labeling of fragments involved in chromothripsis are similar to those in Figures 1 and 3; fragments are distinguished by colored lines.
A: LINE-1 ORF2p cleaves (vertical black arrow) its target site on the bottom strand at the 3'-end of the A/uSx. Breakpoint sequences implicated in
establishing the final SVA insertion are shown. Sequence motifs similar to the L1 endonuclease consensus cleavage site are highlighted in green
and bold text. SVA RNA not shown for clarity. Y, pyrimidine; R, purine. B: Following ORF2p cleavage of the bottom strand at the 3c/3d breakpoint,
internal priming by ORF2p generates the first strand of cDNA (light blue line with arrowhead). A red curvy line indicates the SVA RNA and the site of
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microhomology (yellow) between 3g and the SVA RNA mediate 5'-attachment. E: ORF2p bottom-strand cleavage at 3g/3f initializes the resolution
of the breakpoint at the 5'-end of the SVA insertion. F: Diagram of the final 5'-truncated SVA insertion located between the 3g and 3d breakpoints
on the derived chromosome. A indicates the location of the 110-kb deletion of the 3¢ fragment at the 5'-end of the SVA insertion. SINE-R indicates
the SVA domain that remains in the truncated insertion. G: Consistent with SVAcry being a retrotransposition event, a full-length SVA element
belonging to a retrotranspositionally active SVA subfamily that shares 100% nucleotide sequence identity with the SVAcry insertion event was

G: Potential Source Element (chr7:1,185,078-1,187,654)

identified on chromosome 7 by BLAT analysis. The arrows indicate 5'-3" orientation. Genomic coordinates are given according to hg19.
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To investigate the “SVAcry first” hypothesis, we took advantage of
recent studies that have identified tens of thousands of polymorphic
human retrotransposon insertions through targeted [Beck et al.,
2010; Ewing and Kazazian, 2010; Huang et al., 2010; Iskow et al.,
2010; Witherspoon et al., 2010] or whole-genome resequencing
[Ewing and Kazazian, 2011; Stewart et al., 2011]. By exploring this
catalog, we did not identify the SVAcry insertion. Interestingly,
we did find a polymorphic SVAg insertion in the A4GNT gene in
two datasets [Helman et al., 2014; Shukla et al., 2014; Adam D.
Ewing, personal communication]. However, analysis of the target-
site duplication and L1 endonuclease site for this polymorphic SVA
confirmed that it was a distinct insertion, albeit on the same strand
591 bp upstream of the current SVAcry.

Regarding the “CTH first” hypothesis, none of the G-CTH events
observed in this family over three generations lacked the SVAcry
insertion, suggesting that the SVAcy was associated with the CTH
event. This observation argues against the “CTH first” hypothesis,
but as we do not know whether the G-CTH occurred de novo in the
first generation of this family, we cannot exclude that the previous
generation might have had the G-CTH without the presence of
SVACTH.

In addition, an argument against both “SVAcry first” and “CTH
first” models is that the SVAcry insertion region is within the 6.4-
Mb shattered region on chromosome 3 and thus located near the
flanking chromothriptic BPs (110 and 44 kb for upstream and down-
stream BPs, respectively), which is very unlikely to happen by chance
since de novo SVA retrotranspositions are very rare events (one in
916 births; Xing et al., 2009). Lastly, the other counterparts of the
BPs where the SVAcry insertion was observed, are involved in other
chromothriptic rearrangements (BPJs-3f_3b and BPJ-3b_5b), which
contradicts both “SVAcry first” and “CTH first” models. Combined,
these observations favor the hypothesis that SVAcry insertion oc-
curred concurrently with the other chromothriptic rearrangements
within one cell cycle.

Discussion

CTH is considered to be a complex genomic rearrangement where
multiple clustered BPs resemble alocal shattering of genomic regions
by unknown mutagen factors [Stephens et al., 2011]. Until now, the
main suggested mechanisms for DSB repair in relatively balanced
CTH cases are NHE] and MME]J [Stephens et al., 2011; Chiang et al.,
2012; Kloosterman et al., 2012], whereas NAHR has been rather
excluded [Malhotra et al., 2013]. In this study, through analysis of
BPJ sequences of a familial G-CTH, we identified Alu elements and
an evidence for L1-mediated retrotransposition at the BPs, which
are implicated in the formation of this G-CTH rearrangements.

Several sequence features involved in this familial G-CTH impli-
cate specific DNA repair mechanisms: first, the sequence features
of the BPJs-3f_3b and BPJ-5a_3d (no homology, short deletions,
insertions, and inversions; Fig. 2C and E) suggest usage of the NHE]
repair mechanism, which relies on the activities of the Ku70/80 het-
erodimer and the DNA ligase IV/XRCC4 complex [Lieber, 2010].
Second, we detected two very short microhomologies, GCA and A at
the BPJs-3a_3e and BPJ-3b_5b, respectively (Fig. 2A and D), indicat-
ing that these BPJs might be repaired in a Ku70/80 and DNA ligase
IV independent manner by the MME] repair machinery [McVey and
Lee, 2008]. Thus, four out of six BPJs of the present G-CTH display
footprints of NHEJ and/or MME], which is consistent with previous
reports [Chiang et al., 2012; Kloosterman et al., 2012]. However, the
remaining two BPJs harbor different sequence hallmarks (177 bp
homeology and inserted retrotransposon, respectively), not previ-
ously reported in CTH.
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Based upon numerous reports of Alu element-associated genetic
instability, we hypothesize that the Alu elements residing at four
BPs (3b/3c, 3¢/3d, 3d/3e, and 3e/3f; Fig. 3A) may have triggered
the formation of two large hairpin loops and facilitated physical
interactions between distally located DNA regions (Fig. 3B). The
presence of inverted Alu elements (AluSq and AluJb) flanking the
BPJ-3e_3f (Fig. 2B) supports the involvement of Alu/Alu
recombination-mediated DSB repair (Fig. 3B), a mechanism that
has previously only been shown in two-way rearrangements [El-
liott et al., 2005]. Isolated Alu/ Alu NAHR events between oppositely
orientated Alu elements resulting in genomic inversions are well-
documented [Li and Bray, 1993; Lee et al., 2008]. Therefore, these
data suggest that different repair machineries may cooperate in G-
CTH formation, depending on the genomic context of the broken
DNA.

LINE-1 Activity Contributes to CTH

In this study, we report the first retrotransposition event occurring
in association with G-CTH. Our data implicate involvement of L1
endonuclease activity leading to several DNA breaks and mediating
SVAcrh retrotransposition associated with a deletion, the model of
which is outlined in Figure 4. The first likely step was the cleavage of
the target sequence (5-TTTT/GA-3") at the BP-3¢/3d by the ORF2p
endonuclease (Fig. 4A). The SVAcry insertion indicates that ORF2p
had initiated reverse-transcription directly upstream of the SVA
mRNA polyA tail (Fig. 4B). This is evidenced by the lack of a distinct
SVAcrn polyA tail at the insertion site and the remnants of the
AluSx polyA tail at the target site. Reverse-transcription upstream
(5'-) of the polyA tail has previously been observed for L1-mediated
insertions [Ovchinnikov et al., 2001; Callinan et al., 2005; Srikanta
etal., 2009; Morisada et al., 2010), and this phenomenon is referred
to as “internal priming.” In addition, short polyA tails have been
associated with L1 retrotransposition-mediated deletions in vivo
(Table 1).

The next step was presumably the cleavage of the second strand
(top-strand). Although the timing of this cleavage relative to the
bottom-strand cleavage at BP-3¢/3d is uncertain, it is generally hy-
pothesized that this event follows the first cleavage event [Chris-
tensen and Eickbush, 2005]. In this instance, multiple DNA breaks
mediated by ORF2p endonuclease activity may have driven the loss
of the 3¢ fragment and have facilitated 5'-attachment of the SVA
RNA (Fig. 4C). In addition to a strong L1 endonuclease site (5'-
TCTC/AA-3") directly above the bottom strand nick, other sequence
motifs resembling the L1 endonuclease consensus site (5'-YYYY/RR,
where Y = pyrimidine, R = purine) are located on the top strand of
BP-3b/3c (5'-ATCT/AG-3’) and on the top and bottom strands of
BP-3g/3f (5-TTCT/GG-3' and 5'-ATCC/AG-3') (Fig. 4C). L1 en-
donuclease top-strand cleavage directly above bottom-strand cleav-
age is hypothesized to have occurred in the instances where small
deletions have been observed with pathogenic insertions (Table 1).

One possibility for the dissociation and complete loss of the 3¢
fragment would be NAHR due to the presence of two homologous
AluSx elements flanking this segment in the same orientation (Fig.
1A). However, in case of a classical NAHR involving DNA replica-
tion, which would result in deletion of the 3¢ fragment, one would
expect ligation of the 3b fragment to 3d. Notably, the 3b and 3d
fragments are not ligated and have different counterparts (5b and
3g fragments, respectively) (Fig. 1B). The second hypothesis for
the deletion of the 3¢ fragment requires the presence of two DSBs
(BP-3b/3c and BP-3c/3d). We speculate that although the BP-3b/3c
is linearly distal to BP-3¢/3d, chromatin looping mediated by ho-
mologous AluSx elements may have brought this DNA fragment



in close proximity with catalytically active ORF2p positioned near
the BP-3¢/3d leading to DNA cleavage (Fig. 3B). Consistent with
this model, overexpression of L1 ORF2p has been associated with
widespread DSBs in vivo [Gasior et al., 2006] and an additional nu-
clease activity has been associated with ORF2p in vitro that differs
from the canonical L1 endonuclease activity [Cost, 2002; Kopera
etal., 2011].

A DNA break of at least one strand, potentially by the L1 en-
donuclease, at BP-3f_3g (Fig. 4C) has likely enabled invasion of the
SVAcru RNA. Following this event, consistent with the presence
of microhomology between 3g and the SVA RNA (5'-TGG-3'), we
posit that the 5'-end of the SVActy RNA basepaired with 3g DNA.
This suggestion is supported by the knowledge that microhomolo-
gies are common at the 5'-ends of L1-mediated insertions and are
hypothesized to be the primary means of 5’ -attachment of non-LTR
retrotransposon sequences [Gilbert et al., 2002; Symer et al., 2002;
Gilbert et al., 2005). Most of the L1 5 -attachment models propose
that 5'-attachment occurs via base pairing interactions between the
newly synthesized cDNA and the upstream flanking sequence fol-
lowing top-strand cleavage [Gilbert et al., 2002; Symer et al., 2002;
Gilbert et al., 2005; Zingler, 2005; Babushok et al., 2006). However,
we suggest that, at least in this instance, 5'-attachment may have
been mediated by base pairing between microhomologies of the
SVACTH RNA and BP-3f/3g

Overall, it is difficult to speculate the steps following 5'-
attachment, as these are generally poorly understood for human
retrotransposons. Basepairing of the SVAcry RNA instead of the
first-strand SVAcrn cDNA may account for the 5'-truncation. Here,
during reverse transcription, the SVAcry RNA and ORF2p would
collide with the BP-3f/3g leading to disengagement of ORF2p from
its RNA template. Next, top-strand SVActy ¢DNA synthesis may
have occurred followed by DNA repair. Furthermore, chromatin
looping might explain the inverted orientation of the 3g fragment
relative to the 3d fragment (Fig. 3B) following SVAcry retrotrans-
position (Figs. 1B and 4F). Therefore, this model can account
for the BP 3'- of SVAcry, the 110-kb deletion of the 3¢ frag-
ment, the BP 5'- of SVAcry, and the 5'-attachment of the SVAcry
element.

In conclusion, these data uncover and suggest an association of
active and inactive retrotransposons at CTH BPs. L1 activity has
been described at the time point when CTH is believed to take
place. This, taken together with the abundance of genomic LINEs
and SINEs, the fact that their polyA tails (bottom strand) resemble
the L1 endonuclease cleavage site (i.e., BP-3¢/3d), coupled with
the evidence that numerous genomic L1-mediated insertions nest
within each other, may in part explain the “mystery” of the clustered
BPs observed in CTH. Further studies of other BPJs involved in CTH
cases will be necessary to elucidate the role of these endogenous
mutagens in CTH formation.
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