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Abstract

AU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:With the release of the telomere-to-telomere human genome sequence and the availability

of both long-read sequencing and optical genome mapping techniques, the identification of

copy number variants (CNVs) and other structural variants is providing new insights into

human genetic disease. Different mechanisms have been proposed to account for the novel

junctions in these complex architectures, including aberrant forms of DNA replication, non-

allelic homologous recombination, and various pathways that repair DNA breaks. Here, we

have focused on a set of structural variants that include an inverted segment and propose

that they share a common initiating event: an inverted triplication with long, unstable palin-

dromic junctions. The secondary rearrangement of these palindromes gives rise to the vari-

ous forms of inverted structural variants. We postulate that this same mechanism (ODIRA:

origin-dependent inverted-repeat amplification) that creates the inverted CNVs in inherited

syndromes also generates the palindromes found in cancers.

Introduction

Human structural variants (SVs) are DNA rearrangements that involve large segments of the

human genome and can have profound effects on phenotype. They are classified as resulting

in changes in copy number (copy number variants, CNVs), in chromosome location (translo-

cations, local, or dispersed duplications) and/or in orientation (direct versus inverted). This

analysis focuses specifically on locally inverted CNVs—that is, the change in copy number and

orientation is confined to the vicinity of the initial region. Local inverted CNVs may include

duplications and triplications, may be interspersed with copy number neutral regions, or may

be associated with neighboring deletions or regions of homozygosity (ROH; also referred to as

absence of heterozygosity, AOH), but have at least 1 repeated segment that is inverted with

respect to its native orientation.

Many CNVs have been found through analysis of patients with clinical phenotypes. Identi-

fying the genes responsible for these phenotypes is the primary focus of the clinical reports,

but the sequencing data can also provide insights into the mechanism(s) responsible for their

generation. The novel junction sequences that flank the CNVs have been interpreted as evi-

dence for mechanisms of their formation and are as varied as the events themselves (reviewed

in [1]). These mechanisms include breakage-fusion-bridge cycles (BFB [2]), double-stranded

break repair (non-homologous end joining—NHEJ [3] and microhomology-mediated end

joining—MMEJ [4]), non-allelic homologous recombination (NAHR [5]), and altered DNA
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replication that result from either a collapsed replication fork (microhomology-mediated

break-induced replication—MMBIR [6]) or a stalled replication fork (fork-stalling and tem-

plate switching—FoSTeS [7]). Sequencing of the parents’ genomes can determine whether the

CNV was preexisting or de novo, but does not address the responsible mechanisms. Except for

FoSTeS, all of these potential mechanisms have been identified, genetically dissected, and veri-

fied in eukaryotic model organisms [2,3,5,8]. Nevertheless, perhaps because FoSTeS is the

most flexible of the models, it is frequently invoked as explaining a variety of different CNVs

(for example, [9–11]). We believe that an alternative model to FoSTeS that we have experimen-

tally validated in yeast [12–14] can explain the genesis of all locally inverted CNVs.

In this analysis, we have culled from the human literature 45 representative CNV events

with localized inverted DNA segments that have well-characterized junction sequences and we

have explored the possibility that there is a unifying explanation for their formation. Our

hypothesis is that there is a shared, unstable precursor that gives rise to the broad range of

events through secondary rearrangements. That unstable structure is the palindrome: long pal-

indromes (with perfect inverted arms), quasi-palindromes (with mismatches between the 2

inverted arms), and interrupted palindromes (with a short spacer between the 2 inverted

arms) are unstable in all organisms where they have been introduced and are rare in natural

genomes [15,16] or are associated with disease [17]. Our proposal that palindromes are the

predisposing structure for inverted CNVs in humans is inspired by the inverted amplification

of the SUL1 locus in the yeast Saccharomyces cerevisiae that invariably arises during continu-

ous growth of laboratory strains in limiting sulfate medium. The SUL1 amplicons have a palin-

dromic structure with junctions that arise at closely spaced short inverted repeats. Such

repeats occur at high frequency throughout the yeast genome and serve as the sites for tem-

plate switching of the leading strand to the lagging strand template. Because this replication

error depends on both an origin of replication and the inverted repeats, we have called this

model ODIRA (origin-dependent inverted-repeat amplification; [12–14]). Similar amplifica-

tion events, consistent with an ODIRA mechanism, have also been reported at the yeast GAP1
and DUR3 loci [18].

While these palindromic junctions persist in yeast under selective conditions, they are

unstable and can undergo secondary rearrangements through end joining (EJ; including

NHEJ or MMEJ), break-induced replication (BIR; including MMBIR), or homologous recom-

bination (HR; including NAHR) (Fig 1), creating new junctions and increasing the length of

the spacer between the 2 palindromic arms. Every class of localized, inverted human CNV that

we have analyzed can be explained by this same type of secondary rearrangement of an

inverted triplication. Among these broad classes are inverted triplications located between

direct repeats (DUP-TRP/INV-DUP), inverted duplications associated with deletions

(INV-DUP-DEL), duplications/triplications flanking copy-neutral segments, AOH distal to

the SVs, and telomere deletions distal to inverted SVs [19].

Genome-wide palindrome analysis (using a snap-back assay and sequencing after nuclease

S1 treatment) reveals a rise in palindromic sequences in certain cancers [20–25]. “Cancer cells

exhibit massive genome rearrangements, which include gene amplifications, translocations,

and deletions, and these rearrangements are often associated with the presence of a palin-

drome, suggesting a possible correlation between the palindrome and the gene rearrange-

ments.” In this National Cancer Institute interview Allison Rattray went on to say, “DNA

palindromes are unstable and can lead to genome rearrangements by themselves, further sug-

gesting palindromes could arise not only by sister chromatid fusion, but also by other mecha-

nisms, such as replication errors.” (Platinum Highlight article, NCI, July 29, 2015, by Nancy

Parrish, interview with Allison Rattray; https://ncifrederick.cancer.gov/about/theposter/

content/novel-method-developed-further-understanding-dna-palindromes). We believe that
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we have identified Allison Rattray’s replication error that is responsible for many local,

inverted CNVs and may be responsible for a particular subset of amplification events in cancer

as well as inherited and de novo inverted CNVs.

Results

CNVs have been routinely discovered by such techniques as array comparative genome

hybridization (aCGH) or read-depth analysis of short-read sequencing data [26,27]. However,

these techniques do not reveal the genomic location of extra copies or of their orientation with

respect to neighboring sequence. Discordant- or split-reads can provide information on the

possible location and orientation, but are hard to definitively map in the human genome with

its high density of repetitive sequences. Fluorescent in situ hybridization (FISH) has been

invaluable for identifying and/or confirming location and orientation of duplicated or tripli-

cated sequences; however, it does not reveal the sequences at the junctions. PCR with appro-

priately oriented primers can also confirm orientation at junctions. More recently, long-read

Fig 1. AU : AbbreviationlistshavebeencompiledforthoseusedinFigs1to6:Pleaseverifythatallentriesarecorrect:Searching for the origin of inverted CNVs. Noam Chomsky on how science operates: “Science is a bit like the joke about the drunk who is looking

under a lamppost for a key that he has lost on the other side of the street, because that’s where the light is. It has no other choice.” [48] Sequencing the DNA of

inverted CNVs is like looking under the lamppost. It reveals the eventual rearranged junctions (through forms of EJ, HR, and BIR), but may not capture the

“key” initiating event (ODIRA) that remains hidden in the shadows. BIR, break-induced replication; CNV, copy number variant; EJ, end joining; HR,

homologous recombination; ODIRA, origin-dependent inverted-repeat amplification.

https://doi.org/10.1371/journal.pgen.1011091.g001
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platforms such as PacBio and Oxford Nanopore sequencing technologies [26,27], Bionano

optical genome mapping [28], and DNA combing [29] have begun to provide much-needed

tools in the identification and characterization of these local CNVs.

Inverted triplications

Inverted triplications with long, nearly perfect palindromic junctions (Fig 2A), such as those

found at the SUL1 locus in yeast, are difficult to identify experimentally. They can be inferred

through a combination of genome-wide copy number and allele frequency measurements (Fig

2B), but verification of the orientation of the amplified segments is through sequencing of the

junction fragments (centromere- and telomere-proximal junctions, CJ and TJ, respectively;

Fig 2). The most parsimonious structure that accommodates the number of additional copies

and the junction sequences is a triplication where the center copy is inverted (TRP/INV; Fig

2A and 2C). Reports of TRP/INV CNVs in humans are rare, in part because older technologies

using PCR and short-read sequencing are biased against recovering palindromic junctions.

They are also a challenge for Nanopore sequencing [30], but as long-read sequencing technolo-

gies improve, and optical mapping and DNA combing become more widely used, we antici-

pate that the frequency of inverted CNV discovery is likely to increase.

Inverted triplications are inherently unstable as the direct duplications that flank the

inverted segment can recombine with one another and restore euploidy. However, the junc-

tions are also unstable due to their palindromic nature [24] and secondary rearrangements

that delete one of the arms of the palindromes increases the distance between inverted seg-

ments and improves their stability [31–33]. One contributing factor to palindrome instability

is that repetitive elements (such as LINEs and SINEs) that were in opposite orientations before

the amplification event will have copies that are in direct orientation after the inverted duplica-

tion (Fig 3A). NAHR between 2 of the direct repeats would delete the segment between them

(Fig 3A). This recombination event results in loss of one of the copies of DNA between the 2

repetitive elements and is marked by a decrease from 4 to 3 in copy number measurements

and alters the allele frequencies (Fig 3B). If a similar event occurs at the other junction, then

the triplication is flanked by duplications on both margins.

For clarity, we have illustrated NAHR occurring at both junctions, but most interstitial trip-

lications with this DUP-TRP/INV-DUP structure (Fig 3C and Table 1, examples 1–21) do not

have junctions that map to LINEs, SINEs, or other low copy repeats (LCRs) and are likely cre-

ated through NHEJ, MMEJ, or MMBIR at sites of little to no microhomology. Some notable

examples of recurrent inverted CNVs have 1 junction between closely spaced repeats (with the

alternate allele composition illustrated in Fig 3C or in Fig 3D) and the other junction created

through microhomology or blunt ended ligation [34,35]. The sizes of the DUP segments in the

cases we examined ranged from as little as a few kb to thousands of kb. The triplicated seg-

ments also had a wide range of sizes. We found no examples in our limited survey where the

presumptive palindromic arms were unambiguously intact. This finding is in contrast to what

we recover for the yeast SUL1 locus where only 3 of 92 sequenced junctions were consistent

with secondary rearrangements [14], possibly reflecting differences in the number of cell divi-

sions, selective pressures, and/or availability of different DNA repair pathways in the yeast

experiments compared to human development.

Some DUP-TRP/INV-DUP events are flanked by a region that has become homozygous

(AOH). These cases have allele compositions within and adjacent to the duplicated region,

often extending through the adjacent telomere, that are consistent with a mitotic recombina-

tion event between the 2 homologues followed by segregation in mitosis (Fig 3E–3G and

Table 1, examples 22–23). In these cases, authors invoke FoSTeS as the mechanism for this
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Fig 2. Inverted triplication. (A) A generic example of an inverted triplication in a diploid, affecting the blue chromosome, with

SNPs indicated in upper and lower case letters (lower case “c” being depicted as ¢ for clarity). The horizontal arrow represents a

potential coding sequence. CJ and TJ refer to the potential centers of the inversion junctions (centromere-proximal and telomere-

proximal junctions) identified after the inversion and triplication of the segment containing the b, c, and d SNPs. The derived

chromosome is shown folded back on itself to emphasize the triplication and the inverted center copy. (B) Top; expected copy

number results (using either aCGH or read depth) of the diploid after triplication of the b–d region. Bottom; allele frequencies for

SNPs unique to the blue chromosome. (C) Linear representation of the 2 homologues after triplication affecting the blue

chromosome. Arrows indicate the orientation of the 3 segments involved in the triplication. Notice that the right end of the

chromosome remains intact. aCGH, array comparative genome hybridization.

https://doi.org/10.1371/journal.pgen.1011091.g002
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type of event, suggesting that the 30 end of the lagging strand from the stalled fork visits the

oppositely oriented repeat to continue synthesis before jumping to the homologue to complete

replication of the chromosome (e.g., [36]), all occurring within in a single division cycle. In

contrast, we are suggesting that homologue exchange could be an outcome of the reduction of

one of the palindromic arms or could be an independent event that is executed at a subsequent

division cycle.

Inverted duplications associated with deletions

The dense distribution of repetitive elements in the human genome can precipitate situations

where inverted junctions at a distance can lead to other types of secondary outcomes. When

the repeats are more widely spaced (left-most orange arrow in Fig 4A, some distance from the

pair of closely spaced inverted repeats diagrammed in Fig 3), then other potential

Fig 3. DUP-TRP/INV-DUP with and without adjacent AOH. (A) The same chromosome illustrated in Fig 2 is expanded to show potential short regions of

inverted homology such as SINES or Alu sequences (green and orange horizontal arrows). After the triplication, pairs of orange and green repeats are now

found in direct orientation and serve as the sites for non-allelic homologous recombination or other forms of rearrangement. The original inverted junctions

(CJ and TJ) have been lost and the region between the recombined repeats is reduced in copy number. (B) Top; expected copy number results (using either

aCGH or read depth). Bottom; allele frequencies for SNPs unique to the blue chromosome. Notice that the d region is now at 3 copies total with one copy of the

c and d regions in inverted orientation. (C) Linear representation of the blue homologue after triplication. (D) An alternate recombination event at the orange

repeats produces a chromosome with the same copy number and allele frequency profiles, but in this case, only the c region is inverted. (E and F) After the

erosion of palindromes shown in (A), a secondary event of mitotic homologous recombination and subsequent segregation produces the same pattern of copy

number estimates, but the telomeric region has become homozygous for the black chromosome E allele and other ¢ and d SNPs have been reduced. (G) Linear

representation of the blue homologue after homologous mitotic recombination that replaced the end of the rearranged chromosome with alleles from the black

homologue. See S1 Fig for alternate illustrations of the rearrangement events shown in (A) and (D). aCGH, array comparative genome hybridization; AOH,

absence of heterozygosity.

https://doi.org/10.1371/journal.pgen.1011091.g003
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Table 1. Examples from the human literature of categories of local inverted SVs.

Example Category of CNV Homology at

junction(s)

Chromo-somal

location

Gene/syndrome Reference Case ID Copy number on the

affected chromosome

1 DUP-TRP/INV-DUP 4 bp; RE or LCR Xq22.2 PMB/Pelizaeus-Merzbacher

disease

[34] BAB1612/

P374

1-2-3-2-1

2 DUP-TRP/INV-DUP 47 bp (AluSx); RE

or LCR

Xq22.2 PMB/Pelizaeus-Merzbacher

disease

[34] BAB3698 1-2-3-2-1

3 DUP-TRP/INV-DUP 0 bp; RE or LCR Xq22.2 PMB/Pelizaeus-Merzbacher

disease

[34] P558 1-2-3-2-1

4 DUP-TRP/INV-DUP 2 bp; RE or LCR Xq22.2 PMB/Pelizaeus-Merzbacher

disease

[34] P642 1-2-3-2-1

5 DUP-TRP/INV-DUP 1 bp; RE or LCR Xq22.2 PMB/Pelizaeus-Merzbacher

disease

[34] P674 1-2-3-2-1

6 DUP-TRP/INV-DUP 3 bp; RE or LCR Xq22.2 PMB/Pelizaeus-Merzbacher

disease

[34] P820 1-2-3-2-1

7 DUP-TRP/INV-DUP 0 bp; RE or LCR Xq22.2 PMB/Pelizaeus-Merzbacher

disease

[34] P842 1-2-3-2-1

8 DUP-TRP/INV-DUP 2 bp; RE or LCR Xq22.2 PMB/Pelizaeus-Merzbacher

disease

[34] P1150 1-2-3-2-1

9 DUP-TRP/INV-DUP 1 bp; RE or LCR Xq22.2 PMB/Pelizaeus-Merzbacher

disease

[34] P1389 1-2-3-2-1

10 DUP-TRP/INV-DUP 2 bp; RE or LCR Xq22.2 PMB/Pelizaeus-Merzbacher

disease

[34] P1407 1-2-3-2-1

11 DUP-TRP/INV-DUP 2/4 bp; IRs Xq28 MECP2/ID and DD [35] BAB2769 1-2-3-2-1

12 DUP-TRP/INV-DUP 3 bp; IRs Xq28 MECP2/ID and DD [35] BAB2772 1-2-3-2-1

13 DUP-TRP/INV-DUP 2 bp; IRs Xq28 MECP2/ID and DD [35] BAB2796 1-2-3-2-1

14 DUP-TRP/INV-DUP 2 bp; IRs Xq28 MECP2/ID and DD [35] BAB2980 1-2-3-2-1

15 DUP-TRP/INV-DUP 1 bp; IRs Xq28 MECP2/ID and DD [35] BAB2797 1-2-3-2-1

16 DUP-TRP/INV-DUP ? bp; IRs Xq28 MECP2/ID and DD [35] BAB2801 1-2-3-2-1

17 DUP-TRP/INV-DUP 0 bp; IRs Xq28 MECP2/ID and DD [35] BAB2805 1-2-3-2-1

18 DUP-TRP/INV-DUP ? bp; IRs Xq28 MECP2/ID and DD [35] BAB3114 1-2-3-2-1

19 DUP-TRP/INV-DUP 2/3 bp; IRs Xq28 MECP2/ID and DD [49] BAB2727 1-2-3-2-1

20 DUP-TRP/INV-DUP LCR; 0 bp Xq22.2 PLP1/Pelizaeus-Merzbacher

disease

[50] 9 YO (M) 1-2-3-2-1

21 DUP-TRP/INV-DUP not reported Xq28 MECP2/ID and ASD [51] Patient 1

(M)

1-2-3-2-1

22 DUP-TRP/INV-DUP with

AOH

4 bp; 2 bp 14q23 Temple Syndrome [36] BAB7004

(M)

1-2-3-2-1

23 DUP-TRP/INV-DUP with

AOH

4 bp; 2 bp 1q42 Tetralogy of Fallot and ID [52] 25 YO (M) 1-2-3-2-1

24 DUP/INV-NML-DEL LCR; 2 bp Xq28 Factor 8 /Haemophilia A [37] Proband 3

(F)

1-2-1-0-1

25 DUP/INV-NML-DEL 1 bp; LTRs Xq28 Factor 8 /Haemophilia A [37] Proband 4

(F)

1-0-1-2-1

26 DUP-TRP/INV-DUP with

TEL DEL

5 bp; 4 bp 13q Microphthalmia,

anophthalmia and coloboma

[53] newborn 1-2-3-2-0

27 DUP/INV-NML with TEL

DEL

3 bp; de novo

telomere addition

10qter DD, ASD, multiple

phenotypes

[38] Patient 5

(F)

1-2-1-0

28 DUP/INV-NML with TEL

DEL

6 bp 13q34 ID and DD [54] Patient 1 1-2-1-0

29 DUP/INV-NML with TEL

DEL

4 bp 8p23.2 ID and DD [54] Patient 4 0-1-2-1

30 DUP/INV-NML with TEL

DEL

0 bp 11q25 IGSF9B/ID and DD [54] Patient 9 1-2-1-0

(Continued)
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recombination partners can be involved in the rearrangement of the palindrome. These dupli-

cations are illustrated using NAHR at repetitive elements, but similar structures could be gen-

erated at non-repetitive sequences through repair of DNA breaks by NHEJ, MMEJ, or

MMBIR. This particular outcome has recently been reported at the Factor 8 locus where

NAHR at long, highly homologous inverted repeats generates one of the junctions and the sec-

ond junction occurs at regions of little to no homology [37]. It produces the pattern of a dele-

tion and inverted duplication separated by a stretch of copy-neutral DNA in between (1-0-1-2-

1; Figs 4A and 5 and Table 1, examples 24, 25, 39, 44, 45).

The final example, also illustrated as occurring on the X chromosome, is a common form of

human SV that occurs in telomeric regions. The telomere-proximal palindrome is resolved by

NAHR, NHEJ, or MMEJ, but the centromere-proximal palindromic junction is lost when a break

is capped by a new telomere or captures a telomere from another chromosome end (Fig 4B and

Table 1, examples 26–38, 40–45). Shimojima Yamamoto and colleagues [38] described an exam-

ple of an inverted duplication on chromosome 10 that was accompanied by the loss of one of the

palindromic arms, the presumptive telomere-proximal junction and all distal sequences.

Table 1. (Continued)

Example Category of CNV Homology at

junction(s)

Chromo-somal

location

Gene/syndrome Reference Case ID Copy number on the

affected chromosome

31 DUP/INV-NML with TEL

DEL

3 bp 4p not reported [54] case 1 1-2-1-0

32 DUP/INV-NML with TEL

DEL

2 bp 4q not reported [54] case 2 1-2-1-0

33 DUP/INV-NML with TEL

DEL

0 bp 9p not reported [54] case 4 0-1-2-1

34 DUP/INV-NML with TEL

DEL

2 bp 10q not reported [54] case 5 1-2-1-0

35 DUP/INV-NML with TEL

DEL

3 bp 11q not reported [54] case 6 1-2-1-0

36 DUP/INV-NML with TEL

DEL

3 bp 18p not reported [54] case 7 0-1-2-1

37 DUP/INV-NML with TEL

DEL

Olfactory receptor

gene cluster

8p not reported [54] case 9 0-1-2-1

38 DUP/INV-NML with TEL

DEL

Olfactory receptor

gene cluster

8p not reported [44] case 10 0-1-2-1

39 DUP/INV–NML–DUP LCR; 5 bp Xq28 Factor 8 /Haemophilia A [37] Proband 2

(M)

1-2-1-2-1

40 DUP/INV–NML–DUP with

TEL DEL

6 bp; 2 bp 13qter Tetralogy of Fallot; DD [38] Patient 1

(F)

1-2-1-2-1-0

41 DUP/INV–NML–DUP with

TEL DEL

2 bp; o bp 4pter Wolf–Hirschhorn syndrome

and DD

[38] Patient 2

(M)

0-1-2-1-2-1

42 DUP/INV–NML–DUP with

TEL DEL

14 bp; 0 bp 4pter generalized hypotonia [38] Patient 3

(F)

0-1-2-1-2-1

43 DUP/INV–NML–DUP with

TEL DEL

3 bp; 1 bp 4pter Developmental delay [38] Patient 4

(F)

0-1-2-1-2-1

44 DUP/INV-NML-DEL-NML

with TEL DEL

4 bp; 3 bp 1q43 AKT3; CNST; KMO/ID and

DD

[54] Patient 11 1-2-1-0-1-0

45 DEL-NML-DUP/INV-NML

with TEL-DEL

4 bp; 4 bp 3q29 ID and DD [54] Patient 7 1-0-1-2-1-0

AOH, absence of heterozygosity; ASD, autism spectrum disorder; DD, developmental delay; DEL, deletion; DUP, duplication; DUP/INV, inverted duplication; ID,

intellectual disability; IR, inverted repeat; LCR, low copy repeat; LTR, long terminal repeat; NML, normal copy number; RE, repeated element; TEL DEL, telomere

deletion; TRP/INV, inverted triplication.

https://doi.org/10.1371/journal.pgen.1011091.t001
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Fig 4. Direct and inverted duplications. (A) In this example, modeled after the Factor 8 locus on the X chromosome in humans, additional repeats provide

other opportunities for rearrangements of the triplicated locus that remove the centromere-proximal junction. The telomeric-proximal junction is removed

by NHEJ or MMBIR at short regions of microhomology. This pattern of palindrome erosion results in a deletion and an inverted duplication separated by a

copy-neutral segment of chromosome. (B) A failed recombination/MMBIR attempt to erode the centromere-proximal junction leaves a dsDNA break that

acquires or captures a new telomere. It results in the complete loss of sequences from the point of the inverted duplication to the end of the chromosome.

See S1 Fig for alternate illustrations of the 2 rearrangement events. MMBIR, microhomology-mediated break-induced replication; NHEJ, non-homologous

end joining.

https://doi.org/10.1371/journal.pgen.1011091.g004
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Source of the initiating TRP/INV structures

We propose that all of the above CNVs share the same starting point: a chromosome with a

segment present as an inverted triplication where the center copy is inverted between 2 directly

repeated segments with palindromes at the junctions (Figs 3 and 4). All of the different

inverted CNVs can be created through rearrangements of the TRP/INV CNVs by well-charac-

terized pathways, but what is the mechanism for forming the initial, inverted triplications and

what is the nature of the initial palindrome?

Clues into the mechanism that generates TRP/INV CNVs has come from our studies in

yeast. We have been investigating how yeast adapts to growth in continuous culture under

conditions of sulfate limitation [12,14,39]. Over the course of 50 to 200 generations, variants

arise that have an increased fitness due to an interstitial inverted triplication of SUL1, the gene

that codes for the primary sulfate transporter. Analysis of nearly 100 events revealed that the

amplicons always contain the adjacent origin of replication (ARS228) and centromere- and

telomere-proximal palindromic junctions that map to preexisting short (5 to 6 bp) inverted

repeats in the genome that are interrupted by 40 to 80 bp of non-palindromic DNA [13]. The

model that we proposed and experimentally tested involves a replication error and not a dou-

ble-stranded break as the initiating event [13]. At stalled replication forks the nascent leading

strands at divergent replication forks switch to the lagging strand templates and become

Fig 5. Rearrangement of an inverted triplication gives rise to a Factor 8 mutation. (A) The original sequence near the Xq telomere; F8 is the Factor 8 gene,

highlighted in blue. Diagram is adapted from [37]. Exons of 3 adjacent genes (green arrows) and 3 different LCRs (black and gray arrows) are highlighted. (B)

Stylized aCGH data for the male patient with Factor 8 deficiency (reported in [37] as PMID 28492696). Cyan arrows indicate the deleted and inverted duplicate

regions. (C) Hypothesized initial inverted triplication with CJ and TJ palindromic junctions. Red and blue dashed lines indicate rearrangement junctions

produced through NHEJ or MMEJ and NAHR at the 2 oppositely oriented black LCRs. Black dashed arrows indicate the joining events; the grayed-out regions

indicate the regions lost during the secondary rearrangements. (D) The final structure of the F8 region of the patient in PMID 28492696 with a deletion of exon

23 and an inverted duplication of exons 2–8 of TMLHE and flanking regions. aCGH, array comparative genome hybridization; LCR, low copy repeat; MMEJ,

microhomology-mediated end joining; NAHR, non-allelic homologous recombination; NHEJ, non-homologous end joining.

https://doi.org/10.1371/journal.pgen.1011091.g005
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continuous with the nascent lagging strands (Fig 6A and 6B). The aberrant structure is expelled

from the chromosome by a fork from an adjacent replicon and, after replication in the next cell

cycle, re-integrates into the undamaged chromosome by homologous recombination (Fig 6C–

6E). Because the model is dependent on the presence of an origin of replication in the amplified

segment and on short inverted repeats, we named this mechanism ODIRA [13].

We propose that this same aberrant replication pathway occurs in the human genome

where it generates the TRP/INV substrates that give rise to all manner of local inverted CNVs

through secondary rearrangements (Fig 1). Unlike the human genome that is composed of

roughly 50% repeated sequences [40], the region of the yeast genome that contains SUL1 has

no significant repeated sequences (such as Tys, deltas, or tRNA genes) so the options for sec-

ondary rearrangements of the palindromic junctions are limited. However, in roughly 5% to

10% of cases of yeast inverted triplications, we recovered new junctions produced through

regions of microhomology [11,13] that increase the spacing between the inverted arms (from

40 to 80 bp to 1.1 to 34.9 kb). While we originally proposed that the 2 junctions are created by

simultaneous errors at the 2 diverging replication forks flanking SUL1, we have new evidence

that the 2 template switches can occur in different cell cycles, but, after recombination with the

chromosome, produce identical inverted triplication products [14].

In Figs 3, 4, and 6, the extrachromosomal inverted duplicated circular intermediate that

arose through ODIRA is shown as re-integrating into the chromosome from which it arose.

However, it is also possible for the intermediate to recombine with the homologue, producing

a triplication with a 2:1 ratio of SNPs from the 2 homologues. When this event occurs in the

germ line, it is possible to see the contribution from both homologues of that parent in the

CNV. While most studies do not go into this level of analysis, some reports of human inverted

triplications have this 2:1 ratio of SNPs from the contributing parent (for example, [41–43]).

Discussion

Inverted duplications that end in terminal deletions are easily and economically explained by

Barbara McClintock’s BFB model [2,44] but are also compatible with replication-based mecha-

nisms [45]. However, interstitial inverted SVs where the end of the chromosome remains

intact require another explanation as the sister chromatid fusion that occurs during BFB

results in the loss of sequences distal to the point of fusion. All inverted CNVs presented in

this work (including inverted duplications with terminal deletion) can be explained by second-

ary rearrangements of inverted triplications produced through a strand switching mechanism

between the 2 strands at a replication fork. It is the very nature of the palindromic structure of

the inverted triplications that makes them prone to rearrangement [24]: in the course of subse-

quent replication cycles, processes such as NHEJ, MMEJ, NAHR, or MMBIR can repair breaks

arising from the unstable palindromes.

We propose that the initial formation of inverted triplications occurs by a replication error

in which the leading strand at a replication fork switches to the lagging strand template at very

short, interrupted inverted repeats [13] which are found at very high density in all genomes.

The size of the interruptions at ODIRA junctions in yeast is consistent with the length of the

single-stranded gaps between Okazaki fragments on the lagging strand [14]. The presence of a

single-stranded gap on the lagging strand provides the opportunity for the leading strand to

switch to the lagging strand template. As Okazaki fragment size is the same across eukaryotes,

we would expect to find similar junctions in human inverted triplications. All of the TRP/INV

junctions we found in the literature were large enough to include multiple replication origins

but had considerably larger interruptions in their palindromic arms, similar to the secondary

rearrangements we find in approximately 5% of yeast junctions. These results suggest that in
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Fig 6. Mechanism that generates an inverted triplication (ODIRA)—modified from Fig 1 in Martin and

colleagues [14]. (A) A chromosome with a segment that will be amplified, containing “your favorite gene” (YFG), an

origin of replication, and adjacent short (~5 nt) inverted repeats separated by 40–80 nt of sequence. These interrupted

inverted repeats mark the sites of the centromere- and telomere-proximal junctions (CJ and TJ, respectively) after

inverted triplication. (B) Process of template switching between the leading strand and its migration to complementary

PLOS GENETICS
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the human examples, the palindromic junctions had already undergone secondary rearrange-

ments to increase the size of the interruption to the point that the palindromic arms were no

longer inducing unstable secondary structures.

The FoSTeS model [7] has also been suggested as a mechanism for various forms of SVs. While

FoSTeS and ODIRA both propose template switching of one of the nascent strands at a replication

fork, they differ in which strand is switching templates and the location of the new template.

FoSTeS was inspired by work in Escherichia coliwhere Lac+ direct amplicons arise under condi-

tions of stress. Mutations implicate the flap endonuclease function of DNA polymerase I and the

lagging strand template [46] in their formation. The model, devised to account for the microho-

mology at the novel junctions, proposes that the 30 end of an Okazaki fragment makes the jump

between the E. coli chromosome and the F’ conjugating plasmid and back again to the chromo-

some. But in eukaryotes, because Okazaki fragments are only approximately 150 bp (>10× times

shorter than is found in E. coli), it is perhaps surprising that the 30 end of such a short strand can

sequentially invade a different replication fork, dissociate from it after synthesizing long stretches

of DNA and then return to the original fork before completing the nascent lagging strand, all

within a single S phase. In the ODIRA model, the lagging strand template is in close proximity to

the 30 end of the leading strand, making template switching of the leading strand within a single

fork a more energetically feasible mechanism compared to FoSTeS. Despite FoSTeS being widely

cited as a likely explanation for various inverted segmental variants in humans, we have not been

able to find any published accounts with corroborating experimental evidence in model eukaryotes

for FoSTeS. One report of intrachromosomal template switching (ICTS) in yeast by Tsaponina

and Haber [47] shares some similarities with FoSTeS but differs in that the length of sequences syn-

thesized after the jump to a new chromosomal site is very short. In addition, they did not investi-

gate which strand at the replication fork was involved in the template switch.

In addition to providing a unifying model for a variety of congenital inverted SVs in

humans, we propose that ODIRA may also be a significant pathway to forming SVs in cancer

cells and may provide an experimental system to dissect this mechanism. Reports of genome-

wide palindrome analysis reveal a rise in palindromic sequences in a variety of cancers [20–25]

but the length of spacers and their association with amplified segments remains unexplored.

Are these palindromes evidence of inverted triplications? Are they a cause or consequence of

some other process that is permissive for genome rearrangements? If they are formed through

the same replication error we are proposing for yeast SUL1, then what microenvironment/

stress conditions cause the aberrant template switching and are there interventions that can

block these replication products or their processing? Long-read sequencing data on tumors in

early stages of their development, as well as genetic dissection in models such as yeast, will be

invaluable for answering these important questions.

Supporting information

S1 Fig. Alternate depictions for secondary rearrangements of inverted triplications. 3init,

3A and 3D refer to images from Fig 3. Init = inverted triplication before rearrangement. 4init,

sequences on the lagging strand template. After extension of the 30 end of the leading strand, it becomes ligated to the

adjacent Okazaki fragment. If both forks undergo the same event, it results in a closed loop of self-complementary

DNA. (C) Displacement of the self-complementary loop can be achieved by branch migration ahead of an incoming

replication fork. (D) The resulting expelled molecule (dogbone) can replicate in the next cell cycle to produce a dimeric

circular molecule with 2 copies of the expelled DNA in inverted orientation with junctions formed from the 2 inverted

repeats (CJ and TJ). (E) In a subsequent cell cycle, recombination of the dimeric circle into the original location on the

chromosome leads to the inverted triplication. Note that the junctions CJ and TJ retain the sequence of the 2 short

inverted repeats where the template switching occurred. ODIRA, origin-dependent inverted-repeat amplification.

https://doi.org/10.1371/journal.pgen.1011091.g006
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4A and 4B refer to images from Fig 4. Init = inverted triplication before rearrangement. Brack-

ets indicate rearrangement junctions created by NAHR, NHEJ, or MMBIR. The grayed-out

regions indicate the regions of the inverted triplication that are deleted during the secondary

rearrangements.

(PDF)
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