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The Iceberg under Water: Unexplored Complexity
of Chromoanagenesis in Congenital Disorders

Cinthya J. Zepeda-Mendoza1 and Cynthia C. Morton2,3,4,5,*

Structural variation, composed of balanced and unbalanced genomic rearrangements, is an important contributor to human genetic

diversity with prominent roles in somatic and congenital disease. At the nucleotide level, structural variants (SVs) have been shown

to frequently harbor additional breakpoints and copy-number imbalances, a complexity predicted to emerge wholly as a single-cell

division event. Chromothripsis, chromoplexy, and chromoanasynthesis, collectively referred to as chromoanagenesis, are three major

mechanisms that explain the occurrence of complex germline and somatic SVs. While chromothripsis and chromoplexy have been

shown to be key signatures of cancer, chromoanagenesis has been detected in numerous cases of developmental disease and phenotyp-

ically normal individuals. Such observations advocate for a deeper study of the polymorphic and pathogenic properties of complex

germline SVs, many of which go undetected by traditional clinical molecular and cytogenetic methods. This review focuses on congen-

ital chromoanagenesis, mechanisms leading to occurrence of these complex rearrangements, and their impact on chromosome organi-

zation and genome function. We highlight future applications of routine screening of complex and balanced SVs in the clinic, as these

represent a potential and often neglected genetic disease source, a true ‘‘iceberg under water.’’
The dawn of high-resolution chromosomal microarray

(CMA) and next-generation sequencing (NGS)1 has un-

masked extensive submicroscopic structural variation of

the human genome.2–8 Such rearrangements, collectively

referred to as structural variants (SVs), includedeletions, du-

plications, insertions, translocations, and inversions that

areR50 base pairs (bp) in size.9 SVs represent themost var-

iable DNA content among humans, surpassing single-

nucleotidepolymorphisms (SNPs).6,8With suchprominent

roles in genomic content and structure, SVs are hypothe-

sized to be adriving force in the evolutionofhumanpheno-

types, as observed from hundreds of balanced and unbal-

anced differences between human and chimpanzee

genomes,10 or themore recent exampleofpositive selection

of a higher copy number of the amylase gene (AMY1) in

populations with high-starch diets.11

The same recombination capabilities that give rise to

beneficial genomic structural variation have been exten-

sively implicated in the generation of disease. SVs were

first identified as cytogenetically detectable rearrangements

(>3 Mb) associated with well-known genetic syndromes.12

Subsequent CMA and NGS publications broadly linked

submicroscopic SVs to a variety of genomic disorders.13–16

Similarly, an avalanche of previously undetected SVs was

shown to exist in cancer genomes, many of which could

directly drive tumorigenesis.17,18 An intriguing result

from the analysis of congenital and somatic SVs was the

discovery that many were much more complex than previ-

ously imagined (i.e., involving more than two breakpoints

with intricate rearrangement configurations). In cancer,

two extremely complex categories of SVs were described,

chromothripsis19 and chromoplexy,20 which involved the
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shattering and reshuffling of chromosome regions in a sin-

gle-cell division event. In the congenital setting, a third

complex SV generationmechanismwas discovered, termed

chromoanasynthesis, which produced localized series of

germline copy-number gains and losses as well as balanced

SVs.21

Currently, chromothripsis, chromoplexy, and chromoa-

nasynthesis have been grouped under the umbrella of chro-

moanagenesis (from the Greek chromo for chromosome

and anagenesis for rebirth) (see Table 1).22,23 Chromoana-

genesis is now regarded as an important driver of karyo-

typic evolution in cancer as well as a contributor to the

generation of diverse developmental disorders. However,

not all chromoanagenesis events are detrimental to human

health, as complex SVs have also been detected surprisingly

in phenotypically normal individuals.24–27 In light of the

observations of complex congenital SVs in apparently

normal and morbidly affected individuals, we surmise

that we are barely scratching the surface of congenital chro-

moanagenesis events, with important consequences for

clinical interpretation of these rearrangements. This review

provides an overview of chromoanagenesis mechanisms,

reported chromoanagenesis events detected in the congen-

ital setting, and their roles in human disease and genome

architecture. We conclude the manuscript with a discus-

sion on suggested practices to improve the detection levels

of complex SVs in normal and morbid populations.

Chromoanagenesis and Its Mechanisms of Generation

Chromothripsis

Stephens and co-authors first discovered chromothripsis

(from the Greek chromo for chromosome and thripsis for
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Table 1. Definition of Chromoanagenesis Terms Included in This Review

Term Greek Root Definition

Characteristics

Chromosomes Breakpoints Distribution Dosage alt

chromothripsis chromo for chromosome
and thripsis for shattering
into pieces

phenomenon by which
hundreds of
rearrangements originate
through random shattering
and reshuffling of clustered
chromosome regions
within a single catastrophic
event. The predominant
method of re-assembly of
the shattered pieces is
c-NHEJ

typically 1 (cancer)
but 1–4 observed
in congenital cases

R5, up to 65
observed in
congenital
cases and
hundreds
in cancer

clustered typically unbalanced
(cancer) and balanced
(congenital)

chromoplexy chromo for chromosome
and pleko for to twist
or enfold

phenomenon where
derivative chromosomes are
generated by the chimeric
joining of DNA segments
from two or more
chromosomes.
Chromosome re-assembly is
predicted to occur by
c-NHEJ or alt-EJ repair

R2 R5 to a
couple dozen

interspersed typically balanced
but deletions can
also be present at
junctions

chromoanasynthesis chromo for chromosome
and anasynthesis for
reconstitution

phenomenon by which
multiple combinations of
SVs are generated through
errors in DNA replication,
namely FoSTes and MMBIR

typically 1 R5 to a
couple dozen

clustered unbalanced (gains
and losses)
shattering into pieces) in an individual with chronic lym-

phocytic leukemia (CLL) in 2011.19 Chromothriptic SVs

were quickly identified in 2%–3% of cancer specimens,

including soft tissue and central nervous system tumors,

various carcinomas, and other hematological malig-

nancies,28 and was associated with oncogene amplification

through double minute formation,19,29,30 tumor suppres-

sor loss,19 and promotion of gene fusions,31 all important

to carcinogenesis and potential development of targeted

therapies.

Chromothripsis is the localized shattering and reshuf-

fling of tens to hundreds of chromosome segments,

often restricted to one or a few chromosomal regions

(Figure 1A).19 The apparent random stitching together

of chromosome pieces is often observed concomitantly

with DNA loss, and thus chromothripsis-derived SVs

can display an oscillating copy number pattern between

one and two copies with retention of allelic heterozygos-

ity. The unexpected spatial and numeric constriction of

these rearrangements led to the hypothesis that chromo-

thripsis occurs within a single and physically isolated

catastrophic event,19 contrary to the widely accepted

idea of stepwise accumulation of genetic changes in can-

cer. Micronuclei formation was directly postulated as a

source of chromothripsis, as lagging mitotic chromo-

somes can be encapsulated into a nuclear envelope of

their own and be pulverized when failing to complete

DNA replication prior to initiation of subsequent

mitosis.32,33 Zhang and co-authors tracked micronuclei

formation and reincorporation into daughter cells using

live-cell imaging in the RPE-1 cell line; single-cell genome

sequencing of the tracked cells revealed the presence of
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complex chromosome rearrangements, similar to those

found in chromothripsis, thus unveiling a mechanism

by which complex SVs originate and are integrated back

into the genome.34 While different models have been

proposed to explain the origin of chromosome damage

in micronuclei,23 what is clear is that double-strand

breaks (DSBs) from such pulverization events could

trigger DNA damage responses that would attempt their

repair.35 Chromothripsis fragments have junctions

sharing zero to minimal identities, which suggests their

predominant re-assembly via classic non-homologous

end joining (c-NHEJ). However, microhomology-medi-

ated end-joining (MMEJ), the major form of alternative

end-joining (alt-EJ), could also participate in the post-

shattering stitching.19,34–37 These processes bypass the

requirement of long stretches of DNA homology, allow-

ing random fusion and loss of fragments that can explain

the oscillating two copy number states without loss of

heterozygosity seen in chromothripsis.

Additional mechanisms have been proposed to explain

the birth of chromothriptic events. These include localized

induction of DSBs by ionizing radiation,19,38 free radi-

cals,19 and breakage-fusion-bridge (BFB) cycles.39 Of these,

BFB is a known process leading to chromosome instability

in cancer.40 In BFB, dicentric chromosomes are pulled to

opposite spindle poles during mitosis, generating an

anaphase bridge that matures into a chromatin bridge

between daughter cells.41,42 Rupture of the transient nu-

clear envelope of this bridge and physical separation of

the daughter cells exposes the stretched DNA to cyto-

plasmic exonucleases; the resolution of these DSBs can

give rise to chromothriptic-like rearrangements, and/or
2019



Figure 1. Characteristics of Chromothripsis, Chromoplexy, and Chromoanasynthesis-Derived SVs
(A) A chromosome in a micronucleus can undergo massive DNA damage and result in multiple double-strand breaks (DSBs, depicted
with dashed black lines). When the micronucleus is re-incorporated into the nucleus during mitosis, the DSBs undergo repair through
NHEJ, where chromosome segments are randomly stitched back together, lost, or become double minutes. Functionally relevant
segments could become double minutes and undergo amplification, as has been observed in MYC and other oncogene-containing
segments in various cancer cases.19,29,30

(B) In chromoplexy, different DSBs can be repaired with or without DNA loss at the breakpoints and be arranged into various derivative
configurations, as shown here by the rearrangements of example chromosomes A, B, and C.
(C) In chromoanasynthesis, a normal chromosome can undergo DNA segment re-synthesis (dashed lines to show template switches and
solid arrows to show replication) mediated by replication processes such as FoSTeS and MMBIR. These mechanisms lead to templated
insertions that exhibit higher copy-number and may be arranged in different orientations (depicted in purple and orange with white
arrows signifying inverted sequence orientation). Notice the chromoanasynthesis chromosome has a copy-number profile exhibiting
intercalating duplication-normal-duplication (dup-nml-dup) copy-number states, as seen in previous studies.21
new unprotected chromosome ends that can initiate a new

round of BFB.39

Chromoplexy

In the same year as the initial publication on chromothrip-

sis, a second process of human genome reshuffling was

described by genome sequencing of human prostate can-

cer.20 This process, named chromoplexy (from the Greek

chromo for chromosome and pleko for to twist or enfold),

involved generation of chimeric chromosomes through

‘‘closed chains’’ of breakage and rejoining of DNA seg-

ments (Figure 1B). Chromoplexy was subsequently identi-

fied in other fusion-driven tumors including Ewing and

synovial sarcoma43 and was hypothesized to impact multi-

ple cancer genes simultaneously, providing nascent cancer

cells with proliferative advantage.

Chromoplexy events involve two to a few chromosomes,

and their fusion breakpoints mostly exhibit a precise join

or 2 bp microhomology; this results in chimeric chromo-

somes that maintain a largely balanced DNA content (i.e.,

minimal to no DNA gain or loss) probably due to c-NHEJ

or alt-EJ repair of DSBs,20 although sizable deletions at

chain fusion junctions have also been observed.44 Mecha-

nistically, chromoplexy utilizes a different strategy for the

generation of rearrangements compared to chromothripsis.
The Ame
Oncogenic ETS (E26 transformation-specific) family gene

fusions in prostate cancer tend to be associated with a

higher number of interchromosomal chromoplexy rear-

rangements compared to intrachromosomal ones.44 Given

that androgen-driven signaling was previously shown to

result in de novo TMPRSS2-ERG fusions,45 prostate cancer

chromoplexy is perhaps the product of transcriptionally

associated recombination at these sites. Chromoplexy-

driven EWSR1-ETS fusions in Ewing sarcoma were also

found to occur in transcriptionally active and early repli-

cating genomic regions, further supporting this hypothe-

sis.43 Such correlation is significant, as it couples the

genesis of complex SVs to DNA transcription, as opposed

to DNA repair/mitotic division models of chromothripsis.

In cancer chromoplexy, similar to chromothripsis, the

disruption of chromosome regions is predicted to occur

in a single-cell cycle event andwith the presence or absence

of underlying chromosome deletions.20,43,44 However,

chromoplexy has also been shown to participate in step-

wise acquisition of chromosome abnormalities, as observed

from sub-clonal prostate cancer populations where driver

and newly acquired rearrangements could be identified

and followed-up.44 This property, in addition to the fewer

number (from three and up to a couple dozen),20,43 and

generally wide spacing of rearrangements across the
rican Journal of Human Genetics 104, 565–577, April 4, 2019 567



genome (in up to eight distinct chromosomes reported so

far) can help distinguish chromoplexy from chromothrip-

sis, where the breakpoints tend to be clustered and their

numbers range from the tens to hundreds. Ultimately,

both processes could arise concurrently or asynchronously

within the same cell, generating different patterns of chro-

mosome complexity with different impacts on genomic

function.

Chromoanasynthesis

In characterizing individuals with various developmental

and cognitive anomalies, an entirely different landscape

of complex SVs was discovered, termed chromoanasynthe-

sis.21 Chromoanasynthesis was first characterized by CMA,

fluorescence in situ hybridization (FISH), and karyotyping,

which brought to light complex combinations of clustered

deletions, duplications, triplications, inversions, and trans-

locations in subjects with diverse congenital anomalies.

These SVs were present in different arrangements, such

as duplication-normal-duplication (dup-nml-dup) copy-

number states or duplication-triplication (dup-trp) config-

urations, among others. Such rearrangements, particularly

the existence of duplications and triplications, could

not be explained by the chromosome shattering and

NHEJ-mediated repair distinctive of chromothripsis; for

example, even if duplications or triplications were formed

by shattering and re-ligation of fragments from replicated

or homologous chromosomes, the reciprocal deletions

associated with these fusions were never observed. It was

thus that this new type of complex variation was termed

chromoanasynthesis, from the Greek chromo for chromo-

some and anasynthesis for reconstitution, which involved

the generation of multiple SVs through mechanisms other

than NHEJ (Figure 1C).

Sequencing of chromoanasynthesis junctions revealed

segments of extended microhomology and templated

insertions, up to �5 kb. Such homology signatures are

characteristic of errors in DNA replication, most notably

fork-stalling and template switching (FoSTes)46 and micro-

homology-mediated break-induced replication (MMBIR).47

In the FoSTes model, stalled DNA replication forks can

switch templates by using complementary stretches of

microhomology from other replication fork templates.

Moreover, due to the spatial arrangement of chromo-

somes into defined territories48 and topological associating

domains (TADs),49–51 template switching and strand

invasions could be constrained within adjacent intra-

chromosomal forks or among interchromosomal forks in

close physical proximity in one or more cell division

events. Re-initiation of DNA synthesis thus enables the

juxtaposition of sequences from discrete genomic seg-

ments, which can grow in complexity with additional

cycles of template switching. The FoSTes model was gener-

alized to MMBIR, in which collapsed replication forks are

resected and the resulting 30 overhang is able to invade

other DNA sequences; the replication fork can thus reform

on different templates until it returns to the original
568 The American Journal of Human Genetics 104, 565–577, April 4,
sister chromatid.47 FoSTes/MMBIR could thus generate

complex and clustered combinations of SVs, which

resemble chromothripsis-like rearrangements but have

additional chromosome gains or losses and other balanced

SV configurations.

FoSTes/MMBIR has been reported to proceed withmicro-

homologies as small as 2 bp.47 Given previous observations

of microhomology in cancer chromothripsis, perhaps

chromoanasynthesis could engage in the generation of

chromothripsis events, but further research is necessary

to demonstrate such involvement. Altogether, chromoa-

nasynthesis could occur either during gametogenesis or

postzygotically and could contribute to the generation of

complex SVs in a non-exclusive and possibly cooperative

way with other chromoanagenesis mechanisms.

Chromoanagenesis in the Congenital Setting

Chromothripsis and Chromoplexy

The identification of chromothriptic-like rearrangements

in the congenital setting occurred shortly after the initial

report of cancer chromothripsis.52 In this study, a child

with severe developmental delay, hypertelorism, and

kyphoscoliosis was studied by NGS due to the presence of

a cytogenetically visible complex rearrangement involving

three chromosomes (46,XY,t(1;10;4)(p32.2;q21.1;q23)dn).

Genome mate-pair sequencing (MPseq) revealed the pres-

ence of 25 predicted de novo rearrangements, with 12 clus-

tering within small regions of chromosomes 1, 4, and 10.

Cardinally, the 12 SVs localized within 2–3 Mb of each

other, and derivatives were observed to contain complex

randomly inserted or joined fragments often in inverted

orientation. Deletions between fused fragments were also

observed, all of which were not found by CMA. Junctions

between different chromosome fragments contained

limited to no microhomology, in addition to small indels,

supporting NHEJ or alt-EJ as their mechanism of repair.

Collectively, the 12 rearrangements were predicted to arise

simultaneously, with one rearrangement identified to have

occurred in a paternal chromosome.52

Subsequent studies of constitutional chromothripsis

focused on the analysis of families or cohorts of

individuals presenting with various developmental pheno-

types including severe growth retardation, intellectual

disability, facial dysmorphism, and hypotonia, among

others, and who harbored two or more cytogenetically

visible and putatively balanced SVs.27,53–61 The authors of

these reports utilized a combination of molecular and cyto-

genetic techniques including MPseq, CMA, and Sanger/

NGS sequencing to characterize fully the SV breakpoints;

they uncovered rearrangements characterized by localized

clustering of DSBs, small fragment deletions without copy

number gains, and a display of microhomology-containing

or blunt-ended junctions, features commonly observed in

chromothripsis. While constitutional chromothripsis

signatures were similar to those of cancer, notable differ-

ences between the two were observed, including largely

balanced events, the number of chromosomes affected,
2019



Figure 2. Circos97 Representation and Comparison of Congenital Chromothripsis and Chromoplexy Cases
Two chromothripsis events (A, child described by Kloosterman and co-authors52 and B, Redin and co-authors [DGAP122]56) and one
congenital chromoplexy instance (C, UTR20 from Redin and co-authors56) are shown. Circos diagrams look different from the original
case publications as these graphs display chromoanagenesis rearrangements with whole chromosome views. Notice the presence of clus-
tered breakpoints in all three cases, characteristic of chromothripsis events. Notice also the involvement of multiple chromosomes for all
examples, similar to what is observed in chromoplexy. The occurrence of characteristic features from both mechanisms suggests that
they could act sequentially or simultaneously in a cell.
and the number of breakpoints detected. Constitutional

chromothripsis can be completely or almost perfectly

balanced,27,53–61 in contrast to the classic oscillating pat-

terns of deletions observed in cancer. In addition, congen-

ital chromothripsis has been shown to affect one or a few

chromosomes simultaneously, contrary to cancer chromo-

thripsis wheremany studies report the engagement of a sin-

gle chromosome.19,29,36,62,63 Paradoxically, despite a higher

number of chromosomes participating in constitutional

chromothripsis, the number of breakpoints detected has

not exceeded a couple of dozen per analyzed case, a striking

disparity with cancer where chromothripsis events can

contain tens to hundreds of rearrangements. A plausible

explanation for these observations is the hypothesis that

an extensive number of chromothriptic rearrangements

and their associated fragment deletions could affect func-

tionally relevant genomic regions and have a negative

impact on fetal survival; this idea may be further supported

by the multitude of chromosome rearrangements detected

in products of conception (POCs, including chorionic villi

samples or fetal tissue),64 many of which could arguably

harbor chromothripsis-like events invisible to CMA or stan-

dard karyotyping.

In these instances, the description of congenital chromo-

thripsis could also fit a classification of chromoplexy: R2

chromosomes involved, %30 breakpoints scattered within

several Mb-sized regions, deletions present at junctions,

and blunt-ended or microhomology-containing break-

points. In reference to this observation, the case of a

10-year-old child with various developmental delays and

three derivative chromosomes formed by complex translo-

cations between chromosomes 2, 5, and 7 (with a total of

13 junctions), was classified as chromoplexy in a previous

report.56 For this case, the disposition of rearrangements

is similar to those observed in various published congenital
The Ame
chromothripsis events (Figure 2).27,53–58 Indubitably,

these cases display characteristics of both chromothripsis

(clustered breakpoints) and chromoplexy (number of

chromosomes involved, distance between breakpoints),

possibly arising within one or more cell division events.

This observation suggests instances in which both

methods could act together or in concert with other recom-

binationmechanisms to generate such congenital complex

SVs.65,66

Regardless of the particularities of their mechanism of

generation, congenital chromothripsis/chromoplexy is usu-

ally associated with human disease, concordant with the

idea that extensive chromosome rearrangements have a

higher chance to disrupt gene structure, regulation, and

chromosome organization (see Functional Impact of Chro-

moanagenesis section). Despite their described untoward

clinical outcomes, the presence of chromothripsis in appar-

ently normal individuals was incidentally encountered in

phenotypically normal mothers of developmentally de-

layed children harboring chromothripsis-like events as

well as phenotypically normal females with multiple

miscarriages.25–27,53,54,58 In carriers of chromothripsis/chro-

moplexy SVs, unbalanced segregation can result in sponta-

neous abortions or developmental disorders in offspring

through gene dosage alterations. This is consistent with ob-

servations made by authors of these reports, where pheno-

typically normal women harboring apparently balanced

chromosome rearrangements had multiple miscarriages25

or their children presented with various developmental ab-

normalities24,27,53,54,58 or syndromic-like features including

cri-du-chat syndrome (MIM: 123450).26 The apparently

balanced SVs of these women were found to encompass

complex chromothripsis-like events truncating up to 13

protein-coding genes, which could further undergo copy-

number changes in affected progeny.27 It is noteworthy to
rican Journal of Human Genetics 104, 565–577, April 4, 2019 569



mention that, apart from the published cases of unbalanced

segregation of chromothripsis/chromoplexy-derived SVs,

balanced transmission without major phenotypic conse-

quences has also been detected. Bertelsen and co-authors

described stable segregation of a chromothripsis event de-

tected as a cytogenetically visible t(3;5)(q25;q31); the event

was incidentally discovered through multiple miscarriages

(which were likely the product of unbalanced gametes),

but the rearrangement was revealed to be paternally or

maternally transmitted in a balanced fashion among 11

members of a three-generation family.25

Revision of chromothripsis/chromoplexy segregation

patterns inevitably leads to a discussion of the parental

origin of these events. Chromothripsis/chromoplexy SVs

can be inherited from a constitutional parental event, can

arise de novo in either maternal or paternal germlines, or

can emerge within the early stages of embryonic develop-

ment. Various studies have revealed a preferential origin of

chromothripsis in paternal alleles, likely attributed to errors

resulting from the higher number of cell divisions in male

compared to female gametogenesis.52,53,58 While chromo-

thripsis events are more likely to arise in paternal chromo-

somes, it is difficult to unequivocally assign the genesis of

paternal chromothripsis/chromoplexy to spermatogenesis,

as these events could have also occurred de novo during em-

bryonic development. Single-cell sequencing experiments

of sperm from phenotypically normal individuals would

likely elucidate theburdenof chromothripsis events in sper-

matogenesis, which could be relevant to fertility procedures

suchas preimplantationgenetic testing. Interestingly,while

the origin of these SVs was proposed to be preferentially

paternal, their segregation to subsequent generations was

observed to bemostly maternal,58 in agreement with previ-

ous reports of complexSVsegregationwherematernal trans-

mission occurred more frequently compared to paternal.67

Chromoanasynthesis

In contrast to chromothripsis and chromoplexy, both de-

tected in congenital and cancer cases, the identification

of chromoanasynthesis has been mostly limited to the

congenital setting. An explanation for this observation is

that complex SVs formation in cancer mostly arises

through end-joining rather than microhomology mecha-

nisms,37 perhaps as an attempt of cancer cells to rapidly

overcome extensive DNA damage.

Consistent with its initial discovery,21 additional chro-

moanasynthesis events have been detected in individuals

presenting with various developmental and neurologic dis-

orders.68–72 Thorough characterization of the SVs in these

individuals revealed homology-mediated repair signatures

at junctions as well as copy-number gains, primary features

of chromoanasynthesis. In addition, chromoanasynthe-

sis events were shown to occur in either maternal71 or

paternal21 alleles, but no parental preference has been

shown to date.

A particularly interesting chromoanasynthesis occur-

rence was described by Collins and co-authors, who
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detected a mosaic chromoanasynthesis event using a

modifiedMPseq strategy in an individual with autism spec-

trum disorder (ASD [MIM: 209850]).71 The chromoanasyn-

thesis SV occurred in chromosome 19 and involved eight

duplicated loci; six of these duplications were predicted to

be mosaic, while the remaining two appeared at nearly

three full copies. Mosaicism was proposed to have origi-

nated from a de novo maternal duplication-inversion-

duplication (dup-inv-dup) event, which was subjected to

a second mutational process, thus generating duplication

mosaicism.Another interesting instanceof chromoanasyn-

thesis was described by Masset and co-authors,70 who

identified three derivative chromosomes with extensive

copy-number gains; however, the identified junctions dis-

played microhomology and non-templated insertions up

to 40 bp. Neither chromothripsis (c-NHEJ) nor chromoana-

synthesis (microhomology) could singlehandedly explain

the origin of such events. Because polymerase theta

(polQ) activity had been shown to mediate alt-NHEJ in a

template-dependent and -independent manner,73 the

authors proposed these events to have arisen from a combi-

nation of aberrant DNA replication and alt-NHEJ using

polQ.70 Both studies are relevant as they set the precedent

that chromoanasynthesis, similarly to chromoplexy, does

not necessarily have to occur in a single DNA replication/

cell division event, and could act in conjunctionwith other

DSB repair mechanisms (like chromothripsis), potentially

allowing already complex SVs to acquire further structural

changes and affect larger portions of the genome.

Chromoanasynthesis is hypothesized to induce signifi-

cant gene dosage imbalances which can have untoward

clinical consequences or result in embryonic lethality and

has thus not been extensively observed in phenotypi-

cally normal individuals. However, depending on which

genomic regions are included in the chromoanasynthesis

event, such SVs could exist in normal individuals, as

exemplified by stable inheritance of a chromoanasynthesis

event involving chromosome 21 in three generations.74

This event was identified through CMA of a child with

seven copy number gains in chromosome 21 and present-

ing with epilepsy, ataxia, and dysmorphic features; the

mother andmaternal grandfatherharbored theunbalanced

chromosome without major phenotypic consequences. A

likely pathogenic SYNGAP1 variant was proposed to be

responsible for the child’s clinical features. This study

illustrates the point that depending on the locus of origin,

complex chromoanagenesis events could represent neutral

genetic variation and remain undetected in phenotypically

normal individuals. However, such events may also seed

further instances of complex recombination or genomic

instability, as shown in the evolution of a chromothriptic

rearrangement in a mother into a chromoanasynthesis

rearrangement in her daughter.75

Functional Impact of Congenital Chromoanagenesis

Chromoanagenesis events can impact genome function

throughmultiple avenues, includingdeletionor truncation
2019



Figure 3. Functional Consequences of
Chromoanagenesis
Rearranged chromosome fragments are
colored in blue, yellow, red, and green.
Grey fragments represent the remainder of
the chromosome, to pter (left gray frag-
ments) and qter (right gray fragment).
(A) Chromothripsis/chromoplexy events
can lead to gene truncation (colored boxes
and colored dashed lines), fusions (adjacent
colored boxes and colored dashed lines),
gene haploinsufficiency due to removal of
regulatory elements (enhancers marked as
colored diamonds and haploinsufficient
gene transcription marked with an x), or
ectopic expression caused by position ef-
fects (enhancers marked as colored dia-
monds and dashed lines indicate the genes
on which they are exerting their effects).
(B) Similar to chromothripsis/chromoplexy,
chromoanasynthesis can lead to gene trun-
cation, gene fusion, gene haploinsufficiency
due to removal of regulatory elements or
ectopic expression. In addition, expansion
and transcription of triplosensitive genes
could be observed in chromoanasynthesis.
of disease-associated genes, triplication of clinically rele-

vant genomic segments, generation of pathogenic gene

fusions, or effects on gene expression through removal/

repositioning of important regulatory elements (Figure 3).

Gene truncation is a common outcome of chromoana-

genesis, given the number of breakpoints and small

deletions generated by this process, which increase the

chances of disrupting clinically relevant genes. Examples

of pathogenic genes truncated after a chromoanagenesis

event include PCDH15, PHIP, and MYO6, among others

(Figures 3A and 3B).52,56,58,71 Chromoanagenesis, specif-

ically chromoanasynthesis, can also generate complex

triplications embedded within distinct chromosome re-

gions associated with diverse congenital phenotypes21

and can potentially induce triplosensitive gene amplifica-

tion or disrupt haploinsufficient genes at the breakpoints

of the duplications (Figure 3B). In addition, because chro-

moanagenesis SVs juxtapose segments out of their normal

chromosome locations, chromoanagenesis SVs have the

potential to generate pathogenic gene fusions; while chro-

moanagenesis-promoted fusions have been mostly

observed in cancer,20,43 there are currently no published

examples of verified gain-of-function fusions due to chro-

moanagenesis in the congenital setting (Figures 3A and

3B). Lastly, the extensive re-shuffling of chromosome

material can have an impact on underlying chromatin

conformation, particularly TADs, which can impact tran-

scriptional regulation (Figures 3A and 3B). TADs are

defined as chromosome regions ranging from several

hundred kb to Mb in size, with significantly increased

numbers of self-interacting chromatin contacts compared

to adjacent chromosome areas.49,50 Importantly, TAD

structures have been shown to be tightly linked to regula-

tion of gene expression,50,76–80 as they limit the contacts
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of enhancers to their specific genes within a defined 3D

space. When disturbances of underlying TAD structures

occur, long-range position effects of neighboring gene

expression have been reported,56,81–86 mostly attributed

to a re-wiring of local regulatory networks delimited by

chromosome topology. Position effects in pathogenic

genes such as FOXG1, SOX9, and SATB2 have already

been observed in connection with congenital complex

chromosome rearrangements,56,84,85 and mis-expression

of TWIST1, FOXP1, and DPYD due to lost enhancer

interactions upon a chromothripsis event has also

been reported in an individual with craniosynostosis,

facial dysmorphisms, growth retardation, and intellectual

disability.59 We thus hypothesize many chromoanagene-

sis SVs to have important contributions to clinical pheno-

types through long-range position effects, and various

tools have been developed to aid in such discoveries that

incorporate regulatory and chromatin conformation

data.85,87

While the majority of chromoanagenesis cases have

been linked with disease, not all instances of chromoana-

genesis are detrimental. Depending on the affected chro-

mosomal regions, chromoanagenesis could be inherited

without major phenotypic consequences, as demonstrated

by the stable inheritance of a chromoanasynthesis event in

chromosome 21 present in two healthy individuals.74

Advantageous chromoanagenesis has also been shown to

exist, as exemplified by the extraordinary case of the chro-

mothriptic cure of an individual with WHIM syndrome

(WHIMS [MIM: 193670]).88 In this individual, a somatic

chromothripsis event in a hematopoietic stem cell trun-

cated the CXCR4 disease allele; this rearranged stem cell

repopulated the myeloid lineage and promoted engraft-

ment in the bone marrow, causing spontaneous remission
rican Journal of Human Genetics 104, 565–577, April 4, 2019 571



of WHIM syndrome. Future studies on phenotypically

normal control populations will eventually shed light on

whether other examples of neutral and/or advantageous

somatic/germinal chromoanagenesis exist, and the set-

tings or conditions in which these complex rearrange-

ments are selected or tolerated in the human genome.

Limitations in the Study of Congenital

Chromoanagenesis

Examination of congenital chromoanagenesis has been

mostly limited by identification of these complex events

in the clinic, their appropriate classification, and their

clinical interpretation. With each passing year, newer

and more sophisticated methodologies (including high-

resolution CMA, NGS, and MPseq) are utilized to question

morbid and apparently normal human genomes. In

practice, the majority of congenital chromoanagenesis

events have been discovered through chromosome karyo-

typing, FISH, and CMA, where apparently balanced or

unbalanced abnormalities prompted further molecular

evaluation.21,25,27,52–56,58,68–70 Nevertheless, characteriza-

tion of chromoanagenesis junctions at the nucleotide level

is not easy, given the high number of breakpoints involved

and their arrangement into complex patterns. For most

published congenital chromoanagenesis cases, a combina-

tion of Sanger sequencing, short-read and long-read NGS,

and MPseq have been utilized to identify breakpoints

and reconstruct derivatives according to the observed junc-

tions.21,25,27,52–58,70,71,89 Yet, even with this battery of

testing, there are instances in which junctions were pre-

dicted to exist but could not be captured, possibly due to

overlaps with repetitive elements, their arrangement into

highly convoluted structures, or low-level mosaicism.52,56

Similarly, in cases where karyotyping is not performed, or

the SVs do not dramatically alter chromosome banding,

or the loss of genetic material is below the limit of detec-

tion, chromoanagenesis SVs can remain undetected by

standard clinical testing, including CMA and WES. Several

such examples exist,52,53,56,71 suggesting that the fre-

quency of congenital chromoanagenesis may be underesti-

mated given the technical limitations in routine clinical

testing. However, some of these restrictions may be allevi-

ated through new sequencing strategies, as exemplified by

Cretu Stancu and co-authors in their characterization of

two congenital chromothripsis cases (associated with dys-

morphic features and intellectual disability) using long-

read sequencing, which proved to be a superior strategy

to detect and phase complex chromothripsis SVs

compared to short-read sequencing (see Discussion).89

Once complex SVs are discovered in a genome, it is

important to determine if these were derived from chro-

moanagenesis mechanisms. While chromoanasynthesis

events are easier to classify given their characteristic

copy-number gains, chromothripsis and chromoplexy

may be harder to distinguish from each other, as discussed

earlier in this review (see Chromoanagenesis in the

Congenital Setting). The clustered breakpoints together
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with the high number of chromosomes involved suggests

instances in which both chromothripsis and chromoplexy

could act in concert or with other recombination mecha-

nisms to generate the described complex SVs. For instance,

chromothriptic chromosomes could be subjected to

ensuing translocations, or chromoplectic chromosomes

could undergo additional chromothriptic breakage; the

latter instance has been proposed as a speculative

model termed ‘‘translocation-induced chromothripsis,’’

to explain the origin of congenital chromothripsis where

multiple chromosomes are involved.65 In addition, chro-

moanasynthesis may display microhomologies and non-

templated insertions, which also suggests a hybrid origin.

Regardless of the mechanism, careful analysis should be

performed before classifying a congenital complex SV as

chromothripsis or chromoplexy, and diverse algorithms

and rules are available to the community for appropriate

designations.65,66

The final challenge in the study of congenital chromoa-

nagenesis is that posed by their clinical interpretation. In

addition to genes amplified, fused, or disrupted by the

breakpoints, one should also consider position effects asso-

ciated with human disease, brought upon by disturbance

of underlying chromatin organization.82,83 Fortunately,

SV position effects can now be reasonably predicted by

modeling changes in chromatin topology and their effects

in transcriptional regulatory networks,85,87 which could

alleviate some of the analytical workload in the laboratory

and provide additional candidates to explain a phenotype.

It is important to consider that various genes could partic-

ipate in generating the phenotypic outcome, and the

contribution of each chromoanagenesis junction should

be analyzed and integrated into the final diagnosis.

Discussion

As presented in this review, constitutional chromoanagen-

esis has been detected in phenotypically normal and devel-

opmentally affected individuals, and these events may be

more common and heterogeneous than previously appreci-

ated. While the overall prevalence of chromoanagenesis in

health and disease remains to be calculated (given the

various technological and interpretative challenges that

these complex events pose to the clinical community),

different groups have committed great amounts of re-

sources to the systematic profiling of complex congenital

SVs at nucleotide-level resolution. For more than a decade,

our laboratory has focused on the study of individuals with

apparently balanced SVs and presentingwith various devel-

opmental disorders through the Developmental Genome

Anatomy Project (DGAP),54,56,84–86,90–92 while the Talkow-

ski laboratory has also characterized complex SVs in indi-

viduals with ASD.71 Both projects have revealed with

unprecedented detail the substantial abundance and

involvement of considerable structural variation at junc-

tions of balanced and unbalanced SVs, many of them

with characteristic signatures of chromoanagenesis. Collins

and co-authors, for example, uncovered an overwhelming
2019



number of complex SVs at �5 kb resolution in subjects

with ASD, with each individual averaging 14 large and

newly reported complex SVs, some with minimal genomic

loss missed by CMA.71 Collectively, these studies suggest

that the amount of constitutional complex SVs and associ-

ated chromoanagenesis events is highly underestimated, as

apparently balanced SVs are, potentially, rarely truly

balanced.

Several major sequencing projects have already produced

thousands of human genome sequences from phenotypi-

cally normal individuals,6,7 which could be used to survey

the frequency and complexity of chromoanagenesis with

higher read-depths and/or longer read technologies. In

particular, long-read single-molecule sequencing has been

shown to be a suitablemethodology for the comprehensive

characterization of SVs, as demonstrated by the study of

Cretu Stancu and co-authors in the characterization of

two individuals with congenital chromothripsis events,89

as well as Nattestad and co-authors, where numerous com-

plex SVs were captured by long reads but were mostly

missed by short-read sequencing in a HER2þ breast cancer

cell line.93

Because complex SVs have been observed to alter genome

function by truncating or disrupting disease-associated

genes and their transcriptional regulatory networks,

chromoanagenesis in individuals without major clinical

consequences provides an opportunity to refine further

the annotation of genes, regulatory elements, and chro-

matin organization. Alternative and focused sources for

the study of chromoanagenesis in the absence of develop-

mental features are individuals presentingwith Li-Fraumeni

syndrome. TP53 is involved in DNA damage response,94

which could further increase the chances of chromoa-

nagenesis during failed DNA replication events. Indeed,

acute myeloid leukemia samples of individuals with Li-

Fraumeni syndrome have been shown to be enriched in

chromoanagenesis events;29 it is therefore possible that

chromoanagenesis-derived SVs exist in non-cancerous cells

of individuals with Li-Fraumeni, the characterization of

which could help elucidate their local and long-range func-

tional impact on gene expression in various organs and

tissues.

All in all, chromoanagenesis can potentially impact the

function of dozens of genes in a single event, perhaps

even more if we consider long-range position effects

through the deletion and/or re-shuffling of regulatory ele-

ments, which can act through vast distances of genomic

space.56,59,82,84–86 We speculate that the majority of chro-

moanagenesis events have the capacity to display position

effects given their extensive impact on chromosome and

TAD re-organization; such effects may explain diverse as-

pects of individual phenotypes, and such roles will become

obvious once more chromoanagenesis cases are subjected

to systematic analyses of position effects.

Lastly, it is important to remember that chromoanagen-

esis events can be under the detection limits of various

routine clinical tests (karyotype, FISH, and CMA), so it is
The Ame
possible that several simple or apparently balanced SVs

could actually be complex chromoanagenesis events;

whenever possible, nucleotide-level resolution studies of

the breakpoints should be performed in normal and

morbidly affected individuals presenting with balanced

or unbalanced SVs for comprehensive interpretation. We

are certain to find even more convoluted examples of

chromoanagenesis in seemingly simple chromosome re-

arrangements, in addition to those already described

herein. Clarifying the frequency as well as the local and

long-range functional impact of chromoanagenesis is

crucial for understanding human genetics, and such

knowledge will be an important asset in the identification

of clinically relevant genes and genomic regions. The cur-

rent utilization of clinical genome sequencing95,96 will

doubtless uncover more of the unexplored potential of

complex SVs and their contribution to human health

and disease.
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