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Summary

Focal copy number increases (genomic amplification) pinpoint oncogenic driver genes and 

therapeutic targets in cancer genomes. With the advent of genomic technologies, recurrent 

genomic amplification has been mapped throughout the genome. Recurrent amplification could be 

solely due to the positive selection for the tumor-promoting effects of amplified gene products. 

Alternatively, recurrence could result from the susceptibility of the loci to amplification. 

Distinguishing between these possibilities requires a full understanding of amplification 

mechanisms. Two mechanisms, the formation of double minute chromosomes and breakage-

fusion-bridge cycles, have been repeatedly linked to genomic amplification, and the impact of both 

mechanisms has been confirmed in cancer genomics data. Here we review the details of these 

mechanisms and discuss the mechanisms underlying recurrence.

Gene amplification in biology and cancer

A gene can express its product robustly by increasing the copy number (gene amplification) 

and accelerate a particular cellular activity. In somatic cell development, gene amplification 

is a regulated process to meet the increasing demands of protein synthesis (e.g. ribosomal 

RNA gene in Xenopus oocytes and ciliated protozoa) or of a particular protein necessary for 

a specific developmental stage (e.g. chorion gene in ovarian follicle cells in Drosophila) [1–

3]. Gene amplification can also be an adaptive process to the environment. For instance, both 

bacteria and unicellular eukaryotes develop resistance to antibiotics by amplifying genes that 

efflux drugs from the cell [4]. By far the most studied cases of gene amplification are its 

occurrence in tumors. The adaptive aspect of gene amplification is also a focused issue in 

tumors, as gene amplification is a measure to antagonize anti-cancer treatments by directly 

increasing the dosage of target proteins [5] or by activating an alternative cell-proliferation 
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pathway [6]. More commonly, genes promoting tumorigenesis and progression employ gene 

amplification to increase their protein level. MYC at chromosome 8q24.21, a basic helix-

loop-helix transcription factor is amplified frequently across tumor types and influences 

various cellular processes by modulating global transcriptome [7]. ERBB2 (see Glossary) at 

17q12-21, a gene encoding HER2, a member of epidermal growth factor receptors, is 

amplified in 15-20% of breast tumors and marks a distinct subtype that is treated differently 

from other breast tumors [8].

The process of identifying amplified genes has been greatly accelerated since the advent of 

genomic technologies. The Cancer Genome Atlas (TCGA, see Glossary) project has 

cataloged the amplified regions (cytoband, see Glossary) across tumor types [9–14] (Table 

1). Among the adult epithelial tumors from six organs, 8q24.21 stands out as it is amplified 

in all tumor types. 8q24.21 spans 800 kb regions and harbors the MYC oncogene, which 

confirms the finding in the earlier studies. Cytobands 1q21.3, 8p11.21, 8p11.23, 10q22.3, 

11q13.3, 12q15 and 15q26.3 are amplified in more than three tumor types, and in some case 

harbor validated targets. CCND1 at 11q13.3 encodes a Cyclin D1 that promotes G1/S 

transitions of cell cycles. MDM2 at 12q15 encodes an E3 ubiquitin ligase that degrades 

tumor suppressor protein TP53. IGF1R at 15q26.3 is a gene for a receptor tyrosine kinase 

that binds to the insulin-like growth factor. MCL1 at 1q21.3 encodes a protein for an anti-

apoptotic function. There are also cytobands that are amplified in a particular tumor lineage. 

3q26.33 is frequently amplified in squamous cell lung tumors. Among the 19 genes within 

the amplified region, SOX2, a gene encoding the transcription factor for genes that maintain 

pluripotency, is a candidate driver of amplification [15]. In lung adenocarcinoma, 14q13.3 is 

frequently amplified, and a gene for homeobox transcription factor NKX2-1 at 14q13.3 was 

shown to promote the survival of lung adenocarcinoma cells [16, 17]. Interestingly, while 

tumor-type specific amplicons (see Glossary) harbor lineage-specific transcription factors, 

pan-cancer amplicons have proteins that promote basic cellular processes for proliferation.

With the TCGA data, gene amplification is now viewed as genomic amplification in which 

copy number breakpoints have been determined with the nucleotide-level resolution, where 

copy number of the genome traverses from normal copy number to the increased copy 

number. Such resolution provides essential information for the mechanisms underlying 

genomic amplification and raises new questions. For a given driver gene, the locations of 

copy number breakpoints and amplified regions (amplicons) vary between individual 

tumors. Such variable breakpoints may indicate that amplification mechanisms are different 

between tumors. Alternatively, those variable breakpoints are the products of secondary 

rearrangements that mask the initiating breakpoints, and underlying mechanisms may be 

common between tumors. Second, considering the remarkable built-in redundancy of the 

human genome, genes with similar functions are elsewhere in the genome (Fig.1, Key 
Figure). For example, MYC has closely related bHLH transcription factors MYCL and 

MYCN at 1q34.2 and 2p24.3, respectively, both of which have oncogenic potential and can 

rescue proliferation defects of MYC-null cells [18, 19]. Although MYC is amplified 

frequently (15-40%) across tumor types, MYCL and MYCN are amplified much less 

frequently, in 2-8% of tumors. Another example is MDM2. MDM2 has a structurally related 

protein MDM4 (MDMX) at 1q32.1. Both MDM2 and MDM4 knockout mice are embryonic 
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lethal but the lethality is rescued by the depletion of TP53 [20–23], indicating that both 

MDM2 and MDM4 are the regulators of TP53. While MDM2 is within a pan-cancer 

recurrent amplicon, MDM4 is not. Similarly, among the three D-type cyclins that bind to 

Cdk4 and promote G1/S transition of cell cycles [24–26], only CCND1 is frequently 

amplified across tumor types. Therefore, among genes with closely-related functions, a 

particular one may be more susceptible to amplification than others.

A comprehensive review of the mechanisms of genomic amplification and genome 

instability could help us to gain insight. Historical studies are rich sources of conceptual 

frameworks, and recent studies, including studies from model organisms, provide detailed 

molecular processes that could underlie the susceptibility of genomic amplification.

Quests for the underlying amplification mechanisms using mammalian cell 

models

Gene amplification in mammalian cells was first described as a cellular phenomenon that 

counteracts the increasing dosage of clastogenic drugs. The enzyme dihydrofolate reductase 

(DHFR, see Glossary) increases dramatically in mouse cells during the stepwise selection 

with methotrexate (MTX), the inhibitor of DHFR. The increase of DHFR protein is 

associated with the multiplication (amplification) of the endogenous DHFR gene in a mouse 

sarcoma cell line [27]. This amplification was unstable and was lost without MTX selection. 

In contrast, the amplification of the DHFR gene was stable in Chinese hamster ovary and 

lung cells. The differing stability of DHFR amplification and MTX resistance was peculiar 

and soon was found to be associated with the chromosomal localization of the DHFR gene. 

In situ hybridization in a metaphase spread revealed that DHFR genes were present on 

extrachromosomal elements called double minute chromosomes (DMs, see Glossary) in the 

cell lines with unstable DHFR amplification [28, 29] (BOX1). In the stable cell lines, the 

amplified DHFR genes were localized to one or a few chromosomes in the form of locally 

expanded chromosomal region, called a homogeneously staining region (HSR, see Glossary) 

(BOX1) [30]. DMs lack functional centromeres [31] and thus can be distributed to daughter 

cells unequally at mitosis. In the absence of MTX, cells without DMs became dominant in 

the population, as cells with fewer DMs proliferated better [32]. In contrast, chromosomally 

integrated HSRs segregated equally into daughter cells in the absence of MTX, and 

therefore, amplification was stable. Of note is the strong association between the forms of 

DHFR amplification (DM or HSR) and species (mouse or Chinese hamster) under the MTX 

selection. The difference in the chromosomal environment surrounding the DHFR gene may 

dictate how it is amplified.

The invention of fluorescence in situ hybridization in the mid-1980s [33] enabled scientists 

to resolve the locations and numbers of drug resistance genes reliably in metaphase at a 

single-cell level. The focus of the studies moved forward to understand the mechanisms 

underlying gene amplification. This subject was explored by examining the chromosomal 

structures of multiplied genes at a very early step of amplification. Hamster cell lines were a 

preferred model, given their long metaphase chromosomes offer better resolutions for each 

gene copy. A dominant location of multiplied Carbamoyl-Phosphate Synthetase 2, Aspartate 
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Transcarbamylase, And Dihydroorotase (CAD) genes is within the body of chromosomes 

when Syrian hamster cells were selected with N-phosphonacetyl-L-asparate (PALA) [34]. 

Ladder-like, multiple hybridization signals were developed at the telomeric end of the 

chromosome arm from the single-copy CAD gene. This chromosomal structure was 

preceded by the recombination/fusion between the sister chromatids that could produce a 

giant inverted duplication and a chromosome with two centromeres (di-centric chromosome) 

[35]. Similarly, a giant inverted duplication was a very frequent event for the amplification 

of DHFR and adenylate deaminase 2 (AMPD2) genes in Chinese hamster ovary cells [36, 

37]. The inverted duplication and dicentric chromosome formation are consistent with gene 

amplification by breakage-fusion-bridge (BFB) cycles (Box 2, see Glossary) (Fig. 2). BFB 

cycles were originally described by Barbara McClintock in 1939 for the fate of a dicentric 

chromosome during meiotic mitosis and endosperm development in maize [38]. In another 

study, the DHFR gene was shown to be amplified in extrachromosomal DMs at very early 

passages of MTX-resistant cell population, and with continuous passages, clones with 

chromosomal amplification became dominant [39]. This observation suggests that DMs 

were prevalent at the early stage of MTX-resistant cells, but later became integrated into 

chromosomes. It was also shown that AMPD2 amplification in Chinese hamster cells also 

occurred in the form of DMs [40]. In this study, the cells harboring DMs were shown to be 

associated with the loss of AMPD2 gene in the native chromosomal locus, indicating that 

the excision of native locus could precede the appearance of DMs. Thus, the formation of 

DM and BFB cycles seemed common in the amplification of drug-resistance genes in 

hamster cells, although the inter-dependence between two processes is still in debate [41, 

42].

Clinical impact of amplification mechanisms

Having discovered two prevalent forms for the amplification of drug resistance genes in 
vitro, chromosomal locations of naturally amplified oncogenes have been of great interest. 

In the 1980s, metaphases obtained from tumor cell lines were subject to cytogenetic analysis 

and probed with known oncogenes. MYCN was the first gene to be demonstrated as an 

amplified gene in tumor cell lines. MYCN has homology to the MYC oncogene and was 

shown to be amplified in neuroblastomas in both DMs and HSRs [43, 44]. MYC was also 

shown to be in both DMs and HSRs [45, 46]. Later, gliomas were analyzed for the 

amplification of the EGFR oncogene and found to harbor EGFR in DMs [47]. This analysis 

was done using primary tumor cells obtained from xenografts in mice, so the information 

could be more relevant to primary tumors than cell lines after extensive passage. Notably, 

EGFR was retained in chromosome 7 in all tumors, suggesting that the excision and 

circularization mechanism is unlikely for this amplification. The extent of amplicons, 

determined by quantitative real-time PCR showed the amplification of contiguous genomic 

segments, suggesting the DMs with a simple structure of mono-locus origin. The same 

group later showed that DMs can also have complex structures originated from multi-loci 

[48]. In this glioma, some of the DMs harbored a single EGFR locus, while another one had 

genomic segments from six different loci.

An important clinical implication of genomic amplification is therapy-resistance. It was 

shown recently that anti-EGFR therapy selects against glioblastoma cells harboring the DMs 
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with the hyper-active, mutant form of EGFR (EGFRvIII) [49]. Upon the withdrawal of an 

anti-EGFR drug, the number of mutant EGFR-DMs per cell increases, indicating a dynamic 

and adaptive route by which cancer cells evade targeted therapies. This process could be 

facilitated by shuttling EGFR amplicons between DMs and chromosomal HSRs. HSR 

configuration seems to suppress the expression of mutant EGFR, which renders cells being 

less dependent on mutant EGFR and escaping from anti-EGFR therapy. In this scenario, 

HSR could serve as a reservoir of mutant EGFR.

Representative oncogenes are amplified solely in DMs or concurrently in DMs and HSRs 

[50]. However, whether the formation of DMs is the exclusive gateway for oncogene 

amplification remains elusive. Oncogenes such as ERBB2 are amplified solely in HSRs or 

concurrently in DMs and HSRs. In such a case, it is plausible that chromosomal 

amplification could be the initial form and breaks into DMs [41]. A mechanism leading to 

the formation of HSR is BFB cycles. BFB cycles involve the inverted fusion between sister 

chromatids and leave a breakpoint signature called a fold-back inversion. Indeed, fold-back 

inversions constitute a significant class of structural alterations in cancer genomes [51, 52]. 

A recent genomic study uncovered the link between the prevalence of fold-back inversions 

and poor prognosis in patients with ovarian cancer [53]. Finally, direct evidence of BFB 

cycles underlying oncogene amplification was recently provided. Genomic data provides 

information on copy number alterations and breakpoint sequences that could apply to 

construct the trajectory of rearrangements leading to genomic amplification [54]. Using this 

approach, the trajectory of ERBB2 amplification in breast tumors was shown to indicate the 

history of BFB cycles [55]. Furthermore, fold-back inversions, identified by a technique for 

enriching inverted duplications (DNA palindromes), are shown to cluster within the ERBB2 
locus in ERBB2-amplified breast tumors [56]. The prevalence of BFB driven mechanisms 

for ERBB2 amplification could explain why DMs always co-exist with HSRs in ERBB2-

amplified tumors [50].

Cellular processes underlying genomic amplification

The formation of DMs and BFB cycles play crucial roles in both experimental gene 

amplification and cancer-driving gene amplification. An advantage in both mechanisms is 

that, once they are initiated, gaining additional gene copies is streamlined. Cells can 

accumulate additional DMs at each cell division by the unequal segregation of DMs. BFB 

cycles continue to distribute genetic material unequally to daughter nuclei by asymmetrical 

breaks, one of which would gain additional copies. Thus, the focus of this review will be 

these two mechanisms.

Also, because genomic amplification frequently occurs in tumor cells but not in normal 

cells, tumor cells are considered to be permissive to gene amplification. The permissive state 

is a recessive trait in tumor cells because gene amplification in tumor cells can be suppressed 

when tumor cells are fused with normal diploid fibroblasts [57]. This recessive trait should 

underlie both the formation of DMs and the initiation/progression of BFB cycles. The trait is 

most likely the checkpoint against damaged DNA that is very often dysfunctional in cancer 

cells. In normal cells, broken DNA activates checkpoints to halt cell proliferation and 

triggers cell death, so that cells cannot proliferate with aberrant DNA. However, with the 
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dysfunctional checkpoint, cells with broken DNA could survive and develop DNA 

rearrangements and genomic amplification. TP53 tumor suppressor enforces the G1/S 

checkpoint to prevent cells with damaged DNA from entering into S phase [58]. TP53 

dysfunction leads to cells with aberrant DNA to proliferate. The dysfunction of TP53 also 

prevents cells from apoptosis. Consistent with these ideas, TP53 inactivation was shown to 

be a prerequisite of genomic amplification in vitro [59, 60]. In vivo evidence includes the 

complex amplification of the MYC oncogene in mice lacking TP53 and non-homologous 

end-joining repair genes [61, 62].

Mechanisms of genomic amplification – BFB cycles

A classic model of genomic amplification mechanism is that a single DNA lesion initiates 

the process and additional copies accumulate progressively over time in a stepwise manner. 

BFB cycles fit into this model. The initiating mechanisms of BFB cycles include 

dysfunctional telomeres [63], endonuclease-induced DSBs [62, 64] and drug-induced fragile 

sites [65] (Fig. 2).

Telomere shortening

Telomeres are nucleoprotein structures at the termini of eukaryotic chromosomes. Long 

tandem repeats (TTAGGG/CCCTAA) of double-stranded DNA with a single-stranded DNA 

overhang at the end forms a higher-order structure with the protein complex called Shelterin 

(see Glossary) [66]. Such capping structures differentiate the natural chromosome ends from 

broken DNA and protect telomeres from DNA damage signaling and repair activities.

Shelterin cannot protect telomeres when telomeres become too short. Each time cells 

replicate their DNA, lagging strand synthesis cannot initiate replication from the end and 

instead primes DNA synthesis internally using a short RNA primer, resulting in the loss of 

telomeric repeats distal from the RNA primer in the newly synthesized strand. This process 

repeatedly occurs in proliferating cells. Progressively shortened telomeres and an altered 

state of the Shelterin complex lead to dysfunctional telomeres that recruit DNA damage 

response (DDR) proteins and eventually terminates cell proliferation (replicative 

senescence) [67]. Cells lacking both TP53 and retinoblastoma (RB) tumor suppressor 

proteins can escape replicative senescence by fusing two dysfunctional telomeres by non-

homologous end-joining (NHEJ, see Glossary) [68]. End-to-end fusions can occur between 

different chromosomes or between sister chromatids and create dicentric chromosomes. The 

resulting chromosomes with two centromeres can initiate genomic amplification through 

BFB cycles. TP53 mutant mice lacking the telomerase RNA component (mTerc) undergo 

telomere crisis and develop tumors with numerous genomic alterations, including genomic 

amplification [63].

Replication Stress

Mounting evidence indicates that DNA replication errors are a major cause of genome 

instability in human tumors. Maintaining genome integrity requires the faithful duplication 

of chromosomal DNA. DNA replication is challenged in many ways, in both global DNA 

metabolism and local obstacles. Consequently, replication machinery stalls. Persistent 
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stalled forks can collapse and be processed into DSBs [69] that could initiate genomic 

amplification. Alternatively, stalled forks restart erroneously to initiate DNA rearrangements 

[70] that could initiate the formation of dicentric chromosomes.

A sufficient level of DNA precursors (nucleotide pools) is crucial for faithful DNA 

replication. Premature S-phase entry with reduced nucleotide pools results in increased 

stalled forks and genomic instability [71]. The depletion of nucleotide pools by hydroxyurea 

results in the global increase of ssDNA, the protection of which requires single-strand DNA 

binding protein RPA [72]. In cells with reduced RPA levels, unprotected ssDNA undergoes 

massive DNA breakage. Endonucleases Mus81, Artemis and XPF have been shown to cause 

DNA breaks in hydroxyurea-treated cells [73, 74]. These cleavages provide substrates for 

fork restart and prevent the missegregation of under-replicated chromosomal regions [75, 

76]; however, DNA ends could restart erroneously and initiate rearrangements. Indeed, the 

depletion of DNA precursors by hydroxyurea has previously shown to increase gene 

amplification frequency in rodent cells [77].

Replication forks could stall in a site-specific manner during normal replication processes. 

These “replication fork barriers (RFB, see Glossary)” have been studied extensively in 

simple organisms to clarify their biological roles and underlying mechanisms [78]. These 

barriers often consist of specific cis-acting DNA elements and binding proteins. Although 

natural barriers are necessary to maintain genome integrity, they could also pose a risk. A 

well-characterized example is the rDNA barriers in budding yeast Saccharomyces cerevisiae. 

rDNA encodes ribosomal RNA, the RNA component of ribosomes that is essential for 

protein synthesis in living organisms. Because large amounts of ribosomes are needed for 

sustaining cellular activities, rDNA genes exist in the genome at high copy. In S. cerevisiae, 

rRNA genes are located on the right arm of chromosome XII in a tandem array of 150–200 

9-kb units. Each unit contains the RNA Polymerase I (PolI)-transcribed 35S rRNA gene, the 

RNA Polymerase III-transcribed 5S rRNA gene and a replication origin. A replication 

barrier is mediated by the binding of Fob1 protein to cis-acting RFB elements and prevents 

the head-on collision between 35S rDNA transcribing PolI and replication machinery. 

Prolonged fork stalling at RFBs causes rearrangements, resulting in the contraction, 

expansion and extrachromosomal circularization of rDNA [79]. Although less understood, 

large homopolymeric (dA/dT) sites are preferential sites of breaks within RFBs of rDNA in 

the mammalian genome [80]. It is thus plausible that such tightly-bound proteins at specific 

DNA sites can initiate DNA rearrangements in cancer cells. Such a possibility was 

demonstrated elegantly by using an E.coli replication termination protein-DNA complex 

Tus-Ter in mouse embryonic stem cells [81]. In this system, tethering Tus protein to a 

chromosomally-inserted Ter element induces stalled forks that initiate DNA rearrangements.

The conflict between transcription and replication is a common issue throughout the 

kingdom of life, as replication and transcription machineries compete for the same 

templates. Transcription activities can oscillate during the cell cycle and could be low in S-

phase, but a subset of genes is shown to be induced in S phase [82, 83]. In such a setting, the 

collisions between two types of machinery seem unavoidable. Indeed, highly transcribed 

genes are potential impediments of replication forks in yeast [84]. Collisions can occur in 

either head-on or co-directional manner, and head-on collisions are considered more 
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deleterious than co-directional collisions. To curtail such unwanted events, replication fork 

movements are biased towards the same orientation with transcription [85–87]. Although 

head on-collisions are thought to be more harmful than co-directional collisions, both 

collisions could activate DNA damage checkpoints [88] and thus, with impaired 

checkpoints, can cause adverse effects. In bacteria, co-directional collisions provoke the 

restart of replication forks and exhibit distinct mutation spectrums from co-directional 

collisions, with insertions and deletions more common in co-directional than head-on 

collisions [89, 90]. Consistently, natural co-directional collisions create stalled forks, the 

restart of which could lead to replication template switching events in human cells [91]. In 

addition to the collisions between replication and transcription machineries, RNA transcripts 

can form hybrids with DNA (R-loop, a three-strand nucleic acid structure formed by an 

RNA:DNA hybrid plus a displaced ssDNA strand, see Glossary) that could promote DNA 

damage [92, 93]. R-loops are particularly abundant in head-on collisions in both bacteria and 

replicating plasmids in human cells [88, 94]. R-loops have physiological functions, 

including transcriptional regulation and termination, programmed DNA rearrangements and 

homology-directed DNA repair [95–98]. Physiological R-loops are delicately regulated by 

an enzyme that degrades the RNA parts of R-loops (RNaseH) and a helicase that unwinds R-

loops (Senetaxin). Persistent R-loops become irreparable DNA damages in S phase cells 

[99], indicating that R-loop prevents the progress of replication machinery. On the other 

hand, only a subset of persistent R-loops can cause irreparable DNA damages. Another 

factor, such as a particular histone modification (H3S10P) that is associated with condensed 

chromatin, could be crucial to cause the impediment of replication forks at the R-loops 

[100].

Fragile sites

The mechanisms described above can cause fragility in the specific regions of the genome 

and fragility near the oncogenes may initiate genomic amplification. Cytogenetically, fragile 

sites have been examined extensively and defined as specific chromosomal loci that 

preferentially exhibit gaps and breaks on metaphase chromosomes following partial 

inhibition of DNA synthesis (common fragile site, CFS, see Glossary) [101]. There are more 

than 70 aphidicolin-induced CFS mapped throughout the chromosomes. CFSs cover over 

100-kb long regions and share both epigenetic and genetic features that together contribute 

to the fragility, including late replication, the paucity of replication origins, and co-

localization with giant genes [101]. The mechanisms underlying the fragility is well-defined 

for a subset of CFSs. Because CFS is late-replicating, even a mild replication inhibition 

leads to the unfinished replication in S-phase. With giant genes being transcribed throughout 

the cell cycle, CFS could remain decondensed in metaphase. In such a condition, unfinished 

replication can be seen as a gap in a chromatid.

In hamster cells, clastogenic drugs-induced fragile sites initiate BFB cycles and genomic 

amplification [102]. Further evidence was provided in human gastric tumor cells in which a 

CFS on chromosome 7 is involved in the amplification of MET oncogene possibly through 

BFB cycles [103].
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Mechanisms of genomic amplification – the formation of DMs

DMs of mono-locus origin

Because the formation of DMs requires DNA rearrangements, initiating mechanisms for 

BFB cycles discussed above, such as replication stress could underlie the formation of DMs 

as well. Several models have been proposed to explain how DMs arise (Fig. 3). Earlier 

molecular and cytogenetic studies revealed that a chromosome break triggers the deletion of 

a chromosomal region that becomes a circular DNA [40, 104]. In contrast, glioma cells 

harboring EGFR-DMs retain the EGFR gene copies in the native chromosomal locus [47]. 

The replication-associated model could explain the co-existence of chromosomal copies and 

DMs: a sister chromatid from the replication bubble is excised during replication and forks 

emanating from both sides complete replication. These mechanisms predict that DMs have 

simple structures of mono-locus origin. Recent genomic data for the DMs arising from 

EGFR-loci in glioblastomas may support this model [105, 106].

Complex DMs with a multi-loci origin

The advent of massively parallel sequencing for cancer genome analysis has transformed our 

thinking of how cancer genomes evolve. Paired-end sequencing allows us to search for DNA 

rearrangements in an unprecedented scale and resolution. A horrifying pattern of 

rearrangements emerged in chronic lymphocytic leukemia (CLL); several tens of 

rearrangements confined to a region of a chromosome [107]. Copy number profiles 

associated with the rearrangements are also unconventional and alternate just two states, 

namely one or two copies [108]. The copy number loss is not only mediated by simple 

“head-to-tail” deletions but also exhibits other types of rearrangements, including head-to-

head and tail-to-tail inverted orientations. This phenomenon can be explained by a single 

catastrophic event and subsequent illegitimate repair – a restricted region of a chromosome 

broken into pieces, followed by the pieces randomly stitched together. The term 

chromothripsis (Greek, chromos for chromosome and thripsis for shuttering into pieces) is 

adopted to illustrate the phenomena, and how such a horrifying pattern of rearrangements 

arise becomes a center of the topic. A plausible mechanism has been proposed from the 

studies that followed the fate of a lagging chromosome, chromosomes that fail to move into 

daughter nuclei during mitosis [109, 110]. A lagging chromosome can be confined to 

micronuclei where defective DNA replication takes place to cause DNA damage and 

chromosome fragmentation. Importantly, micronuclei can fuse back to the main nuclei. As a 

result, the fragmented chromosome can become nuclear DNA and the fragmented 

chromosome becomes the feature of cancer genomes. How DNA fragments are woven to 

each other remains elusive and may depend on multiple repair processes. In human cancer 

cells, targeted inactivation of Y chromosome centromere led to the segregation errors and 

confinement of the Y chromosome into micronuclei [111, 112]. The fragmentation of Y 

chromosome is more common when NHEJ proteins are depleted than when either HDR or 

alternative end-joining is inhibited, providing direct evidence for an involvement of NHEJ in 

the repair in micronuclei. In another study, tumors developed from either NHEJ- or HDR-

deficient mice display complex rearrangements reminiscent of chromothripsis [113].
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In addition to the defective DNA replication in micronuclei, a nuclease that attacks a 

restricted region of a chromosome can cause chromothripsis [114]. Cells with defective 

telomeres exhibit telomere-telomere fusions and di-centric chromosomes. A chromatin 

bridge formed between daughter nuclei during mitosis exposes a restricted chromosomal 

region for a single-stranded DNA nuclease, TREX1. TREX1 activity results in the loading 

of a single-stranded DNA binding protein RPA and resolves chromatin bridges. Sequencing 

analysis revealed that half of the clones underwent telomere crisis in these experiments 

exhibited the localized massive genome rearrangements. How such extensive ssDNA leads 

to complex rearrangements is unknown. ssDNA of a broken chromosome end can 

successively invade into more than one donor segment and create the fusion between donor 

sequences (multi-invasion induced rearrangement) [115]. ssDNA from the TREX1-

processed chromatin bridges could invade into multiple donor sequences and create fusions 

between discontinuous genomic segments.

The link between chromothripsis and genomic amplification came from the fact that some of 

the DMs display very complex structures and consist of large genomic segments from 

discontinuous multiple loci. In a small lung cancer cell line, 170 breakpoints cover the entire 

chromosome 8. Some of the breakpoints flank the large genomic regions (larger than 100-

kb), including the fragments harboring the oncogene MYC, that are interwoven to each other 

to create a circular chromosome [51]. Cytogenetic analysis showed that the region is 

amplified extra-chromosomally, indicating that fragmented regions are assembled to DMs. 

Also, a subset of medulloblastoma amplifies MYC very frequently, and chromothripsis is a 

likely trigger by forming DMs [116]. Similar MYC-DMs are identified in esophageal 

adenocarcinoma [117]. The multi-loci DM was successfully created from the micronuclei-

confined Y chromosome [112], demonstrating a chromosome segregation error as a process 

leading to the formation of DMs.

The majority of the fusion points of rearrangements harbor microhomology [51]. 

Microhomology was also seen for DMs of mono-locus origins harboring EGFR oncogene 

[118]. Thus, DNA repair mechanisms using microhomology play a significant role in the 

formation of DMs. A non-canonical NHEJ mechanism called microhomology-mediated end 

joining (MMEJ, see Glossary) could underlie the formation. However, microhomology-

mediated fusions can occur through the replication-based, FoSTeS/MMBIR (fork stalling 

template switching /microhomology-mediated break-induced replication, see Glossary) 

mechanism [119, 120]. It is also noted that in some mono-locus DMs, fusion points are 

complex and contain several small fragments from discontinuous genomic regions [121]. 

Such a complex fusion point is reminiscent of repeated template switching events from 

restarted stalled forks, in which each fusion event is mediated by microhomology [91]. The 

underlying mechanism of repeated template switching remains elusive but may involve a 

specialized polymerase Polη that is recruited to the stalled forks [91]. In yeast, 

microhomology-mediated template switching depends on the specialized polymerase ζ 
[122]. Thus, specialized polymerases appear to be crucial mediators of template switching 

that could result in DNA rearrangements and the formation of DMs.
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Concluding remarks

Here we focus on two amplification mechanisms – the formation of DMs and BFB cycles – 

that have been the centers of the topic and thus are strong candidate mechanisms for 

recurrent genomic amplification. A common feature between the two mechanisms is that, 

once they are initiated, the subsequent increase in copy number is streamlined. These 

mechanisms could also share the initiating events. For example, telomere-telomere fusion 

results in the formation of dicentric chromosomes that can provoke BFB cycles and 

chromothripsis [114]. Chromothripsis could underlie the formation of multi-loci DMs [107]. 

Stalled forks can lead to the formation of dicentric chromosomes and DMs [70, 123].

Both telomere dysfunction and chromothripsis in a chromosome in the micronucleus can 

occur for any chromosomes and can initiate the formation of DMs and BFB cycles at 

random loci. Therefore, these mechanisms unlikely specify where to amplify, but rather are 

consistent with the random amplification of loci followed by positive selection (Outstanding 

Questions Box). A paralogue-specific amplification can be a result of a positive selection for 

a function specific to a particular paralogous gene, for instance, a function in MYC but not 

in MYCN, that is necessary for tumorigenesis in specific cell lineages. The random model is 

supported by the fact that representative oncogenes are amplified in both DMs and HSRs 

[50]. However, the interdependence between these two mechanisms complicates the 

interpretation of such observation. For example, a dicentric chromosome by telomere-

telomere fusion can lead to chromosthripsis that could generate DMs. It was also shown that 

HSR can be a precursor of extrachromosomal amplicons [41].

On the other hand, endogenous DNA damage can be loci-specific and could support the non-

random model. One candidate includes chromosome fragile sites, although a strong link 

between common fragile sites and recurrent amplification in tumors is lacking. Other 

candidates include proteins that induce breaks at certain sequencing features in the genome, 

such as Topoisomerase 2, RAG1/RAG2 and AID. These enzymes mediate recurrent 

translocations in prostate cancer and lymphoid malignancies [124, 125]. Particular sequence 

features could also specify the break sites by perturbing replication. In addition to the well-

characterized features such as AT-rich sequences [80], there are complex regions in the 

genome that contain many duplicated sequences [126]. These regions are very large (>100 

kb) and can be very challenging for replication and be prone to break. Indeed, these regions 

are known to be highly variable between individuals, suggesting that these regions are 

fragile in the germline. Due to the variability between individuals, these regions remain 

ambiguous in the reference genome and are excluded from genomic analysis. Due to the 

variations and fragility, these regions would determine who gets genomic amplification and 

who does not.
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Glossary

Amplicons a segment of DNA that is amplified as a result of genomic 

amplification

BFB cycles breakage-fusion-bridge cycles

CFS Common fragile site

Cytobands Cytogenetic bands. Each human chromosome has a short 

arm (“p” for “petit”) and long arm (“q” for “queue”), 

separated by a centromere. Each chromosome arm is 

divided into distinct cytogenetic bands, that can be seen 

using a microscope and special stains.

DHFR dihydrofolate reductase

DMs double minute chromosomes

ERBB2 erb-b2 receptor tyrosine kinase 2, a gene encoding HER2, a 

member of epidermal growth factor receptors

FoSTeS/MMBIR fork stalling template switching /microhomology-mediated 

break-induced replication. A replication-based mechanism 

of genomic rearrangements originally proposed for the 

complex genomic rearrangements associated with a central 

nervous system disorder in humans. Break-induced 

replication is a pathway that repairs one-ended DNA 

double-strand breaks (DSBs). One-ended DSBs can arise 

from stalled forks processed by nucleases and invade into 

ectopic template DNA using homology.

GISTIC score Genomic Amplification of Significant Targets in Cancer. 

GISTIC considers the frequency of Somatic Copy Number 

Alterations within tumors and the degree of amplification 

to define true-positive amplification events.

HSR homogeneously staining region

MMEJ microhomology-mediated end joining. Also known as 

alternative NHEJ (Alt-NHEJ). A non-canonical mechanism 

of NHEJ that directly ligates two DSB ends using a short 

stretch of homologous sequences.

NHEJ non-homologous end-joining. A DNA double-strand break 

pathway that directly ligates two DSB ends without the 

need for homology.

R-loop a three-strand nucleic acid structure formed by an 

RNA:DNA hybrid plus a displaced ssDNA strand

Tanaka and Watanabe Page 12

Trends Cancer. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RFB replication fork barriers

Shelterin a six protein complex consisting of TRF1, TRF2, POT1, 

TPP1, TIN2, and Rap1 at mammalian telomeres.

TCGA The Cancer Genome Atlas. National Cancer Institute 

(USA) initiative of a landmark cancer genomics program 

that molecularly characterized over 20,000 primary cancer 

and matched normal samples spanning 33 cancer types.
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BOX 1:

Double Minute Chromosomes and Homogenously Staining Regions

A technical breakthrough in cytology in early 1960 is the trigger of the chromosome 

analysis in metaphase tumor cells under the microscope, and researchers began to 

characterize the chromosome numbers and morphologies rigorously. It was evident that 

tumor chromosomes are abnormal in both the numbers and morphologies. The peculiar 

finding in cancer chromosomes is the sister (double) small chromatin bodies [127] (Fig. I, 

left). These substances were initially called as minute chromosomes and minute 

chromatin bodies but later was referred to double minute chromosomes (DMs). DMs 

exhibit distinct behaviors during metaphase/anaphase and segregate into daughter nuclei 

in a spindle pole-independent manner, indicating that DMs do not carry centromere 

[128]. Instead, the DMs attach to the periphery of the chromosomes and move to 

daughter nuclei as passengers [129]. Because “sister” DMs often move with the same 

chromosome, the genetic material in the DMs is distributed unequally. Unequal 

segregation of genetic material could lead to gene amplification. Indeed, it was shown 

later that drug (methotrexate, MTX)-resistant cells carry the numerous copies of the drug 

target gene (Dhfr) in tiny chromosomes (presumably DMs). Another important feature of 

the DMs is that DMs are closed circular chromosomes [130].

Homogenously staining regions (HSR) are first reported for cells that exhibit MTX 

resistance and neuroblastoma cells by karyotype analysis [127] (Fig. I, right). HSRs lack 

the trypsin-Giemsa bands, and a chromosome carrying an HSR shows an increase in the 

length. The association with gene amplification was demonstrated later by the in situ 

hybridization that amplified Dhfr genes are specifically localized to the HSR.
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BOX 2:

Breakage-Fusion Bridge cycles

The BFB cycle was initially described by Barbara McClintock in 1939 as a fate of a 

dicentric chromosome during meiotic mitosis and endosperm development in maize [38]. 

The key observations include (i) ‘breakage’ of a dicentric chromosome in anaphase when 

the two centromeres pass to opposite poles, (ii) ‘fusion’ at the breakage site between two 

sister halves of the broken chromatid resulting in a duplicated chromatid with two 

centromeres, and (iii) the formation of a chromatid ‘bridge’ in the following anaphase. 

The bridge eventually ruptures, and broken chromatids enter into each daughter nuclei. 

Because the rupture can occur at any site between the two centromeres, the broken 

chromatids can inherit unequal amounts of genetic material: a partial inverted 

(palindromic) duplication in one chromatid and a partial deletion in the other (Fig. 2). 

The resulting broken chromatids repeat the cycle in following mitotic divisions, and, as a 

result, a particular segment between two centromeres becomes amplified in some cell 

descendants. The amplification was observed phenotypically in kernels with an extremely 

dark color because the gene required for pigment production was between two 

centromeres.

A critical step for continuing BFB cycles is the fusion of sister chromatids. How sister 

chromatids fuse in tumor cells remains elusive. However, recent reveal a plausible 

mechanism with experimental evidence [132–133]. A broken end in mitosis would 

undergo end resection and leave a 3’ single-stranded DNA (ssDNA) tail. The ssDNA 

would fold back and anneal using homologies. DNA synthesis would fill the gap and 

complete the end-capping. The entire chromosome would duplicate in the S-phase of the 

next cell cycle to produce chromatids fused at the broken end.
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Outstanding questions

• Is recurrent amplification solely driven by the positive selection for the 

amplification target proteins? Or are any loci in the genome susceptible to 

genomic amplification?

• Is chromosome fragility a determinant for the susceptibility to genomic 

amplification?

• What are the underlying mechanisms of chromosome fragility that confer the 

susceptibility to genomic amplification?

• Are there any areas in the genome that can be fragile but are not amenable to 

study? How can we address the fragility in those areas?
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Highlights

• With the advent of genomic technologies, genomic regions of recurrent 

amplification in tumors have been mapped throughout the human genome. 

The mechanisms underlying the recurrence are of great interest.

• Two mechanisms, breakage-fusion-bridge (BFB) cycles and the formation of 

double minute chromosome (DM) has been and continue to be the center of 

the middleic for the last three decades. A common feature of these 

mechanisms is that, once the process is initiated, additional copy number gain 

is streamlined.

• BFB cycles can be initiated by the fusion of critically short telomeres and 

DNA breaks. A significant source of DNA breaks is replication stress.

• DMs can be both single-locus and multi-loci origin. Chromothripsis and 

erroneous DNA repair is a likely underlying mechanism.

• The implications of both BFB cycles and DMs in the management of cancer 

patients have recently emerged.
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Figure 1 (Key Figure). 
Local genomic environment defines the susceptibility to genomic amplification by 

promoting a specific amplification mechanism (model). Two mechanisms, Breakage-Fusion-

Bridge (cycles) and the formation of double minute chromosomes (DM) are shown. Gene A 

is associated with the formation of DMs, whereas gene B is preferentially amplified by BFB 

cycles. Genes A’ and B’, although encoding proteins with similar functions to A and B, 

respectively, are located in different genomic environments and are thus not amplified 

recurrently.
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Figure 2. 
Molecular mechanisms underlying BFB cycles. A broken chromosome (red rectangle), 

either from the fusions of critically short telomeres or directly from DNA breaks, goes into 

the cycle. An initial step is the formation of a hairpin capped chromosome following the 

resection of broken and intra-strand annealing, which is converted into a dicentric 

chromosome after replication. The segregation of each centromere into different daughter 

nuclei results in a break and an unequal distribution of genetic material.
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Figure 3. 
Models for the formation of DMs. For a DM of mono-locus origin, a DNA segment can be 

circularized from the excised fragment of the replication intermediate (top) or directly from 

a chromosomal locus (bottom). Multi-loci DM can arise from either the erroneous repair of 

fragmented chromosomes (top) or repeated template switching of a replication fork 

(bottom).
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Figure I (BOX 1). 
Extrachromosomal DMs (left) and intrachromosomal HSR (right). Metaphases of 

Colo320DM cells (left) and Colo320HSR cells (right) were examined using Fluorescence in 

situ hybridization (FISH) with the genomic probes for MYC (red) and for 8q24.21 (green). 

Please note that in DM cells, there are some signals in a chromosome in addition to DMs.
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Table 1

Recurrent genomic amplification in human tumors

Breast Colorec Lung sq Lung ad Prostate Ovarian

1q21.2

1q21.3

1p22.3

3q26.2

4q13.3

5p15.33

6q21

7p11.2

8p11.21

8p11.23

8q24.21

10q22.3

11q13.3

11q14.1

12p12.1

12p13.33

12q15

14q21.1

15q26.3

17q12

19q12

20q11.21

20q13.12

20q13.2

20q13.33

From TCGA data. Recurrently amplified cytobands (GISTIC score <0.01) are highlighted.
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