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ABSTRACT

The human genome contains hundreds of large,
structurally diverse blocks that are insufficiently rep-
resented in the reference genome and are thus not
amenable to genomic analyses. Structural diversity
in the human population suggests that these blocks
are unstable in the germline; however, whether or
not these blocks are also unstable in the cancer
genome remains elusive. Here we report that the
500 kb block called KRTAP_region_1 (KRTAP-1) on
17q12-21 recurrently demarcates the amplicon of the
ERBB2 (HER2) oncogene in breast tumors. KRTAP-
1 carries numerous tandemly-duplicated segments
that exhibit diversity within the human population.
We evaluated the fragility of the block by cytogenet-
ically measuring the distances between the flank-
ing regions and found that spontaneous distance
outliers (i.e DNA breaks) appear more frequently at
KRTAP-1 than at the representative common fragile
site (CFS) FRA16D. Unlike CFSs, KRTAP-1is not sen-
sitive to aphidicolin. The exonuclease activity of DNA
repair protein Mre11 protects KRTAP-1 from breaks,
whereas CtIP does not. Breaks at KRTAP-1 lead to
the palindromic duplication of the ERBB2 locus and
trigger Breakage-Fusion-Bridge cycles. Our results
indicate that an insufficiently investigated area of the
human genome is fragile and could play a crucial role
in cancer genome evolution.

INTRODUCTION

Genomic amplification pinpoints tumor-driving genes
(oncogenes) in cancer genomes and provides information

on diagnosis and therapeutic targets. Cancer genomics stud-
ies have mapped recurrently-amplified segments through-
out the genome (1,2). Considering that genes with similar
functions are elsewhere in the genome, why certain genes
are recurrently amplified remains elusive. A potential mech-
anism underlying recurrence is the susceptibility of the lo-
cus to spontaneous DNA breaks, as breaks promote the
amplification of nearby genes (3,4). This hypothesis would
be validated if nearby genomic regions that break sponta-
neously and frequently (fragile sites) were identified. With
the mild inhibition of DNA replication by aphidicolin and
hydroxyurea, fragile sites have been mapped throughout the
genome in human and mouse cells (5,6). It remains unclear
whether these approaches can uncover spontaneous frag-
ile sites comprehensively throughout the genome. Limita-
tions of such methods include that (1) these sites may not
represent spontaneous fragility, given the use of replication
inhibitors, and (2) genomic approaches typically cover the
portions of the reference genomes where short sequencing
reads can be mapped uniquely and confidently but do not
cover regions of duplicated sequences (segmental duplica-
tions, also called low copy repeats) (7,8), where mappability
of short reads are compromised. The link between genomic
amplification and known fragile sites is rare in tumors (9).
Segmental duplications in the human genome arise dur-
ing primate evolution and retain high sequence identities
(>90%) between duplicated pairs (10,11). Segmental du-
plications account for ~5% of the human genome and are
more than 1 kb in size. Duplicated sequences tend to cluster
in ~400 distinct regions of the genome (duplication blocks)
where duplications are juxtaposed to each other. Such du-
plication architectures could result in the formation of sec-
ondary structures via base pairing within strands, which are
obstacles for DNA replication. Indeed, stalled forks have
been attributed as a cause of complex genome rearrange-
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ments within duplication blocks in patients with neurolog-
ical disorders (8,12). Furthermore, duplication blocks are
significantly associated with copy number variations in hu-
mans (7,13). Therefore, duplication blocks are structurally
diverse and are likely unstable in the germline. With such
diversity in the germline, representing duplication blocks in
a single reference genome is not possible. Even for some re-
gions that appear to be complete, multiple haplotypes (al-
ternate haplotypes) exist (14). In addition, there are 819 as-
sembly gaps in the most recent version (hg38) that account
for >5% of the genome, and duplicated sequences flank the
majority of these assembly gaps (15). It remains unknown
whether or not these blocks are unstable in somatic cells
and play any role in disease etiology such as cancer devel-
opment.

With complex duplication blocks in the genome, DNA
replication needs to be supported by repair mechanisms
that act quickly when adverse lesions arise. The DNA repair
protein Mrell could play such a role (16,17). Mrell and
the binding partner RADS0 form a highly conserved pro-
tein complex in the three domains of life. This Mrell com-
plex is associated with replication forks, and the association
is enhanced when replication forks stall (18,19). The deple-
tion of Mrel1 results in spontaneous DNA breaks during
replication in metazoans (20,21). Spontaneous replication-
associated breaks halt cell cycle progression and render
Mrel I-null vertebrate cells proliferation-deficient (22,23).
Simple organisms such as Escherichia coli and Saccha-
romyces cerevisiae can tolerate (SbcCD and) Mrell defi-
ciency (24,25), although the retarded growth is evident.
Thus, the essentiality of Mrell seems to be proportional
to genome complexity. Mrell possesses robust 3’ to 5 ex-
onuclease activity and single-strand endonuclease activity
(26,27). Recent studies revealed a concerted action of these
two nuclease activities for the removal of protein-bound
DNA ends that arise during meiotic recombination and
DNA double strand break (DSB) repair (28,29). This pro-
cess is initiated by the endo-nucleolytic incision of DNA
that is internal to a protein-bound end followed by the exo-
nucleolytic degradation of DNA towards the end (endo-
then-exo model). Two other proteins regulate Mrell nu-
clease activity. Nbsl, the third component complexed with
Mrel 1-Rad50, promotes the endo-nuclease activity and
restrains the exo-nuclease activity (29). Another protein
CtIP is also stimulatory to the Mrell endonuclease activ-
ity (30,31). The endo-nuclease activity alone has an inde-
pendent role in processing DNA secondary structures such
as hairpin loops arising from the intra-strand annealing be-
tween the arms of inverted repeats (32,33).

We sought to understand how fragile a duplication block
is, how it is protected, and whether or not the fragility of a
block is linked to genomic amplification. To address these
questions, we developed a fluorescence in situ hybridization
(FISH)-based approach and investigated the fragility of a
duplication block KRTAP_Region_1 (KRTAP-1). KRTAP-
1, consisting of the gene cluster of keratin-associated pro-
tein genes, is located 1.12 Mb telomeric to the oncogene
ERBB? (encoding the Human Epidermal Growth Factor
Receptor 2, HER2). Among the four EGFR receptor fam-
ily members, ERBB? is the most frequently amplified gene.
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ERBB?2 is amplified in 10-30% of breast tumors (HER2-
positive breast tumors) as well as in stomach, bladder, and
esophageal cancers (34,35), although the underlying mech-
anism of the recurrence remains elusive. We report here
that the KRTAP-1 duplication block is indeed fragile. The
fragility is not exacerbated by aphidicolin suggesting that
the mechanism of fragility is distinct from the aphidicolin-
sensitive common fragile sites (CFS). Mrell, in particular
its exo-nuclease activity, is crucial in protecting KRTA P-
1. Breaks at KRTAP-1 initiate the formation of inverted
duplications and copy number gains of the ERBB2 onco-
gene. Our study reveals the fragility of a complex duplica-
tion block in the human genome and its role in recurrent
genomic amplification.

MATERIALS AND METHODS
Cells

Primary human mammary epithelial cells were established
from five normal breast tissues from prophylactic mastec-
tomy by following a previously-reported method (36): NBC
16-131, NBC 16-172, NBC 16-634, NBC 14-668 and NBC
16-805.

Generation of the TK6 cell lines with conditionally dis-
rupted Mrell and CtIP genes were reported in detail previ-
ously (37). To generate the MREI1~/~ and MRE] ]~ /129N
cells from MREII"*F/xP and MREL1"*F/HI29N | respec-
tively, 4-hydroxytamoxifen (Sigma-Aldrich, H7904) was
added to the culture medium at a final concentration
of 200 nM. For the conditional disruption of the CtIP
gene using the auxin-inducible degron (AID) system, 3-
Indoleacetic acid (Sigma-Aldrich, 12886) was added to the
culture medium at a final concentration of 200 .M. RKO
cells with IPTG-inducible Mrell knockdown system were
established using shRNA-expressing vector from Sigma
Mission TRC1 lentiviral sShRNA Library (Sigma-Aldrich).

Flow cytometry

The BD FACSAria III sorter (BD Biosciences) equipped
with five excitation lasers (375, 405, 488, 561 and 633 nm)
was used for fluorescence-activated cell sorting (FACS). For
the fluctuation tests, single TK6 cells were sorted on 96 well
plates to establish single-cell derived clones. For the selec-
tion of Cas9-expressing cells for the subsequent detection
of CRISPR /Cas9-induced DSBs, the Enhanced Green Flu-
orescent Protein (EGFP) fused with Cas9 (in pX458 from
Addgene #48138) was excited with 488 nm irradiation for
sorting. For the ImmunoFISH experiments, U-2 OS cells
were stained with Hoechst 33342 (Thermo Fisher Scientific,
62249) and were excited with 405 nm irradiation to quantify
DNA content. For cell cycle analysis of cells treated with
Mrell inhibitors, the Muse Cell Analyzer (Millipore) and
Muse Cell Cycle Kit (Millipore Sigma, MCH100106) were
used according to the manufacturer’s instructions. Cell cy-
cle profiles were analyzed with the FlowJo software.

Dual-color FISH

The fixation, denaturation and hybridization of samples
were conducted as described previously (38). Briefly, for in-
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terphase nuclei, a semi-confluent cell population was har-
vested and resuspended in phosphate-buffered saline (PBS).
The cells were fixed, suspended by Carnoy’s fixative, and
dropped onto glass slides. For the preparation of metaphase
spreads, mitotic IMR-90 cells were collected from 175
cm? flasks by shake-off after 12 h of treatment with 100
ng/ml colcemid (Sigma-Aldrich). The Chromosome Res-
olution Additive (Genial Genetic Solutions, Chester, UK)
was added 1.5 h before cell harvest. The cells were sub-
jected to the hypotonic treatment with Pre-hypotonic and
Optimal hypotonic (Genial Genetic Solutions). After hypo-
tonization, the cells were fixed and suspended with Carnoy’s
fixative. The cells were then dropped onto glass slides and
spread.

FISH probes were prepared from the BAC clones (Sup-
plementary Table S1). The DNA was labeled with Biotin-
or DIG-Nick Translation Mix (Roche) and hybridized onto
the interphase or metaphase samples at 37°C for 2 days.
The biotin- and digoxigenin-labeled DNA probe were visu-
alized by Alexa488-conjugated streptavidin (Thermo Fisher
Scientific, S32354) and by anti-digoxigenin-DyLight 594
(Vector Laboratories, DI-7594), respectively. Cells were
mounted in ProLong Gold antifade reagent with DAPI
(Thermo Fisher Scientific). Images were captured using a
fluorescence microscope BZ-X 700 (Keyence).

Scoring chromosome breaks (break-apart FISH)

Only diploid cells (which have two red and two green sig-
nals) were considered for scoring breaks in order to min-
imize the influence of spurious or missed spots. The min-
imum distances between two probes (red and green) in
captured images were measured using the BZ-X Analyzer
(Keyence). To identify breaks, we employed the statistical
approach of quartile analysis. The widely accepted thresh-
old for the detection of statistical outliers, which is the sum
of the third quartile and 1.5 times the interquartile range,
was determined. Based on the thresholds, statistical out-
liers were scored as proxies for spontaneous breaks. For
the experiments with interventions, the thresholds of con-
trol groups (without interventions) were applied to experi-
mental groups to score outliers. This refinement is expected
to mitigate underestimation or overestimation that is at-
tributable to the artificial shift of thresholds due to the shift
of the overall distribution.

We employed CRISPR/Cas9-induced breaks to verify
the feasibility of our method for scoring breaks. Single
guide RNAs (sgRNAs) were designed to target the exons of
the WIWOX gene within the common fragile site FRA16D
on chromosome 16: sgRNAT targets 5-GTTTTTTAACA
GTCACACCG-3 in exon 2 and sgRNA2 targets 5'-ACC
ACCCGGCAAAGATACGA-3 in exon 4. The sgRNAI
or the sgRNA2 were cloned into pSpCas9(BB)-2A-GFP
(pX458) from Addgene (#48138). HeLa S3 and TK6 cells
were transfected with either of the plasmids using Lipo-
fectamine 3000 (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Cas9-expressing cells were
sorted with FACS 48 hours after transfection by using the
fused EGFP as the marker (Figure 2B, left) and were subject
to FISH analysis.

Fluctuation test

Single-cell derived clones were isolated from the unstained
TKG6 cell population. FACS sorted single cells were plated
into each well of 96-well plates. Clones were re-plated
into 24-well plates and expanded until the population size
reached 1 million cells (+20%). The distances between two
flanking probes were measured for KRTAP-1, FRA16D,
and the region centromeric to a rare fragile site FRA10A at
10g23.23 to study the frequency of breakage. The breakage
rate per cell per division was calculated with bz-rates (http:
[Iwww.lcqb.upmec.fr/bzrates), a web-based program for esti-
mation of mutation rates from fluctuation analysis (39).

Western blotting

To monitor the depletion of Mrel1 and CtIP proteins in the
inducible systems, cells were fixed with 10% trichloroacetic
acid for 30 min on ice, and the total cell lysates were
prepared with LDS Sample Buffer (Thermo Fisher Scien-
tific). Western blotting was performed with NuPAGE pro-
tein electrophoresis system (Thermo Fisher Scientific). Rab-
bit anti-Mrell (1:200, Novus Biologicals, NB 100-1420),
rabbit anti-CtIP (1:1000, Bethyl, A300-488A), and rabbit
anti-Rad51 (1:500, Santa Cruz, sc-8349) were used as pri-
mary antibodies. Bands were visualized with Immun-Star
AP Chemiluminescence Kits (Bio-Rad), and were detected
with ChemiDoc Touch Imaging System (Bio-Rad).

Drug treatments

For low dose aphidicolin (Sigma-Aldrich) treatment, we
employed the common doses and duration: 0.2 pM for
IMR-90 and 0.1 wM for TK6 for 24 h (40). For Mrel1 in-
hibitors, Mirin, PFMO01, and PFM39 were obtained from
Sigma-Aldrich, and PFMO03 was a gift from Dr John Tainer
(The University of Texas MD Anderson Cancer Center).
We carefully monitored cells at various doses of drugs for 24
h and chose the highest dose that did not disturb cell viabil-
ity and cell cycle profiles. The concentrations for the Mrell
inhibitors were as follows; 25 wM Mirin for IMR-90, 5 pM
Mirin for TK6, 25 pM PFMO01 for IMR-90, 5 uM PFMO01
for TK6, 25 uM PFM39 for TK6, and 5 wuM PFMO03 for
TKO6 cells.

ImmunoFISH

U-2 OS cells in S-phase or G1-phase were sorted by FACS
with DNA content as an indicator. Cells were plated on
coverslips coated with poly-L-lysine and were subjected to
immunostaining with mouse anti-Mrel1 antibody (1:500,
GeneTex, GTX70212) or mouse anti-phospho-Histone
H2A.X (Ser139) antibody (1:500, Sigma-Aldrich, 05-636).
Following refixation and ethanol dehydration, samples
were denatured along with DIG-labeled probes flanking
KRTAP-1 (Supplementary Table S1; RP11-615L21 and
RP11-135E10). Slides were then incubated in a humidified
chamber at 70°C for 30 min followed by overnight incuba-
tion at 37°C. The DIG-labeled FISH probes were detected
using anti-digoxigenin-DyLight 594 (Vector Laboratories,
DI-7594). Images were captured using the fluorescence mi-
croscope BZ-X 700 (Keyence). The minimum red-green dis-
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tances were measured (n = 200) using the BZ-X Analyzer
(Keyence). The experiments were repeated three times.

Whole-genome sequencing (WGS) analyses

Breast tumor WGS data were obtained from the Eu-
ropean Genome Phenome Archive (accession number
EGADO00001001334) (41). The reads were trimmed to re-
move adapters using Trim Galore (v.0.6.1) and Cut Adapt
(v2.3) and aligned to hg38 using Bowtie2 (v2.3.5). Reads
were converted to BAM format, reordered, and sorted
using Samtools (v1.9). Duplicate reads and PCR arti-
facts were removed using the Genome Analysis Toolkit
(GATK) (v4.1.2.0). The hg38 reference genome was di-
vided into 1 kb non-overlapping bins using Bedtools
(v2.28.0) and reads were counted in each bin. Browser
extensible data format (BED) files were generated using
Bedtools (v2.28.0) and visualized using the Interactive
Genome Viewer (IGV) (v2.5.0). For isolating reads map-
ping uniquely to the genome, only reads with mapping qual-
ity score >40 (MAPQ=>40) were considered.

For presenting the read depth of the ERBB?2 locus (Fig-
ure 1C), the number of sequencing reads was counted for
each 1 kb bin throughout the genome. The number of reads
for each 1 kb bin was then normalized across the tumor
and normal samples by a per million scaling factor for each
WGS dataset (i.e. if the WGS dataset has 100 million reads,
the per million scaling factor is 100).

RESULTS

Copy number breakpoints within the complex duplication
block KRTAP-1 in cancer genomes

A whole genome sequencing (WGS) study of HER2-
positive breast tumors reports that Breakage-Fusion-
Bridge (BFB) cycles could underlie the amplification of
ERBB?2 (41). BFB cycles can be initiated by a spontaneous
break (Supplementary Figure S1A). Following DNA repli-
cation, two sister chromatids can then fuse at the bro-
ken ends to become an invertedly-duplicated (palindromic)
giant chromosome with two centromeres. The two cen-
tromeres move to opposite poles during cell division and
subsequently cause another break somewhere between the
two centromeres resulting in the uneven distribution of
chromosomal DNA into the daughter cells. Repeating this
cycle establishes chromosomal regions with genomic ampli-
fication. If the region harbors an oncogene such as ERBB?2,
the clone with genomic amplification becomes dominant in
a tumor cell population. Thus, according to this model, the
initial break is crucial because the following copy number
gains are streamlined by the cycles.

The location of an initial break can be identified as a tran-
sition point between a region of normal copy number and
a region of increased copy number (Supplementary Figure
S1B). Using European Genome-Phenome Archive WGS
data of HER2-positive breast tumors (41), we found that
copy number transition points occur in KRTAP-1 in mul-
tiple tumors (Figure 1C). Consistent with the model (Sup-
plementary Figure S1B), tumors gain extra copies on the
centromeric side (Cen) of KRTAP-1 and lose copy num-
ber on the telomeric side (Tel). Within KRTAP-1, there are
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two large (250 kb) segments with alternative haplotypes. Al-
ternative haplotypes have been recently introduced into the
reference human genome (hg38) for genomic regions that
are too diverse and complex to be represented by a single
tiling path (14). The diversity is associated with abundant
tandemly-duplicated sequences (duplication block) (Figure
1B) which could suggest an unstable nature (42,43). When
closely juxtaposed to each other, duplicated sequences can
form secondary structures by intrastrand base pairing and
become obstacles to DNA replication (44), leading to spon-
taneous breaks and promoting recurrent genomic amplifi-
cation.

Spontaneous breaks within KRTAP-1

To test the instability, we set to define the relative fragility
of KRTAP-1 to representative fragile sites in human chro-
mosomes, the Common Fragile Sites (CFSs) FRA16D and
FRA3B (Figure 1A and Supplementary Figure S1C). In
contrast to KRTAP-1, both CFSs carry uniquely mappable
sequences and lack duplications (Figure 1A, B and Sup-
plementary Figure SI1C). To assess the fragility, we took a
cytogenetic approach. A pair of probes was prepared for
each locus from BAC clones (Supplementary Table S1),
with the physical distances between the two probes of 1.32
Mb for KRTAP-1, 1.58 Mb for FRA16D and 1.54 Mb for
FRA3B (Figure 1A, Supplementary Figure S1C, and S1D).
Probe pairs were differentially labeled and hybridized to
fixed IMR-90 normal primary fibroblasts, and the distances
between the two probes in interphase nuclei were measured
(Figure 2A and Supplementary Figure S2A). In the ma-
jority of the nuclei, two signals (green and red) were very
close to each other, indicating that these loci were intact.
However, there were outliers (> Q3 + 1.5 x IQR, in which
Q3 is the 75 percentile and IQR is the interquartile range
Q3-Ql, 25 percentile) with increased distances that indicate
(the history of) breaks between the probes. To further estab-
lish the causal relationship between breaks and statistical
outliers, we employed CRISPR /Cas9-induced breaks and
quantified the outliers (Figure 2B and Supplementary Fig-
ure S2B). By targeting FRA 16D, we observed an increase in
outliers in FRA16D, but not in the non-targeted FRA3B.
The median distances between probes at FRA16D also in-
creased by targeting FRA16D: 0.56-0.75 wm (exon 2) and
0.56-0.73 pm (exon 4) in TK6, and 0.56-0.75 pm (exon 2)
and 0.56-0.73 pum (exon 4) in HeLa S3. The increases of the
median distances were associated with the increases of the
third quartile distances (Q3) in cells with CRISPR /CAS9-
induced breaks. The increases of Q3 indicate that induced
breaks increased the distances between the probes in a sig-
nificant fraction of cells. However, the increase would also
lead to higher thresholds for calling outliers than the con-
trol, uninduced cells. Therefore, scoring breaks indepen-
dently in each dataset based on the outliers could under-
estimate the breaks in cells with CRISPR/CAS9-induced
breaks because the higher threshold would disregard some
of the distances that would be considered outliers in unin-
duced cells but are not in cells with induced breaks. To avoid
this confounding effect, we applied outlier thresholds from
the un-induced control group to the experimental groups.
Outliers at FRA16D increased from 1.0% to 18.0% (exon 2)
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graphs of FISH of the nuclei of IMR-90 are shown. The asterisks (*) show that the distance between the probe pair is a statistical outlier. The distributions
of the distances (n = 250) are depicted by box plots and histograms. Outliers are plotted at their exact lengths. (B) The distribution of distances between
probes before and after CRISPR /Cas9-targeted breaks at FRA16D in TK6 and HeLa S3 cells. (left) A schematic drawing of the experimental procedure.
(right) The box plots depict distributions of the distances (n = 100), with outliers plotted at their exact distances. P-values were determined by one-tailed
Mann-Whitney U test. The horizontal dotted lines indicate thresholds for outliers determined by the cells without the CRISPR /Cas9-targeted breaks. The
histograms depict the frequencies of outliers. Error bars represent 95% confidence intervals. P-values were determined by Fisher’s exact test. (C) Frequen-
cies of breaks in 10 single cell-derived TK6 clones. The histogram depicts the frequency of outliers. (P): parental TK6 cell population. Error bars represent
95% confidence intervals. P-values determined by Fisher’s exact test are shown for the clones with a statistically significant difference between KRTAP-1
and FRA16D or Chrl0 (the region centromeric to a rare fragile sitt FRA10A).

and 21.0% (exon 4) in TK6 cells, and 8.0% to 22.0% (exon
2) and 19.0% (exon 4) in HeLa S3 cells.

We first sought to address how frequently KRTAP-1
breaks spontaneously using an approach that is similar to
the fluctuation test (45). We isolated single-cell clones from
TK6 cells and expanded the clones for 20 generations until
the population reached 1 million cells (Figure 2C and Sup-
plementary Figure S2D). With less than 2% of outliers in
the parental cell population, a break at KRTAP-1 in priori
in each single-cell clone is unlikely, and the distance outliers
detected after 20 generations most likely arise during the

propagation of each clone. In eight of the ten clones, the dis-
tance outliers of KRTA P-1 were more frequent than outliers
of FRA16D, with two of them showing statistical signifi-
cance (Figure 2C, right, P < 0.05). With the ten independent
clones, the spontaneous break rate per cell division, esti-
mated by bz-rates (39), is 0.436% for KRTAP-1 and 0.030%
for FRA16D. These rates would likely be underestimated,
because not all the breaks result in generating cytologically
separate loci. We further examined breaks at the region cen-
tromeric to a rare fragile site FRA10A at 10q23.23 (Supple-
mentary Figure S2C), which expresses fragility by folate de-
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privation for only one in 500 individuals (46). Given the rar-
ity, the centromeric flanking site would represent a potential
‘stable’ site of the genome. Indeed, outliers were extremely
rare, with the estimated break rate of 0.00012%.

A common characteristic of CFS is late replication (6,47).
FRA16D and FRA3B are replicated in late-S and G2
phases in both IMR-90 and GM 12878 cells (Figure 1A and
Supplementary Figure S1C). In contrast, KRTAP-1 repli-
cates in mid-S phase in both cells, which led us to hypoth-
esize that breaks at KRTAP-I are mediated by a differ-
ent mechanism from CFSs. We tested the hypothesis by
treating seven different cell types with aphidicolin for 24
h; TK6, IMR-90, and five primary human mammary ep-
ithelial cells (NBCs) (Figure 3 and Supplementary Figure
S3). For KRTAP-1, average distances between the probes
did not significantly increase except in one of the NBCs
(16-131). For CFSs, the distances increased significantly in
four (FRA16D) and three (FRA3B) cell types (Figure 3
and Supplementary Figure S3). Consistently, outliers were
not significantly increased at KRTAP-1 in any of the cell
types, whereas outliers were found to be induced signifi-
cantly by aphidicolin in four (FRA16D) and three (FRA3B)
cell types for CFS. Therefore, KRTAP-1 is unlikely to be
sensitive to aphidicolin. The insensitivity to aphidicolin sen-
sitivity could likely be due to the early replicating nature of
KRTAP-1I (Figure 1A), as, unlike the late replicating CFSs,
KRTAP-1I has sufficient time to complete replication before
the end of S-phase and entering into mitosis.

Mrell protects KRTAP-1 from breaks through its exonucle-
ase activity

In addition to KRTAP-1, there are 177 regions with al-
ternative haplotypes in hg38 (14). Considering the preva-
lence of large duplication blocks in the human genome (48),
there should be a mechanism that protects these duplica-
tion blocks from breaks. The Mrell/Rad50/Nbsl (MRN)
complex is a good candidate because of (I) the essential-
ity of Mrel1 in the viability of organisms is proportional to
genome complexity (22-25) and (IT) the depletion of Mrell
in metazoans results in spontaneous breaks during replica-
tion (20,21). We employed inducible systems to monitor dis-
tance outliers before and after Mrell modulation. In the
RKO colorectal cancer cell line with an IPTG-inducible ex-
pression of Mrell shRNA (Supplementary Figure S4A),
outliers significantly increased for KRTAP-1 in two inde-
pendent clones (3.6-11.2% in clone 1 and 4.6-11.6% in
clone 2). In the TK6 cells expressing the Cre recombinase
fused to estrogen receptor binding domain (ER-Cre), loxP-
flanked Mrell can be deleted by the addition of tamox-
ifen (Figure 4A) (37). Consistent with the shRNA-inducible
knockdown of Mrell in RKO cells, outliers increased sig-
nificantly from 0.4% to 3.2%.

Mrell possesses very robust 3’ to 5’ exonuclease activ-
ity, as well as single-strand endonuclease activity (17,26,27).
We tested the role of Mrell nuclease activity using a TK6
cell line that exclusively expresses a nuclease-deficient form
of Mrell (H129N) after ER-Cre-dependent removal of the
wild-type Mrell allele (Figure 4B) (37). The number of out-
liers significantly increased for KRTA P-1 upon the deletion
of the wild-type allele (1.2% to 9.2%), indicating that the nu-

clease activity of Mrell is crucial in protecting KRTAP-1.
We next tested Mrell exo- (Mirin and PFM39) and endo-
nuclease specific inhibitors (PFMO01 and PFMO03) (49) to
examine the roles of each type of nuclease activity in pro-
tecting KRTAP-1. A serial dose of the inhibitors was tested
for TK6 and IMR-90, and the optimal doses were selected,
which were the highest doses without signs of cell cycle ar-
rest and abnormality in morphology after 24 h (Supplemen-
tary Figure SSA and S5B). With Mirin or PFM39, outliers
significantly increased for KRTAP-1 in both TK6 and IMR-
90 cells (Figure 4C and Supplementary Figure S5C and
S5D). In contrast, neither PFM01 nor PFM03 promoted
outliers significantly, whereas both did so for FRA16D
(Supplementary Figure SS5E). To further evaluate the en-
donuclease activity, we used the TK6 cell line with the in-
ducible degradation of CtIP with mini-auxin-inducible de-
gron (Figure 4D) (37). Because CtIP stimulates the endonu-
clease activity of Mrell (31), degrading CtIP could mimic
endonuclease-deficient Mrell. Consistent with the experi-
ments with inhibitors, outliers increased at FRA16D (1.6—
8.4%) (33), but not in KRTAP-1 (3.2-2.0%). Collectively,
these results indicate that Mrell protects KRTAP-1 from
breaks, primarily through its exonuclease activity.

Mrell foci colocalize with PCNA, a homotrimeric slid-
ing clamp of replication forks (18,19). Mrell could pro-
tect KRTAP-1 when replication machinery goes through
challenging DNA secondary structures. In this scenario,
Mrell foci should be spatially associated with KRTAP-1
at points during S phase. To investigate this association, we
visualized Mrell proteins and the KRTAP-1 locus simul-
taneously (immunoFISH) in the U-2 OS cell line, in which
Mrell foci have been extensively investigated (50). We iso-
lated S-phase and G1-phase populations and, in each pop-
ulation, measured the minimal distance between Mrel 1 foci
(green) and KRTAP-1 loci (red). We assume co-localization
when Mrell and KRTAP-I are very close to each other,
which we defined as <0.5 pm. The fraction of nuclei exhibit-
ing co-localization was higher in S-phase cells than G1 cells
(18.8% versus 6.2%, P <0.05) (Figure 4E and Supplemen-
tary Figure S4F). Phosphorylated histone H2AX at serine
139 (y-H2AX) foci also co-localized with KRTA P-1 more
frequently in S-phase cells than in G1 cells (18.2% versus
5.3%, P < 0.01) (Supplementary Figure S4G), suggesting
that DNA damage at KRTAP-1 is more common in cells
undergoing replication than in cells before replication.

Breaks within KRTA P-1 initiate palindromic duplication and
BFB cycles

Frequent copy number transitions within KRTAP-1 in
breast tumors (Figure 1C) imply that KRTAP-1 is a pri-
mary fragile site within the ERBB2 locus. To further cor-
roborate this idea, we designed an additional probe on the
centromeric side of KRTAP-1 that was twice as far apart
(2.70 MDb) from the telomeric probe (Figure 5A). Probing a
genomic region that was twice the size did increase the me-
dian distance between the two probes (0.96 versus 1.36 pm,
P =0.035). However, extreme outliers (>5 pm) did not in-
crease (seven outliers), suggesting that within the ERBB2
locus, a majority of outliers came from KRTAP-1.
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Figure 3. Aphidicolin-induced breaks at KRTAP-1. The box plots (top) showing the distribution of distances between the flanking probes for KRTAP-1,
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dotted lines indicate thresholds for the outliers for cells without aphidicolin treatments. The histograms (bottom) depict the frequencies of outliers. Error
bars represent 95% confidence intervals. P-values were determined by Fisher’s exact test. n.s.: not significant.

A possible outcome of chromosome breaks is a copy
number imbalance between each side of the break.
Copy number imbalance was demonstrated by the
CRISPR /Cas9-induced breaks; the frequency of copy-
number imbalance between the two sides of FRA16D
increases from 16.0% (empty vector) to 31.0% (exon 2
sgRNA) and 24.5% (exon 4 sgRNA) in HeLa S3 cells
(Figure 5B). We also observed a strong positive correlation
between the frequency of spontancous breaks (outliers)
and copy-number imbalance at KRTAP-I in the seven cell
types (R?> = 0.87, Figure 5C). BFB cycles could contribute
to copy number imbalance by the gain (via palindromic
duplication) of centromere-proximal regions of the breaks
and the loss of centromere-distal regions (Supplementary
Figure S1A and S1B). To test whether breaks at KRTAP-1
initiate palindromic duplication, dual-color FISH was
performed using a probe covering the ERBB2 gene (red;
RPI11-94L15 in Figure 5A) and a probe covering the
centromere-proximal region of KRTAP-1 (KRTAP-I
proximal, green; RP11-615L21 in Figure 5A). Palindromic
ERBB? duplication resulting from the breaks at KRTAP-1
would constitute one or two KRTAP-1 proximal signals
flanked by two ERBB2 (red) signals (* in Supplementary
Figure S1A). The depletion of Mrell, which increases the
frequency of breaks at KRTAP-1 (Figure 4A and Supple-

mentary Figure S4A), significantly increased palindromic
duplication (from 0.7% to 2.5%, in IPTG-inducible RKO,
P <0.001; from 2.0% to 4.6% in TK6, P = 0.002) (Figure
5D). Without the increase of breaks (in CtIP-depleted
TK6 cells, Figure 4D), palindromic duplication did not
increase (Figure SE). These results demonstrate that
breaks at KRTAP-1 lead to copy number imbalance, at
least in part through palindromic duplication. We also
found a pair of ERBB?2 signals associated with one or two
KRTAP-1 proximal (green) on each edge of a chromatin
bridge between dividing nuclei in a normal breast cell
culture (Figure 5F). Since the normal breast culture is free
from experimental interventions, this example indicates a
dicentric chromosome spontaneously arising by a break at
KRTAP-1. Finally, Mrell depletion did not cause breaks
between the centromere proximal region of KRTAP-1 and
ERBB? (Supplementary Figure S6), further supporting
that KRTAP-1 is the primary fragile site in the ERBB2
locus.

DISCUSSION

In this study, we evaluated the fragility of a large dupli-
cation block and its role in promoting recurrent genomic
amplification. We show that the fragility of KRTAP-I can
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lead to copy number imbalance and palindromic duplica-
tion of the genomic region harboring ERBB2. These results
provide a seminal example of the critical role of large du-
plication blocks in shaping cancer genomes. Whether other
duplication blocks play similarly crucial roles needs to be
tested in future studies. KRTAP-1 is one of the 26 regions
in the entire genome that contain two or more alternate loci
(14). Most of the 26 regions are located very close to the
ends of chromosomes. However, chromosome 17 has three
regions in the middle of the long arm, including KRTAP-1,
that flank cancer-related genes such as ERBB2 and BRCAI.
Another region with an alternative haplotype (Region 238)
is a part of a massive duplication block at 17pl1 that is
known to mediate the formation of isochromosome 17q (an
inverted duplication of the long arm of chrl7), a common
abnormality in myeloid malignancies (51). Therefore, du-
plication blocks could play more prominent roles in cancer
genome rearrangements than we currently recognize. Re-
arrangements at these large complex areas are impossible
to detect by reference genome- and short sequencing reads-
based approaches (13). Indeed, long homology-based rear-
rangements have been excluded from the structural variant
analysis in Pan-Cancer studies (52).

Emerging technologies, such as single-molecule sequenc-
ing, produce long reads and could provide better resolu-
tion of sequence contexts in duplication blocks (7). Such
information is essential to understand how Mrel 1, in par-
ticular its exonuclease activity, protects KRTAP-1. The fre-
quency of breaks at KRTA P-1 increased significantly in cells
expressing nuclease-deficient Mrell (H129N) and in cells
treated with Mrell exonuclease inhibitors Mirin or PFM39
(Figure 4B and C). However, breaks did not increase when
CtIP is depleted (Figure 4D) and when cells were treated
with endonuclease inhibitors PFMO01 or PFMO03 (Figure
4C and Supplementary Figure S5C). This is in contrast to
FRA16D, for which breaks increased when either endo-
or exo-nuclease function is blocked (Supplementary Figure
SSE). A previous study also reported that both CtIP and
Mrell is essential in protecting FRA16D, possibly at the
small, hairpin forming AT-rich repeat. Therefore, the mech-
anisms causing breaks at KRTAP-1 and FRA16D appear to
be different. The exonuclease activity has been implicated in
the uncontrolled degradation of reversed replication forks
in cells deficient in proteins engaged in homology-directed
repair (53). Considering the essentiality of Mrel1 in the pro-
liferation of vertebrate cells, Mrell must have a beneficial
function in repair-proficient cells. In vitro, Mrel 1 exonucle-
ase activity is robust and 50 times more efficient than the
hairpin opening activity by endonuclease activity (26). Very
recently, Mirin-treated vertebrate cells were shown to be in-
capable of removing synthetic chain-terminating nucleotide
analogs from newly synthesized strands, resulting in replica-
tion fork collapse (54). Whether naturally occurring chain-
terminators are a significant obstacle to replication forks at
duplication blocks remains to be determined, although such
evidence points to yet undefined roles of Mrel 1 exonuclease
activity during DNA replication.

Naturally-occurring breaks are a source of genome in-
stability. Despite extensive investigations, our knowledge of
the hotspots for spontaneous chromosome breaks is very
limited. We focused on duplication blocks, given the diver-

sity within humans. Because genomic approaches have lim-
itations in duplication blocks, we employed a cytogenetic
approach. To quantitatively evaluate spontaneous breaks
occurring during cell proliferation, but not inherited ones
in the cell population, single cell-derived clones were in-
vestigated (Figure 2C). We found that the rate of breaks
seems higher in KRTAP-1 than FRA16D, raising the pos-
sibility that genetically-diverse duplication blocks represent
a new class of fragile sites. However, to reach a definitive
conclusion, further examination is needed for two reasons.
First, the potential difference of adverse effects of breaks
on cell viability between these two loci may affect the out-
comes. Second, although a large number of measurements
are taken for each clone, the number of independent clones
(10 clones) may not be sufficient to gain statistical power.
Thus, further development of an optimal approach for mea-
suring spontaneous breaks is crucial for a full understand-
ing of fragility in human chromosomes.

A remarkable association between duplication contents,
spontaneous breaks, copy number imbalance, and the
propensity for palindromic duplication at KRTAP-1 could
support a model of homology-driven formation of dicen-
tric chromosomes (4,55), in which broken DNA initiates the
intra-strand annealing within long inverted repeats. DNA
synthesis from an annealed broken end and following repli-
cation would complete the formation of a palindromic, gi-
ant chromosome. Alternatively, duplication architectures
within KRTAP-1 could simply trigger stalled forks and
breaks (32), as intra-strand annealing can occur without ex-
tensive homologies (4,56). Distinguishing these possibilities
requires a full understanding of the repeat contents within
the blocks and rearrangements at a nucleotide-level.
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