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Summary

Naturally stalled replication forks are considered to cause structurally abnormal chromosomes in
tumor cells. However, underlying mechanisms remain speculative, as capturing naturally stalled
forks has been a challenge. Here, we captured naturally stalled forks in tumor cells and delineated
molecular processes underlying the structural evolution of circular mini-chromosomes (double
minute chromosomes, DMs). Replication forks stalled on the DM by the co-directional collision
with the transcription machinery for long non-coding RNA. RPA, BRCA2, and DNA polymerase
eta (Poln), were recruited to the stalled forks. The recruitment of Polrn was critical for replication
to continue, as Poln knockdown resulted in DM loss. Rescued stalled forks were error-prone and
switched replication templates repeatedly to create complex fusions of multiple short genomic
segments. In mice, such complex fusions circularized the genomic region surrounding MYCto
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create a DM during tumorigenesis. Our results define a molecular path that guides stalled
replication forks to complex chromosomal rearrangements.

eTOC Blurb

Watanabe et al. monitor naturally stalled forks in cancer cells and define molecular mechanisms
underlying fork stalling and rescue. The authors find that DNA polymerase m plays a critical role
in rescuing stalled forks. Rescued forks were unstable and switched replication templates several
times, creating complex fusions of multiple genomic segments.
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Stalled replication forks; Gross chromosomal rearrangements; Double minute chromosomes; DNA
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Introduction

Genome instability is an enabling characteristic by which tumor cells acquire unlimited
proliferation and metastatic potential. Genome instability frequently occurs at the
chromosomal level and produces aberrantly structured chromosomes, including small,
circular chromosomes (double minute chromosomes, DMs) (Wahl, 1989). DMs can
originate from oncogene loci and contribute to oncogene amplification and tumor
heterogeneity (Turner et al., 2017). DMs, like other chromosomes, replicate in S-phase and
segregate into daughter cells. Because DMs lack centromeres (Turner et al., 2017),
segregation can be random, resulting in the accumulation of DMs in a subset of cells. Cells
with multiple DMs overexpress oncogenes, gain growth advantage, and undergo clonal
expansion. This vital role in tumor development underscores the importance of
understanding how DMs arise and persist in tumor cells at the molecular level.

Several models have been proposed to explain how DMs arise. Results from cytogenetic
studies in rodent cell models and tumor cells suggest that a chromosome break triggers the
deletion of a chromosomal region that becomes a circular DNA (Storlazzi et al., 2006). This
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mechanism predicts that DMs have simple structures with continuous genomic regions.
Recent genomic data for the DMs arising from £GFR-loci in glioblastomas may support this
model (Brennan et al., 2013; Sanborn et al., 2013). Also, some of the DMs exhibit complex
circular structures with multiple, discontinuous genomic segments from a single
chromosome (Northcott et al., 2012; Rausch et al., 2012; Sanborn et al., 2013; Stephens et
al., 2011). Chromothripsis, a process of fragmentation of a chromosome in micronuclei or in
cells undergoing telomere crisis (Maciejowski et al., 2015; Zhang et al., 2015), could be
involved in the formation of complex DMs (Figure S1). Alternatively, complex DMs could
arise when a replication fork switches replication templates multiple times. Unstable fork
movements can create fusions of multiple discontinuous genomic segments (Fork-Stalling
and Template Switching) (Zhang et al., 2009). This model, however, also awaits
experimental evidence but could be plausible given that premalignant and tumor cells
continuously experience problems during replication and exhibit constitutively-active DNA
damage responses (Bartkova et al., 2005; Gorgoulis et al., 2005). Furthermore, DMs
frequently undergo secondary rearrangements and become structurally diverse within a
tumor cell population (L’Abbate et al., 2014; Wahl, 1989). Whether replication-based
mechanisms are responsible for the frequent secondary rearrangements remains to be
determined.

When cells duplicate DNA, replication machinery travels for a long distance until they meet
with forks coming from the opposite direction (converging forks). There are many natural
obstacles on the road that can block fork movements: DNA secondary structures, tight DNA-
protein binding complexes, and conflicts with transcription (Bermejo et al., 2012; Gaillard et
al., 2015; Mirkin and Mirkin, 2007; Zeman and Cimprich, 2014). When converging forks are
not available, replication remains incomplete, resulting in abortive replication and DNA loss.
There are two ways to continue replication when replication forks stall (DNA damage
tolerance, DDT) (Branzei and Foiani, 2010; Sale et al., 2012). Replication can proceed
through the obstacles either by employing specialized DNA polymerases to directly
synthesize DNA across the stalled lesions (translesion DNA synthesis) or by switching
replication template and copy sister chromatids to bypass the lesion (legitimate template
switching). Cooperation between checkpoint kinases and DNA repair proteins also help to
maintain replication fork integrity at stalled forks (Kondratova et al., 2015; Schlacher et al.,
2011). However, prolonged fork block can lead to the loss of fork integrity and collapsed
forks with broken DNA ends (Petermann et al., 2010). In such a case, replication forks need
to be re-established from broken DNA ends. In simple organisms S. pombe and S.
cerevisiae, re-established replication can occur from single-strand breaks (SSBs) or double-
strand breaks (DSBs) and depends on recombination proteins (RAD51) and a replicative
DNA polymerase complex (Pol8) (Anand et al., 2013; Lambert et al., 2005; Lydeard et al.,
2007). However, re-established replication can be error-prone and switch replication
templates ectopically, resulting in rearrangements (Miyabe et al., 2015; Mizuno et al., 2013;
Sakofsky et al., 2015). Whether re-established replication produces chromosomal
rearrangements in tumor cells is not known.

Among natural obstacles, transcription machinery competes with replication machinery for
the same DNA template in S phase and thus can be a common cause of stalled forks
(Aguilera and Garcia-Muse, 2012; Gaillard et al., 2015). Replication-transcription conflicts
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constitute a new class of fragile sites in the mammalian genome (Barlow et al., 2013).
Although both replication and transcription are tightly regulated temporally and spatially
(Wei et al., 1998), collisions between two types of machinery do occur (Azvolinsky et al.,
2009; Helmrich et al., 2011). Both head-on and co-directional collisions result in stalled
replication forks. In addition, nascent RNA transcripts can block fork movements by
forming stretches of RNA:DNA hybrids (R-loops) (Aguilera and Garcia-Muse, 2012; Bhatia
et al., 2014; Hatchi et al., 2015; Huertas and Aguilera, 2003). R-loops can be processed by
RNaseH1, a nuclease that degrades explicitly RNA of RNA: DNA hybrids.

Given the high loads of stalled/collapsed forks in tumor cells, re-established replication
could be prevalent and be a common cause of structurally abnormal chromosomes, such as
DMs. In this study, we sought for such evidence and molecular mechanisms by capturing
naturally stalled forks.

DNA rearrangements associated with the structural evolution of DMs

To obtain insight into the mechanisms underlying the structural evolution of DMs, we first
characterized the very early rearrangement of DMs in the Colo320DM colon cancer cell
line. In Colo320DM, the 1.6 Mb region at 8g24.1 was highly amplified, with MYC close to
the telomeric end of the amplicon (Figure 1A, left). A small, 8.5 kb genomic segment that is
located at 1.3 Mb telomeric side from the telomeric end of the amplicon was also amplified
to an equal level (50-fold, Figure 1A, right). Fluorescence in situ hybridization (FISH)
showed that the majority (63.4%) of DMs carried both MYC (red) and the small 8.5 kb
segment (green) (Figure 1B and Figure S2A), indicating that the fusion between the two
segments was a very early rearrangement. PCR-sequencing revealed microhomology (6 and
2 base pairs)-mediated fusions of the small segment (8.5 kb) into the 1.6 Mb circular
chromosome; the centromeric side of the 8.5 kb segment (B) was fused to the centromeric
side of the 1.6 Mb region (A), whereas the telomeric side of the 8.5 kb segment (C) was
fused to the telomeric side of the 1.6 Mb region (D) (Figure 1C and Figure S2B). This
organization could not arise by the initial circularization of the 2.9 Mb genomic segment
followed by the deletion of the intervening 1.3 Mb segment, as such a process should have
created the A—C fusion for the circularization and the B-D fusion for the following deletion
(Figure S2B, right).

We hypothesized that the 8.5 kb fragment could carry a functional feature that promotes the
initial rearrangement of DMs. Such a feature could also promote the secondary
rearrangements during the evolution of DM structure. Consistent with the idea, additional
rearrangements were associated with the 8.5-kb segment and flanking region. At the A-B
fusion, there was a rearrangement (Figure S2C, a broken blue line), in which an 11.9 kb
EcoRN fragment and a 12.9 kb Kpnl fragments were seen as distinct fragments from the
EcoRV (6.5 kb) and Kpnl (9.3 kb) fragments generated by A-B fusion. Furthermore, large
Sall restriction fragments probed with the probe in the 8.5-kb segment (C) showed a 350 kb
fragment (asterisk) which was smaller than the expected size (520 kb) (Figure S2D).
Because Safl is a methylation-sensitive enzyme, restriction fragments larger than 520 kb can
arise either by CpG methylation at the Safl restriction sitt GTCGAC or by rearrangements.
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However, a smaller fragment can only arise by the deletion involving the region close to the
8.5 kb segment. Thus, the 8.5 kb segment could play a functional role in the rearrangements
of the DMs.

A natural fork stalling sites

In S. pombe, replication forks restarted from a site-specific protein-DNA fork barrier are
prone to switch templates (Miyabe et al., 2015; Mizuno et al., 2013). For humans, the fork
stalling and template switching (FoSTeS) mechanism has been proposed for the
microhomology-mediated, complex genomic rearrangements (microhomology-mediated
break-induced replication, MMBIR) in patients with genomic disorders (Lee et al., 2007,
Liu et al., 2011; Zhang et al., 2009). We hypothesized that replication forks could stall in the
8.5-kb segment and switch replication templates, resulting in the rearrangements of DMs.

To test this possibility, we examined the kinetics of replication intermediates (RIs) by two-
dimensional agarose gel electrophoresis (2D analysis) (Figure 1D and E, and Figure S3), as
previously employed for the analysis of replication slow zones in S. cerevisiae (Cha and
Kleckner, 2002). Although the 2D analysis has been very challenging in human cells due to
the large genome size, we were able to visualize Rls clearly due to the 50-fold amplification
of the MYClocus in Colo320DM. We arrested cells at the G1/S boundary by inhibiting
replication initiation with mimosine (Kubota et al., 2014), released cells into S phase and
then collected cells at several time points for 2D analyses with Psd-digested DNA. Strong Y-
arc signals representing RIs, appeared very early in S phase, at 2 hours after release. In the
control regions (X1, X2, and X3), the intensities of the Y-arcs reached their peaks at 4 hours
and began to diminish at 6 hours (Figure 1E and Figure S3B). In contrast, in the 8.5-kb
segment, the intensities continued to increase up to 8 hours, indicating the delayed clearance
of RIs (fork stalling). We also noted the delayed clearance of Rls in cells released from the
double thymidine block, in which Y-arcs disappeared 2—4 hours later in the 8.5-kb segment
than in control regions (Figure S3C).

We dissected the fork movement in detail within the 8.5-kb segment. When we examined
EcoR1-digested fragments with the probe in the middle of the 8.5 kb segment (probe E), the
intensity between large- and small-Y was skewed in both mimosine and thymidine arrested/
released cells (Figure 1F). The intensity of large Y was higher than those of small Y, with
80% of total Y-arc signals in large Y (large Y/total Y=0.8). In contrast, when we used the
probe in the periphery of the 8.5 kb segment (probe C), the intensity was homogenous
throughout the Y-arcs (large Y/total Y=0.5). Thus, large Y molecules accumulated more in
the middle than in the periphery (C-side) of the 8.5 kb segment, indicating that replication
forks stalled in the middle, not at the C-side of the 8.5 kb segment.

We also determined the direction of replication within the 8.5 kb segment. Two replication
forks, each of which represented an alternative structure by the rearrangement at the A-B
fusion (Figure S2B, two EcoRV fragments with the probes A and B), appeared
simultaneously (Figure 1G), suggesting that the two forks came from a single origin of the
C-side. The modified 2D gel analysis procedure (Brewer and Fangman, 1987) supported the
fork direction from C-side to B-side. In this procedure, the Psfl fragments were digested
with Kpnl following the first-dimensional electrophoresis and were probed with C (Figure

Cell Rep. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Watanabe et al.

Page 6

S3D). Because the Kprl site is located at the B-side of the 8.5 kb fragment, a fork that
moves from C-side to B-side could produce two long linear molecules from large Y after
Kpnl digest (Figure S3E, left). If replication forks move from B-side to C-side, Y-arc signals
would migrate faster in the electrophoresis of the second dimension but wouldn’t disappear
by the Kpnl digest (Figure S3E, right). We found that large Y molecules became linear DNA
by the Kpnl digest, which suggests the fork moving from C-side to B-side. These results
collectively show that replication forks moved from the C-side into the 8.5-kb segment and
stalled in the middle.

Impediment of replication forks by long non-coding RNA

A skewed intensity of the Y-arcs can occur by a co-directional conflict between transcription
and replication in S. cerevisiae (Azvolinsky et al., 2009). MYC oncogene is surrounded by
the so-called gene desert, where protein-coding genes are very sparse (Figure 2A, shaded in
blue). Instead, long non-coding RNA genes (IncRNA) are very abundant in this locus and
are often overexpressed in tumors (Huppi et al., 2012). We identified abundant INCRNA
transcripts of various sizes within the 8.5 kb segment by Northern blot (with the probe C,
Figure 2B, left). Non-coding transcripts were also detected in the 8.5 kb segment (B and C)
by RT-PCR but were not detected in the control regions (MYC gene, X1, X2, and X3)
(Figure 2B, right). IncRNA transcription was in the same direction with replication, as
shown by the detection of the IncRNA only by a plus (+)-strand specific RT-PCR (Figure
2C). Thus, co-directionally transcribed IncRNA was associated with the stalled replication
forks in the 8.5 kb segment.

To examine that transcription was the cause of stalled forks, we monitored Rls under the
treatment of a-amanitin, an inhibitor of the largest subunit of RNA Polymerase Il (Nguyen
et al., 1996). We treated cells with either a low (25ng/ml media) or high (250ng/ml)
concentration (Figure 2D). The low concentration (25ng/ml) of a-amanitin was added to the
cell culture media after the release from mimosine arrest. The high concentration of a-
amanitin (250ng/ml) was added with mimosine during both G1 arrest and S-phase. The
kinetics of RlIs (Y-arc signal/1n signal) were monitored for the Psd fragment of the 8.5 kb
segment with probe E and the fragment in the control region (X1) for extended periods (12
hours for the low concentration a-amanitin and 17 hours for the high concentration a.-
amanitin), due to the slowed kinetics of RI appearance and disappearance. In both
conditions, RIs appeared and disappeared at similar timings between the 8.5-kb segment and
the control region (X1), suggesting that the inhibition of transcription could relieve the
stalled forks at the 8.5 kb segment.

Molecular mechanisms underlying the stalled forks in the 8.5 kb segment

The stalled fork on the DMs provided us with a unique opportunity to define the temporal
molecular processes occurring at naturally stalled forks. To do this, we employed chromatin
immunoprecipitation (ChIP) for cells at 6 hours after release from the arrest (Figure 3). At 6
hours after release, Y-arcs persisted with high intensity in the 8.5 kb segment, but the
intensities declined in the control regions (Figure 1E). We measured the markers
representing replication-transcription conflicts as fractions of signals obtained from input
DNA (% input). As a negative control, we measured the signals from DNA
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immunoprecipitated with non-specific 1gG (gray bars). We monitor four locations within the
8.5 kb segment, with the #1 site close to the A-B fusion point, #2 and #3 in the middle, and

#4 close to the C-D fusion point (Figure 3A). We also monitor a control locus (X1) and the

promoter locus of MYC oncogene on the DM.

We found significant enrichment of -y-H2AX, phosphorylated histone H2AX at the stalled
forks (Figure 3A). y-H2AX was more enriched in the middle of the 8.5 kb segment (#2 and
#3) than in the peripheral regions (#1 and #4, p<0.05) (5-fold), which is consistent with the
results from the 2D gel analysis (Figure 1F). RNA polymerase Il (RNAPIIp) also
accumulated in the middle of the 8.5 kb segment over peripheral regions (p<0.01). RNAPIIp
was also more abundant at the stalled forks (#2 and #3) than at the active MYC promoter
(MYCp) (p<0.05), whereas an epigenetic mark of active promoters (H3K4me3) was much
less enriched at the stalled forks (p<0.01). The co-enrichment of RNAPIIp and yH2AX
could indicate the collisions between transcription and replication machineries. R-loops,
recognized by the S9.6 antibody (Bhatia et al., 2014), were also more abundant in the middle
of the 8.5 kb segment (#2 and #3) than in both the peripheral and control regions (p<0.01).
R-loops, RNA:DNA hybrids along with a displaced single-stranded DNA (ssDNA), can
block replication forks and cause DNA damage (Aguilera and Garcia-Muse, 2012; Bermejo
et al., 2012). The histone H3 phosphorylated at serine 10 (H3S10P), a histone mark for
condensed chromatin, in the middle of the 8.5 kb segment (p<0.01) could indicate the
formation of R-loops, as previously shown (Castellano-Pozo et al., 2013).

Transcription hampers fork movements in both head-on and co-directional collisions in S.
cerevisiae (Azvolinsky et al., 2009). In head-on collisions, RNA:DNA helicase Senataxin
can prevent stalled forks (Alzu et al., 2012), indicating that R-loops act as impediments. To
determine whether R-loops blocked fork movements in the co-directional collision on the
DMs, we overexpressed RNaseH1 in Colo320DM (Figure S4A). R-loops (S9.6 antibody
ChIP) reduced to the level equivalent to the control regions in three RNaseH1-
overexpressing cell clones. However, we did not observe the reduction of y-H2AX in cells
overexpressing RNaseH1. Thus, the removal of R-loops may not be sufficient to prevent
stalled forks in this co-directional collision. In contrast, y-H2AX became less enriched at
the stalled forks by the a-amanitin treatment (Figure S4B). In this experiment, asynchronous
Colo320DM cells were cultured with a-amanitin (250 ng/ml media) for either 2 or 6 hours.
In both treatments, y-H2AX became less enriched in the a-amanitin-treated cells than in the
untreated cells.

Poln-dependent rescue of stalled forks

Stalled forks can be merged with converging forks to complete replication. However, this
was unlikely for the stalled forks in the 8.5 kb segment because the double Y-pattern, which
represents converging forks, was not clearly seen (Figure 1E). Therefore, to replicate DMs
completely, re-establishing replication from stalled forks seems necessary. Re-establishment
of replication from the experimentally induced stalled/collapsed forks primarily depends on
the recombination proteins, in particular, RAD51 (Lambert et al., 2010; Petermann et al.,
2010). However, we did not find the enrichment of RAD51 at the naturally stalled forks
(Figure 3B and Figure S4C). We tested the RAD51 recruitment rigorously at several time
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points (Figure S4C) in cells released from mimosine arrest using antibodies that were
validated for ChIP in the previous studies (Aymard et al., 2014). This lack of RAD51
recruitment was somewhat unexpected because the significant enrichments for
recombination proteins RPA and BRCA2, which protect stalled forks and possibly recruit
RAD51 for restart (Lambert et al., 2010; Schlacher et al., 2011), were readily detectable
above the control 1gG ChIP signals. Both RPA and BRCA2 were more enriched at the
stalled forks (#3) than in the peripheral region (#4) and a control region (X1, p<0.05)
(Figure 3B).

Stalled forks can bypass damaged DNA by recruiting specialized polymerases (translesion
DNA synthesis, TLS) (Branzei and Foiani, 2010; Sale et al., 2012). Among specialized
polymerases, Poln is a good candidate for rescuing stalled forks in this setting because Poln
has been shown to physically interact with BRCA2 and to co-localize at nuclear foci upon
treatment with replication inhibitors (Buisson et al., 2014). Indeed, Polm was recruited to the
middle of the 8.5 kb segment (#2 and #3) (Figure. 3C). We did not observe the significant
enrichment of Poln over the control ChIP at 6 hours after release. However, both at 7 and 8
hours, Polm became significantly enriched over the 1gG control. Poln signals were
significantly more enriched at #2 and #3 than in the peripheral regions (#1 and #4, p<0.05
and p<0.01, respectively) and control regions (X1 and MYC, p<0.01).

Failure to rescue stalled/collapsed forks could result in abortive replication and DNA loss. If
Poln plays a critical role in rescuing the stalled/collapsed forks, knocking down Poln would
lead to the loss of the DMs. To test the possibility, we knocked down Polr in Colo320DM
cells with siRNA and monitored DM copy numbers (Figure 3D). All of the three
independent siRNAs (#1, #2 and #3) knocked down Poln very efficiently at 72 hours after
transfection. We expected that DM loss would follow the Poln knockdown because the
reduction of DM copy number/cell requires cell division after abortive replication of DMs.
We evaluated the DM-specific copy number loss relative to the copy number of the
chromosome 17. The DM copy number was almost equal between Poln-knockdown cells
and control cells (transfected with non-targeted siRNA) until 96 hours (4th day) after
transfection. We began to observe DM loss on the 5th day after transfection and, on the 6th
day, nearly 40% of DMs were lost in all Poln—knockdown cell pools. These results support
the role of Poln in rescuing the stalled forks on the DMs.

Ectopic template switching from a rescued replication fork

In both simple eukaryotes and mammalian cells, re-established replication can occur from
stalled forks before being processed into DSBs (broken forks) (Anand et al., 2013; Lambert
et al., 2005; Lydeard et al., 2007; Miyabe et al., 2015; Petermann et al., 2010). To better
understand the process underlying Poln-dependent rescue, we examined de novo DSBs at or
near the stalled forks in cells released from mimosine arrest (Figure S5). To avoid
mechanical shearing of DNA, we mounted cells into agarose block and digested with £coRl.
In Southern blotting, replication-associated, de novo breaks should appear as smaller, fast-
migrating fragments. Slowly-migrating fragments representing replication intermediates
gradually increased during the time course (black bracket), as we observed in the 2D gel
analysis (Figure 1E). However, fast-migrating fragments did not appear at the later time
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points. Thus, stalled forks were not processed into DSBs within 8 hours, suggesting that fork
rescue may have occurred from stalled forks, but not from broken forks.

As was shown in S. pombe (Miyabe et al., 2015; Mizuno et al., 2013), rescued forks on the
DMs could be error-prone. If so, stalled forks could restart into the B-side of the flanking
region and switch replication templates ectopically. Indeed, we found multiple, discrete
restriction fragments on the B-side of flanking region, but not on the C-side (Figure 4A). To
further evaluate the rearrangement bias towards rescued forks, we conducted whole-genome
sequencing and measured split reads (soft-clipped reads) across the 1.6 Mb region of DMs
(Figure 4B). A split read consists of the fusion of two or more genomic segments (Wang et
al., 2011) and thus, each split reads could represent an ectopic template switching event. We
identified the number of reads that were mapped to the 1.6 Mb region and carried ectopic
DNA sequence of 7 bp or longer on one end. We then plotted the fraction of split reads (the
number of split reads/the number of total reads) for each 10 kb bin. On average, 3 % of the
reads (gray dotted line) were split reads across the 1.6 Mb region. Split reads were more
abundant in the region flanking the B-side of the 8.5 kb segment than average; 7.13 % of the
reads were split reads within the 120 kb region (p<0.0003, Heteroscedastic #test, Figure 5B,
in red). This biased enrichment of split reads towards the region next to the B-side could be
due to the increased rearrangements from the rescued forks.

We next investigated rearrangements at nucleotide resolution and found a surprisingly
unstable nature of a rescued fork. In a rearrangement representing an additional replication
intermediate (Figure 1G), a fork moved from the B-side of the 8.5 kb segment into 980 bp in
the flanking region (A-side). The fork then switched templates three times ectopically and
replicated short genomic fragments (16, 14 and 24 bp) that were several 100 kb away from
the 8.5 kb segment on the DM. These ectopic switching could result in the 600 kb deletion
in the original DM (Figure 5C, left). All template switching events were microhomology-
mediated (2—7 base pairs, Figure 5C, right, and Table S1).

Complex genomic fusions in the de novo formation of MYC-DM

We identified the microhomology-mediated fusion of multiple short genomic segments as a
potential signature of rearrangements by rescued stalled forks. Rescued forks could also
contribute to the formation of DMs. Identifying the signature in the initial rearrangement,
from linear chromosomal DNA to circular DM, could support the possibility. To test the
idea, we employed a mouse ovarian tumorigenesis system. In this system, we first
transduced ovarian surface epithelial cells derived from p53 null mice /n vitro with
oncogenic myr-Aktand K-rascZ2P (C3 cell line in Figure 5A) (Orsulic et al., 2002). This
combination of genetic alterations was sufficient for continuous /n vitro growth. We injected
the C3 cells into the peritoneal cavity of a mouse. Tumors formed spontaneously after long
latency (> 6 months), indicating that additional spontaneous events were required for in vivo
tumorigenesis. We cultured one of a tumor /n vitro and established a cell line (T3) (Figure
5A). Metaphase FISH using BAC clones covering the MYC genomic locus showed that
MY C was amplified extrachromosomally in a number of small chromosomes (Figure 5B).

Whole-genome sequencing revealed that the 2.1 Mb genomic region harboring MYC was
amplified approximately 30-fold in the T3 cell line relative to the parental C3 (Figure 5C).
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Among the 2.1 Mb amplicon, the 250 kb region within the amplicon (Figure 5C, in brown)
was amplified 60-fold, approximately twice more than the other regions in the amplicon. We
designed PCR primers for all the copy number breakpoints and tested every possible
combination of primer pairs to identify de novo fusions (Figure 5D). We found that the
centromeric end of the amplicon (PCR primer 2) was fused to the centromeric end of the
250 kb region (primer 4), whereas the telomeric end of the amplicon (primer 7) was fused to
the telomeric end of the 250 kb region (primer 5) (Figure 5C). These fusions could interpose
the 250 kb segment between the two ends of the amplified segment and create a circular
chromosome of 2.3 Mb. By sequencing the PCR products, we identified the complex,
microhomology-mediated fusions of short genomic segments in both fusions (Figure 5D and
Table S1). The PCR fragment from 2—4 fusion point consisted of two short fragments from
different genomic loci within the DM (Figure 5D). The PCR fragment from 5-7 fusion point
was even more complex and harbored the segments from four different loci within the DM
and a flanking region (11 — 950 bps) that were 400 kb — 4 Mb apart from each other. All of
the fusions were microhomology-mediated (2-5 bp). The complexity by templated
insertions of small fragments was a strong indication of replication-associated events (Lee et
al., 2007; Liu et al., 2011; Yang et al., 2013; Zhang et al., 2009). Thus, rescued replication
forks may be involved in the formation of DMs.

Discussion

In this study, we rigorously examined naturally-stalled replication forks in tumor cells. By
applying 2D-gel electrophoresis, we observed clearance delay of replication intermediates
('Y-arcs) within the 8.5 kb segment of the DMs (Figure 1E and Figure S3). The delay was
associated with the enrichment of -y-H2AX (Figure 3A). These results strongly suggest that
replication forks stalled naturally within the 8.5 kb segment. Several studies in the recent
years addressed stalled forks in mammalian systems (Barlow et al., 2013; Helmrich et al.,
2011). However, capturing naturally stalled forks with this resolution remains a challenge.
Thus, we had a unique opportunity to address molecular processes occurring at stalled forks
in a natural setting.

The 8.5 kb segment was highly transcribed (Figure 2B). These transcripts were long and
heterogeneous in size and were transcribed from the leading strand. Because transcription
inhibitors appeared to relieve stalled forks (Figure 2D and Figure S4C) and RNA pol?2
accumulated in the middle of the 8.5 kb segment (Figure 3A), the co-directional collision
with transcription machinery was likely a cause of the stalled replication forks. The 8.5 kb
segment is also transcribed in a subset of ENCODE cell lines in which MYC locus is not
amplified (GM12878 normal lymphoblastoid cell line and K562 myelogenous leukemia cell
line, Figure S6). This result suggests that replication-transcription conflicts can also occur in
the normal genomic context. The conflict in normal genomic context may have a significant
implication in MYC-dependent tumorigenesis, given the fact that (1) MYC is one of the
most commonly amplified genes in tumors (Beroukhim et al., 2010) and (2) the genomic
region surrounding MY C harbors a number of INcRNA, including IncRNA genes, and highly
transcribed super-enhancers (Hnisz et al., 2013; Huppi et al., 2012; Xiang et al., 2015).
These IncRNAs could disturb replication fork movements and promote MYC amplification.
Indeed, copy number breakpoints of the focal MY C amplification in lung tumors cluster
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within the lung cancer-specific super-enhancer and the nearby INcRNA gene PV71 (Hnisz et
al., 2013; L’Abbate et al., 2014; Northcott et al., 2012).

In our Chip-gPCR data, Poln was recruited to the stalled forks on the DMs. Poln
recruitment appears to be required for rescuing stalled forks, as Poln knockdown resulted in
DM loss (Figure 3C). How Polr rescues natural stalled forks on the DM needs further
investigation (Figure 6). Poln is a specialized polymerase that can bypass damaged DNA
(translesion DNA synthesis, TLS) (Haracska et al., 2000; Masutani et al., 1999) and catalyze
strand displacement DNA synthesis /in vitro (Buisson et al., 2014; Mcllwraith et al., 2005;
Sneeden et al., 2013). Strand displacement DNA synthesis can extend DNA synthesis from a
strand-invasion intermediate, which is consistent with the role of Polr in homology-
dependent DNA repair (Kawamoto et al., 2005). Such an activity of Polr may be critical
when restarted forks switch replication templates and invade into ectopic locus. Without
Poln, stalled forks on the DMs could collapse and become broken DNA ends. Nucleolytic
attack to the broken DMs and/or cell division without completing DM replication would
result in the loss of DMs. Alternative, recombination-based, (legitimate) template switching
can also rescue stalled forks. However, template switching in yeast depends on RAD51
(Gonzalez-Prieto et al., 2013; Urulangodi et al., 2015) which was not recruited to the stalled
forks on the DMs. We also observed the recruitment of BRCAZ2 to the stalled forks. BRCA2
is a crucial protein in the homology-dependent repair of DNA double-strand breaks as
BRCAZ2 loads RAD51 onto ssDNA (Jensen et al., 2010; Liu et al., 2010). BRCA2 also
protects nascent DNA strand at hydroxyurea-induced stalled forks by stabilizing RAD51-
ssDNA nucleofilaments (Schlacher et al., 2011; Ying et al., 2012). The lack of RAD51
recruitment suggests that BRCA2 could execute other essential functions at the naturally
stalled forks, including the recruitment of Poln (Buisson et al., 2014). BRCA2 could also
regulate R-loops at the stalled forks so that R-loops alone did not cause fork stalling (Bhatia
etal., 2014).

Our data indicate that a single replication fork can be unstable and switch replication
templates repeatedly to ectopic loci and created microhomology-mediated fusions of
multiple genomic segments (Figure 4C). Re-established replication from stalled/collapsed
forks could intrinsically be recombination-prone (Mizuno et al., 2013). Since the MYC locus
lacks large inverted repeats, rescued forks can instead use microhomologies to switch
templates and create microhomology-mediated fusions. Microhomology-mediated fusions
are a common breakpoint feature of genome rearrangements in tumors (Stephens et al.,
2011; Stephens et al., 2009). Considering the intense replication stress in tumor cells
(Bartkova et al., 2005; Di Micco et al., 2006; Halazonetis et al., 2008), a significant
proportion of microhomology-mediated fusions could derive from rescued forks.

Experimental Procedures

Detection of Replication Intermediates

Colo320DM cells (CVCL_0219) were obtained from ATCC. 2.4 x 108 cells were either
arrested at the G1/S boundary using mimosine (0.5 mM, 20 hr) or at early S phase by a
double thymidine block (2.5 mM, 17/14 hr) and collected at 0, 2, 4, 6, and 8 hours after
release. DNA was isolated in gel blocks with 1% SDS and 1mg/mL proteinase K at 37°C for
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two days, washed with 50 ml of washing buffer (10mM Tris, ImM EDTA, 120mM NacCl,
pH 8.0) at 4°C for three days, and then digested overnight with restriction enzymes. Two-
dimensional agarose gel electrophoresis was conducted as described previously (Brewer and
Fangman, 1987), using 0.4% and 0.85% agarose gels for the first and second dimensions,
respectively. RIs were detected by Southern hybridization with probes labeled with
[a-32P]dATP (3000 Ci/mmol; Perkin Elmer) as described previously (Kondratova et al.,
2015) and quantified using Image J software. Primers for preparing probes are listed in Table
S2.

We inhibited transcription in Colo320DM cells using transcription inhibitors in two ways. In
the first set of experiments, we treated cells after release from mimosine block with 25
ng/mL of a-amanitin after release. In the second set of experiments, we treated cells both
before (for 20 hours) and after release using 250 ng/mL.

Chromatin immunoprecipitation (ChIP)

Col0320DM cells (1 x 107) were arrested at the G1/S boundary using mimosine (0.5 mM,
20 hr) and collected at 6 hr after release. Cells were cross-linked for 8 min with 1%
formaldehyde, washed twice with cold PBS, and resuspended in 300 pl of lysis buffer (50
mM Tris pH 8.0, 10 mM EDTA, 1% SDS, 1x Protease Inhibitor cocktail (Sigma, P8340)).
The lysate was sonicated using a Bioruptor UCD-200 (Diagenode) at high intensity with 28
cycles of 30 s/90 s (on/off) and pre-cleared with anti-mouse or rabbit 1gG conjugated
Dynabeads (30 pL/sample, Life Technologies) overnight at 4°C. Dynabeads (50 pL/sample)
were coupled at 4°C overnight with 4 pg of antibodies raised against RNA polymerase |1
CTD repeat phospho S2 (Abcam, ab5095), yH2AX (Abcam, ab2893), Histone H3 tri-
methyl K4 (Abcam, ab8580), Histone H3 phospho S10 (Abcam, ab14955), RAD51 (Abcam,
ab176458 and Santa Cruz, sc-8349, H-92), BRCA2 (Millipore, OP95), RNA/DNA hybrid
(KeraFAST, ENHO001, S9.6), RPA34 (Calbiochem, NA19L), and DNA Polymerase 1
(Abcam, ab17725). The pre-cleared lysate was diluted 10-fold with dilution buffer (50 mM
Tris pH 8.0, 167 mM NaCl, 1.1% Triton X-100, 0.11% Na-deoxycholate, 1x Protease
Inhibitor cocktail) and used for input (126 uL) and immunoprecipitation (IP, 1.82 mL). Each
chromatin sample for IP was captured by antibody-coupled Dynabeads and washed twice
with a series of buffers: low salt buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM
EDTA, 0.1% SDS, 1% Triton X-100, 0.1% Na-deoxycholate), high salt buffer (500 mM
NaCl in Low salt buffer), LiCl buffer (10 mM Tris-HCI pH 8.0, 250 mM LiCl, 1 mM EDTA,
0.5% NP-40, 0.5% Na-deoxycholate) and TE buffer (10 mM Tris-HCI pH 8.0, 1 mM
EDTA). Input and IP samples were treated with protease K at 55°C for two hr and
uncrosslinked at 65°C for 12 hr. DNA was then isolated from the input and IP samples using
the Illustra DNA Purification Kit (GE Healthcare). Quantitative-PCR was performed on a
CFX384 Real-Time PCR Detection System (Bio-Rad), using either iQ SYBR Green
Supermix (40 cycles of 95 °C for 15 sec and 60 °C for 1 min) or SsoFast EvaGreen
Supermix (45 cycles of 98 °C for 10 sec and 60 °C for 10 sec) (Bio-Rad). All reactions were
performed in quadruplicate. Data analysis was done using Bio-Rad CFX Manager \Version
3.1. Primers are listed in Table S2. Statistical analyses were first carried out a one-way
analysis of variance (ANOVA) to assess the overall statistical significance of differences
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and, if significant, performed multiple comparisons using Tukey test at the 95 or 99 %
confidence level.

Transformation of Mouse Ovarian Surface Epithelial Cell Lines

All procedures in mice were approved by the Cedars-Sinai IACUC (protocol #5318) and
performed in an AAALAC-accredited facility. Eight week-old female nude mice were used
for intraperitoneal injections of mouse ovarian cancer cells. Ovarian explants from K5-
TVA/p53~/~ mice (Orsulic et al., 2002) were infected with RCAS viruses carrying mouse K-
ras®12D and myr-Aktl oncogenes. The resulting transformed mouse ovarian surface
epithelial cell line (C3) was injected intraperitoneally into nude mice. The mouse ovarian
tumor cells, T3, were derived from tumors generated by C3 injection.

Whole Genome Sequencing

The genomic DNA from Colo320DM cells was sequenced on Illumina HiSeq 2000 at the
University of Chicago Genomics Facility. Sequencing reads were mapped to the human
reference genome (hg38) using BWA to create a SAM file. Soft-clipped reads were
identified based on the information from CIGAR string. For reads with longer than seven bp
soft-clip on any of the ends were considered as real soft-clip reads. By using a 10kb bin to
scan across the region from 126425748 to 127997618 in chromosome 8, all the reads in each
bin were analyzed and counted to get the ratio of soft-clip reads against the total reads. To
assess the statistical significance, the Tukey-Kramer multiple comparison tests were used at
the 99 % confidence level.

The whole genomes of mouse C3 and T3 cell lines were sequenced at the Cedars-Sinai
Genomics Core. Genomic DNA samples were used to prepare whole genome sequencing
libraries using the lon Xpress Plus Fragment Library Kit (Life Technologies) per
manufacturer’s instructions. Final sequencing libraries were sequenced on the lon Proton
System (Life Technologies) using the lon Pl Template OT2 200 Kit v3 and lon PI
Sequencing 200 Kit v3 per manufacturer’s instructions. Raw sequencing reads were aligned
to the UCSC mouse reference genome (mm10) and visualized with the integrative genomics
viewer (IGV, Broad Institute).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
1. Replication forks stall naturally under co-directional conflict with IncRNA.
Rescue of stalled forks depends on a specialized DNA polymerase Poln.

Rescued forks create complex microhomology-mediated fusions.

& w N

Complex fusions are instrumental to the formation of a double minute
chromosome.
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Figure 1. Stalled re[plication forks

(A) Array comparative genomic hybridization showing the amplification of a small genomic
segment (green arrow). Each dot represents log, ratio (Colo320DM/normal fibroblast
IMR90) of signal intensity for a single probe. (right) Relative copy numbers of the small
segment and MY Cin Colo320DM to a locus on chromosome 17. Error bars represent
standard deviations.

(B) Metaphase FISH (left) and the histogram showing the co-localization between MYC
(red) and the small segment (green) in 24 metaphases. The fraction of co-localized
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extrachromosomal elements to the total number of extrachromosomal elements in each
metaphase is shown.

(C) A diagram showing the fusions between the MY Cregion and the 8.5 kb segment. The
8.5-kb segment is indicated in green.

(D) Schematic presentation of two-dimensional (2D) DNA agarose gel electrophoresis (left).
The 1n spot represents either molecule before replication or molecule that have already
completed replication across the restriction fragments. The Y-arc indicates replication
intermediates (RIs). The double-Y indicates the converging forks coming from the opposite
direction. The location of probes and a restriction map (8.5-kb region) for the analysis are
also shown (right). The rearranged fragments on the A-side of the A-B fusion point is
shown as a blue dotted line.

(E-G) Analysis of replication intermediates (RIs) digested with either PsAl (D), EcoRl (E),
or Asel (F). (E) FACS analysis indicates the S-phase progression of cells released from G1/S
arrest with mimosine (top panels). Relative intensities of RI signals (Y-arc normalized to 1n
linear molecule) at each time point to the relative intensities obtained at 0 hour time point
(right) were plotted. Error bars represent standard deviations. Black stars (probe C) represent
1n spots from the normal allele. White stars (probe X1 and X2) represent residual signals
from a prior probe due to incomplete stripping. (F) 2D images of EcoRI-digested fragments
at 4 hours after either mimosine or double thymidine block (DTB) release. The ratios of
large-/small-Y signals are shown on the bottom. Error bars represent SD. (G) Rls traveling
on the two alternative structures of DMs. Because of a rearrangement in the flanking region
of the B-side (Figure 1D and Figure S2C), two Y-arcs of equal intensities are seen
throughout the time course.
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Figure 2. Transcription-replication conflict

(A) A genomic view of the MYClocus (modified from UCSC genome browser). Protein
coding genes (blue background), non-coding RNA genes and transcription activities are
shown. Transcriptional activities show the levels of poly-adenylated RNA for nine cell types
(the ENCODE Caltech RNA-seq project). Each color represents a transcription level of an
individual cell line. Very dark colors derive from the overlapping transcription levels from
multiple cell types. The regions amplified in the DM in Colo320DM cell line are shown on
the bottom.
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(B) Transcription of long non-coding RNA within the 8.5-kb segment in Colo320DM.
Northern blotting using the probe C (left) and RT-PCR results for the transcripts of the 8.5-
kb region (B, C) and four control regions (MYC, X1, X2, and X3) (right). K562, a CML cell
line without MY C amplification.

(C) Strand-specific RT-gPCR defined the transcription of IncRNA from the leading strand. A
schematic representation of the strategy (top). Transcript analysis for the regions B and C by
strand-specific RT-gPCR (bottom). Amplification standard was first generated using
genomic DNA as a template, and relative amount of amplification from cDNA was shown as
% input. Error bars represent standard deviations.

(D) Time-course analysis of Rls after release from mimosine block in Colo320DM cells
under either low (25 ng/ml, top) or high concentration (250 ng/ml, bottom) of a-amanitin
treatment. Gray triangles indicate the time points when cells were collected. 2D gel analysis
are shown for the 8.5 kb segment (probe E) and a control region (X1). Histograms show the
relative intensities of RI signals, as described in Figure 1E.
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(A) Chromatin immunoprecipitation (ChIP)-gPCR analysis in S phase (6 hour after release
from mimosine arrest) Colo320DM Loci analyzed by gPCR are shown, with their co-
ordinates at the centromeric ends. Locations of the probes used for 2D gel electrophoresis
are also shown. Results of the ChIP-qPCR for evaluating the mechanisms underlying stalled
replication forks. Error bars represent standard deviations from four independent
measurements. Significant differences of signals between the loci were examined by one-
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way ANOVA tests and Tukey multiple comparison tests, and are marked with either a single
star (p<0.05) or two stars (p<0.01).

(B) ChlIP-gPCR analysis of the recombination proteins RPA, BRCA2, and RAD51 (sc-8439,
Santa Cruz).

(C) The recruitment of Polr to the stalled forks at 6, 7 and 8 hours after release from
mimosine arrest. Error bars represent standard deviations from four independent
measurements.

(D) Poln knockdown results in the copy number loss of DMs in Colo320DM cells. (left)
Poln protein expression three days after the transfection of either control or POLH siRNA
(three independent siRNAs #1, #2, and #3. (middle) Schematic representation of the
processes leading to DM loss. Poln and DMs are shown green and red dots, respectively.
(right) Real-time PCR-based copy number analysis in cells transfected with POLH siRNA at
four, five and six days after transfection. The copy numbers for DMs were normalized to that
of a locus in chromosome 17 within each sample. The fractions of the normalized copy
number relative to that from the cells transfected with control siRNA (gray bars) are shown.
Error bars represent standard deviations from four independent measurements.
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Figure 4.
Error-prone rescued forks.

(A) DNA rearrangements occurred by the rescued replication forks. DNA was digested with
a restriction enzyme (EV, EcoRV; Hd, Hindlll; Kp, Kpnl; Pa, Pacl) and probed with B and C
(left). Red stars represent fragments in the 1.0-Mb rearranged DM. White stars represent
signals from the previous hybridization as a result of incomplete stripping. Expected
fragment sizes in the 1.6-Mb original DM were also shown (right).

(B) We measured the number of reads that had DNA sequences (> 7 bp) from ectopic sites
and present as the fractions of total reads.

(C) Sequence alignments of fusion points of the rearranged DM. The coordinate of each
fusion point, as well as the distances of fork movement, are indicated. Red boxes mark
microhomologies. A circular map of the DM and the rearranged DM is shown on the right.
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Figure 5.
The de novo formation of a MYC-DM during tumorigenesis in the mouse by

microhomology-mediated template switching.

(A) Outline of the mouse ovarian tumorigenesis model.

(B) Images of fluorescence /n situ hybridization for MYC (red) in C3 and T3 tumor cells,
counterstained with DAPI (blue).

(C) Focal MYC-amplicon with an additional peak in T3 tumor cells detected by whole-
genome sequencing.
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(D) De novo formation of the DM. Genomic fusions in T3 tumor cells assessed by
breakpoint PCR (top) and the sequence alignments of the fusion points at junctions, #2—4
and #5-7 (bottom). The distances of fork movements (DNA synthesis) and the
microhomologies at the junctions (red rectangles) are indicated. The coordinates of each
fusion point are described in Table S1. The shaded colors on the sequences correspond to the
colors in the figures in which ectopic template switching events are described for each
fusion points.
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Figure 6.
Molecular processes underlying the stalled forks on the DMs in Colo320DM cells and

putative functions of Poln for error-prone fork restart (Model). Poln) could rescue stalled
forks by (1) facilitating fork restart and (2) displacing RNA from R-loops and synthesizing
DNA. Poln could also execute its strand displacement DNA synthesis to replicate DNA
following ectopic template switching.
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