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Summary

Common fragile sites (CFSs) are genomic regions that display gaps and breaks in human
metaphase chromosomes under replication stress and are often deleted in cancer cells. We
studied a ~300 basepair subregion (Flex1) of human CFS FRA16D in yeast, and found it
recapitulated characteristics of CFS fragility in human cells. Flex1 fragility was dependent on the
ability of a variable-length AT repeat to form a cruciform structure that stalls replication.
Fragility at Flex1 is initiated by structure-specific endonuclease Mus81-Mms4 acting together
with the SIx1-4 - Rad1-10 complex, while Yenl protects Flex1 against breakage. Sae2 is
required for healing of Flex1 after breakage. Our study shows that breakage within a CFS can be
initiated by nuclease cleavage at forks stalled at DNA structures. Furthermore, our results
suggest that CFSs are not just prone to breakage but also impaired in their ability to heal, and this
deleterious combination accounts for their fragility.
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Introduction

Common fragile sites (CFSs) are highly unstable human chromosomal regions that are prone to
breakage and the formation of cancer-associated deletions. CFS breakage, or expression, can be
induced in most individuals and therefore they are considered a normal part of chromosome
structure. The molecular basis for their fragility is still not well understood, though an inability to
complete replication during S phase is an important component. CFS expression can be induced
by drugs that inhibit polymerase progression, such as aphidicolin and hydroxyurea (Glover et al.,
2017). The two most commonly expressed CFSs in human cells, FRA3B and FRA16D, replicate
late in S and into G2 phase (Debatisse and Rosselli, 2019). CFSs can undergo Mitotic DNA
synthesis (MiDAS) in order to finish replicating these regions before nuclear division occurs
(Minocherhomji et al., 2015).

CFS expression varies by cell type (Le Tallec et al., 2013) and there is evidence that gene
expression levels may correlate with fragility levels (Helmrich et al., 2011, Le Tallec et al.,
2013). FRA16D, located within a large intron of the WWOX tumor suppressor gene, is one of
the most breakage-prone CFSs as it was expressed in all four cell types tested (Le Tallec et al.,
2013), suggesting that FRA16D is inherently fragile even under varied levels of transcription.
Recently, it was shown that the protein FANCD?2 facilitates replication through FRA16D by
suppressing DNA:RNA hybrid formation and inducing dormant origin firing (Madireddy et al.,
2016).

CFSs are frequently the locations of homozygous and hemizygous deletions in many
cancer cell lines (Finnis et al., 2005, Bignell et al., 2010). CFSs are also hotspots of de novo copy
number variations (CNVs) in many tumor types, likely occurring due to replication stress
followed by aberrant repair (Glover et al., 2017). Breakage at CFSs is an early event in tumor
progression (Halazonetis et al., 2008, Tsantoulis et al., 2008). Additionally, oncogene
overexpression leads to replication stress (oncogene-induced replication stress) that can then
result in CFS breakage, deletions, and rearrangements (Macheret and Halazonetis, 2015, Miron
et al., 2015, Glover et al., 2017). CFSs tend to be AT-rich, making their DNA easier to unwind to
form unusual or non-B DNA secondary structures, which could play a role in their fragility.
Computational analysis of CFSs have identified a higher density of sequences with potential to
form stable secondary structures compared to controls, and secondary structures at both rare and
common fragile sites have connections to human disease and cancer (Thys et al., 2015, Kaushal
and Freudenreich, 2018).

Flex1 is a ~300 bp AT-rich subregion of human common fragile site FRA16D. Flex1
contains a polymorphic perfect AT repeat that ranges from 11-88 copies in humans tested and is
frequently deleted in tumor cell lines (Finnis et al., 2005). AT repeats can nucleate an unwound
region of double-stranded supercoiled DNA to form cruciforms in vivo once they exceed a length
of around 22 repeat units (McClellan et al., 1990, Dayn et al., 1991, Bowater et al., 1991).
Cruciform cleavage and resolution has been shown to cause multiple common chromosomal
translocations (Kato et al., 2012). AT repeats and short inverted repeats are prevalent in the
human genome and have been implicated in driving genomic rearrangements in evolution, and



they are enriched near cancer translocation and deletion breakpoints (Lu et al., 2015, Bacolla et
al., 2016).

Our lab has previously shown that the Flex1 sequence caused chromosome fragility when
inserted into an artificial chromosome in S. cerevisiae, and that a Flex1 sequence containing
(AT)34 caused replication fork stalling (Zhang and Freudenreich, 2007). It was hypothesized that
a secondary structure at Flex1 is causing replication fork stalling and contributing to FRA16D
breakage.

In this study, we show that Flex1 is a significant contributor to overall FRA16D
breakage, and that Flex1 fragility increases with AT repeat length in a nonlinear fashion. AT
repeat lengths that exhibit fragility also show sensitivity to a single-stranded DNA (ssDNA)
nuclease at the predicted cruciform loops, and cause pausing of human polymerase 6 in vitro.
Our data support the hypothesis that fork stalling at cruciform structures formed by longer AT
lengths causes chromosome fragility. Structure-specific endonuclease (SSE) Mus81 is required
for Flex1 fragility, in agreement with the known requirement of human MUS81 for FRA16D
expression in human cells (Naim et al., 2013, Ying et al., 2013). Importantly, we find that Mus81
induces Flex1 fragility only at AT lengths long enough to form a cruciform, implying that
MUSBSI is specifically acting at secondary structures in FRA16D, cleaving either the cruciform
or a resulting structure such as a stalled replication fork. Mus81 basal activity is sufficient to
induce cleavage at Flex1 as Mms4 activation by phosphorylation is not required. Slx1-S1x4 and
Rad1-Rad10 nucleases also play a role in causing Flex1 fragility, and our data are consistent with
the existence of a SIx1-S1x4, Mus81-Mms4, Rad1-Rad10 (SMR) super complex in S. cerevisiae.
In contrast, Yenl, which acts in late mitosis, has a role in preventing (rather than causing)
fragility at Flex1. Our data suggest that coordinated cleavage by SSEs of forks stalled by DNA
structures at CFSs may account for their characteristic expression of gaps and breaks in mitosis.
Finally, we identify that it is not only the AT repeat length but also the flanking Flex1 sequences
that play a role in the expression of breaks at Flex1, as they inhibit efficient healing of the broken
DNA. Therefore, we propose a theory that the DNA sequences at CFSs have both an increased
tendency to break and a reduced ability to heal following breakage, contributing to their
persistence into M phase and their propensity to instigate large deletions and translocations.

Results

Flex1 is a crucial element causing FRA16D fragility in vivo

Since Flex1 is often deleted in tumor cells, induces fork stalling in yeast, and is predicted to form
an alternative secondary structure, we hypothesized that it plays an important role in FRA16D
expression. To determine whether Flex1 was responsible for a substantial amount of FRA16D
fragility, we deleted the Flex1 sequence from YAC 801B6, which contains 1.4 Mb of human
chromosome 16 sequence including FRA16D (Figures 1A, S1A and S1C). Despite deleting only
~300 bp of the 1.4 Mb human sequence (0.02%), we observed a significant decrease in
frequency of YAC end loss (measured by FOAR) (Figure 1A). These results indicate that Flex|1
accounts for a significant and measurable fraction of breakage events within 801B6, highlighting



the importance of the Flex1 sequence in contributing to overall FRA16D fragility. Nonetheless,
based on the level of fragility of the adjacent sequence (972D3) (Figures 1A and S1C), we
speculate that other fragile elements may combine with Flex1 to account for the full fragility of
the entire region.

Flex1 is fragile in an (AT)n repeat length-dependent manner
Because the Flex1 sequence contains a polymorphic (AT)n repeat in humans, it was important to
address the role that AT repeat length plays in Flex1 fragility. Our group previously
demonstrated an increase in fork stalling with increasing AT length, and there was a trend of
increasing fragility as Flex1 AT length increased from 5 to 14 to 23 (Zhang and Freudenreich,
2007). Due to the severity of the replication fork stalling at Flex1(AT)34, it was hypothesized
that the AT repeats of this length formed a cruciform, although the sequence could also form
hairpins on either strand. To evaluate the role of AT tract length in Flex1 fragility, we inserted
three different sequences of varying AT lengths but standardized short 5° and short 3’ (S5 and
S3’, respectively) flanking sequences from the human Flex1 region into a genetic system to
measure fragility on yeast chromosome II, the direct duplication recombination assay (DDRA)
(Figures 1B and S2B). Breakage can stimulate recombination between flanking homologous
ADE? sequences via single strand annealing (SSA), which results in loss of the intervening
URA3 gene and 5-FOA resistant, Ade" cells (Freudenreich et al., 1998, Paeschke et al., 2011,
Polleys and Freudenreich, 2018). Recombination rates were also measured for a control
sequence, which is a roughly 380 bp sequence from FRA16D that is not predicted to form a
stable secondary structure (Figure S1A) (Zhang and Freudenreich, 2007). This assay mimics the
types of deletion events that have been shown to occur naturally in cancer cells and other cells
under replication stress (Finnis et al., 2005, Durkin et al., 2008), with the benefit of the deletions
being selectable. In these constructs, the recombination rate increased significantly with
increasing Flex1 AT length, consistent with a repeat length-dependent increase in fragility
(Figure 1B). The significant increase in recombination rate of (AT)23 and (AT)34 coincides with
the known propensity of AT repeats to form a cruciform structure with much higher frequency
when their length exceeds roughly 22 repeats (McClellan et al., 1990, Dayn et al., 1991, Bowater
et al., 1991). The dramatic increase in fragility upon adding only 11 additional repeats together
with the severity of the Flex1 (AT)34 replication fork stalling in vivo (Zhang and Freudenreich,
2007) strongly supports that a fork-blocking DNA structure is frequently forming at this length.
To test whether a cruciform or slipped-strand hairpins are forming, we performed an in
vitro S1 nuclease cleavage assay using plasmids containing the same Flex1 and control
sequences used in the fragility assay. Single-stranded hairpin loops will be preferentially cleaved
by S1 nuclease, and higher concentrations will introduce random nicks due to helix breathing
(von Hippel et al., 2013, Higgins and Vologodskii, 2015). A single nick will convert the
supercoiled (SC) form to an open circle (OC), and two concerted nicks in close proximity on
opposite strands will linearize the plasmid (L) (Figure 1C). Increasing concentrations of S1
nicked the control and Flex1(AT)14 plasmids, with linear forms appearing only at the highest S1



concentration; the conversion to OC was somewhat faster for (AT)14 compared to the control
suggesting the formation of some hairpin structures. For the (AT)23 and (AT)34 containing
plasmids, OC and L species formed even at the lowest S1 concentration, with equal parts OC and
L by the second concentration for (AT)23 and mostly linear species for (AT)34 (lanes 13, 18),
indicative of increased secondary structure formation with increasing AT repeat length. The
quick transition to the linear product for (AT)34 and about half of the (AT)23 plasmids is
consistent with cruciform formation. We also noted double-banding and aberrant migration for
these forms consistent with structured DNA species; for (AT)34 lane 17 some of the OC species
were even retained in the well (Figure S1D). Cleavage with restriction enzyme Eco53kl released
distinct linear fragments of 170 or 200 bp for (AT)23 and (AT)34 plasmids respectively,
mapping the sites of S1 sensitivity to the center of the AT repeat on both strands, as predicted for
a cruciform structure containing two opposite hairpin loops (Figure 1D). These results are most
consistent with in vivo formation of cruciform structures in double-stranded DNA for Flex1
(AT)23 and (AT)34 sequences, with (AT)34 forming a structure on both strands a higher
percentage of the time.

An (AT)34 repeat causes human polymerase delta stalling and replication termination
Previously, Zhang and Freudenreich (2007) found that the Flex1 (AT)34 sequence causes
replication fork stalling during plasmid replication in S. cerevisiae. To test the site of stalling and
extend this result to the human enzyme, human 4-subunit polymerase 6 holoenzyme (Pol 84)
DNA synthesis through either the control or Flex1 ssDNA with various AT repeat lengths in the
presence of RFC-loaded PCNA was measured using an in vitro primer extension assay as
described in (Shah et al., 2010, Walsh et al., 2013, Barnes et al., 2017). Pausing was identified as
sites of accumulated primer extension reaction products. Note that in this assay only template
hairpins would be able to form, not cruciforms that require double-stranded DNA. As
highlighted, human polymerase 6 struggles to replicate the AT repeats and significant stalling is
detected throughout the AT tract at all lengths tested (Figure 2A, red lines). The probability of
termination within the AT tract increases with AT length (Figure 2B). Stalling was also observed
during polymerase 6 synthesis using the opposite Flex1 (TA)34 strand as a template (Figure S4).
We conclude that the Flex1 (AT)34-dependent replication fork stalling previously observed in
vivo 1s due to pausing specifically at the AT repeat. This data supports the hypothesis that the
observed AT-length dependent fragility is due, in part, to DNA polymerase stalling at the repeat.
To determine the effect of replication stress on fragility of the FRA16D Flex1 sequence
the rate of FOAR in the DDRA assay was measured after treatment with hydroxyurea (HU)
(Figure 2C). HU causes replication fork stalling by depleting ANTP pools and thus is expected to
further exacerbate fragility at all DNA sequences. Interestingly, the effect of HU was much
stronger for sequences predicted to form no DNA structure or a weak DNA structure, such as the
control (7.2-fold over no HU), and Flex1 (AT)14 (5.8-fold over no HU), compared to sequences
predicted to form a stable hairpin or cruciform structure (~2-fold over no HU for Flex1 (AT)23
and Flex1 (AT)34). These data show that additional replication stress is not required for fragility



of sequences that can form a stable-enough structure to stall replication in their normal cellular
context, and are consistent with stalling by a pre-formed cruciform structure. Since replication
stress further increases the likelihood of chromosome breakage at Flex1 (AT)34, it may
additionally allow fork remodeling or hairpin formation on separated template strands, consistent
with the pronounced pausing of polymerase & within (AT)34 observed on single-stranded
template DNA.

Structure-specific endonuclease Mus81-Mms4 causes fragility at Flex1

In human cells, the structure-specific endonucleases (SSEs) MUS81-EME1 and XPF-ERCCI1
were shown to promote FRA16D expression in mitotic cells that had experienced replication
stress, presumably by causing cleavage of a persistent replication intermediate (Ying et al., 2013,
Naim et al., 2013). However, these results were obtained using whole chromosomes, thus it was
unclear where the cleavage was occurring. SSEs can act on substrates at stalled or reversed forks
that form in S phase (and possibly persist into G2/M), and in G2 and M phases SSEs can act on
homologous recombination (HR) intermediates or unreplicated DNA to allow chromosome
separation (Symington et al., 2014, Dehe and Gaillard, 2017). Since our data indicate that longer
AT repeats within the Flex1 sequence form cruciform structures that could resemble SSE
substrates and also stall replication forks, it was of interest to determine if SSEs act at Flex1.
SSEs could either cause the observed fragility by directed cleavage, or alternatively protect
against fragility by allowing proper resolution of stalled forks or recombination intermediates.
Upon deletion of the MUSS1 gene, Flex1 (AT)34 fragility significantly decreases in both the
DDRA fragility assay (Figure 3A) and the previously used YAC end loss assay (Figure 4B)
(Zhang and Freudenreich, 2007). Using the DDRA fragility assay, we evaluated the effect of
mus81A on Flex1 containing various AT tract lengths and the control. The recombination rate is
significantly decreased in mus81A only when Flex1’s AT stem length exceeds 22 bp, the
threshold for forming cruciforms; mus81A had no effect on the recombination rate of the control
or Flex1 (AT)14 strains (Figure 3A). We conclude that Mus81 is specifically acting to cleave
either directly at a DNA structure formed by the AT repeat or at a substrate caused by the
structure. These data suggest that the requirement for MUS81 for FRA16D expression in human
cells is due to structure-mediated events at Flex1, or perhaps at Flex1 in combination with other
fork stalling regions.

Mus81-Mms4 nucleolytic activity is hyperactivated by DDK/Cdc5/Cdc28
phosphorylation of Mms4 at the G2/M boundary, which is facilitated by Rtt107 binding (Wild
and Matos, 2016, Princz et al., 2017). We sought to test if the basal activity of Mus81-Mms4
present in S phase is sufficient for Flex1 cleavage, or if the hyperactivated form of Mus81-Mms4
is needed in order to induce fragility. Flex1 (AT)34 with a phosphorylation-defective mutant,
mms4-94 (Gallo-Fernandez et al., 2012) had the same rate of recombination as a wildtype strain
(Figure 3B). The mms4-94 mutant still retains some potential phosphorylation sites and a low
level of activity similar to the basal S phase activity (Gallo-Fernandez et al., 2012). Therefore we
combined it with an r#£107A since Rtt107 mediates the association of DDK and Cdc5 kinases



with Mus81-Mms4 and stimulates Mms4 hyperphosphorylation (Gallo-Fernandez et al., 2012).
Similarly, r#¢107A single and rtt107A mms4-94 double mutants exhibited either minimal or no
change in recombination rates (Figure 3B). Therefore the G2/M hyperactivation of Mus81-Mms4
is not necessary for Flex1 fragility. A full deletion of MMS4 (mms4A) gave a significant decrease
in Flex1 (AT)34 recombination rate, confirming the importance of the Mms4 component of the
Mus81-Mms4 nuclease (Figure 3B). These results imply that the S phase level of Mus81-Mms4
activity is enough to cause fragility at Flex1, though they don’t indicate the timing of the activity.

We next wondered what substrate Mus81-Mms4 is acting upon: directly at a secondary
structure, at a stalled fork caused by a secondary structure, or at a recombination intermediate
formed during the resolution of the stalled fork. In a mus81A rad51A double mutant, in which
recombination intermediates cannot be formed, the FOAR Ade+ rate is no different from a
mus81A mutant, indicating that Mus81 is not acting upon recombination intermediates to cause
Flex1 fragility. These data suggest that Mus81 is acting either directly at a secondary structure or
at a stalled/reversed/converged fork caused by Flex1 (Figure 3B).

The SIx4 complex coordinates cleavage at Flex1

In human cells, SLX4 is a scaffolding protein that recruits multiple enzymes, including MUSS81-
EMEI1, SLX1, and XPF-ERCCI1, to enhance their activity and coordinate SSE action timing and
pathway choice (Dehe and Gaillard, 2017). There is evidence for a super complex of SLX1-
SLX4, MUS81-EMEI, and XPF-ERCC1 in mammals, called the SMX DNA repair tri-nuclease
(Wyatt et al., 2017). We reasoned that stalled or converged forks induced by Flex1 may be
substrates for other SSEs acting with Mus81 and tested this hypothesis by creating mutants in the
yeast homologs of these proteins. In S. cerevisiae, SIx4 interacts directly with the Slx1
endonuclease and also binds the Saw1 scaffold protein, which in turn binds the Rad1-Rad10
nuclease (XPF-ERCC1) (Sarangi et al., 2014, Cussiol et al., 2017). A direct interaction with Slx4
and Mus81-Mms4 has not been demonstrated, but there is evidence for an indirect interaction
through Rtt107 and Dpb11 (Gritenaite et al., 2014).

Strains lacking either Slx4 or Radl showed a significant decrease in fragility for both the
control and Flex1 (AT)34 sequences in the DDRA fragility assay (Figure S2A). The decrease in
recombination in the control strain in the s/x4A or radlA backgrounds indicates that both S1x4
and Rad] are required for SSA, as shown previously (Freudenreich et al., 1998, Mimitou and
Symington, 2009, Dehe and Gaillard, 2017). However, the deletion of both proteins had a more
dramatic fold decrease compared to wild-type for the Flex1 (AT)34 sequence compared to the
control sequence (12-fold vs. 3.2-fold for six4A; 6.1-fold vs. 1.8-fold for radiA) (Figure S2A).
These data indicate that the Slx4 complex and the Rad1-Rad10 nuclease may have an additional
role in induction of fragility at Flex1, aside from their role in SSA. We confirmed this conclusion
by deleting SLX4 and RAD1 in the Flex1 (AT)34 YAC end loss assay strain, as healing in this
assay should not require SIx4 or Radl. Healing in the YAC assay occurs by resection to the G4T4
telomere seed sequence and subsequent telomere addition, which results in loss of selectable
markers distal to the break site (Polleys and Freudenreich, 2018). Indeed, fragility was



significantly decreased in both backgrounds, verifying the importance of these proteins in
preventing Flex1 fragility (Figure 4B). A mus81A radlA strain had about the same level of
fragility as each single mutant (Figure 4B), suggesting that they are working in the same pathway
to cause Flex1 (AT)34 fragility.

In both yeast and human cells, the SIx1 nuclease associates with SIx4 and targets
branched DNA structures (Fricke and Brill, 2003, Svendsen et al., 2009). Therefore Slx1 may
also be required to process structures formed by or because of Flex1. Indeed, s/x/A mutants had
a decrease in fragility to a level similar to mus8/A in the YAC end loss assay (Figure 4B),
though the decrease was less dramatic at the internal chromosome location in the DDRA assay;
the control rate was unchanged in the s/x/A mutant (Figure 4A). The mus81A sixIA fragility rate
is similar to that of a mus81A single mutant in the DDRA fragility assay (Figure 4A). Also, the
sixIA radlA double mutant and the six/A mus81A radlA triple mutant showed similar Flex1
(AT)34 fragility levels as each single mutant in the YAC end loss assay (Figure 4B). Overall,
these results are consistent with Mus81-Mms4, S1x4-Slx1, and Rad1-Rad10 working in the same
pathway to cause fragility at Flex1 (AT)34, suggesting that they are functioning together to cause
cleavage of a structure induced by this sequence.

Yenl1 protects Flex1 against fragility

S. cerevisiae Yenl (human GEN1) is an SSE that only gains access to the DNA in mitosis, and
prefers perfect 4-way junctions such as Holliday junctions (Minocherhomji and Hickson, 2014).
Since Yenl and Mus81 have overlapping substrates, Yenl could act as a backup for Mus81 to
cleave the Flex1 (AT)34 sequence. Surprisingly, removal of YEN/ results in a significant
increase in Flex1 (AT)34 fragility in the DDRA assay system (Figure 4A). This result prompted
us to investigate the order of action of Mus81 and Yenl by creating a double mutant. In the
mus81A yenlA double mutant, the recombination rate was reduced to mus81A levels, indicating
that Mus81 acts upstream of Yenl (Figure 4A). These results suggest that Mus81 acts before
anaphase to cleave the Flex1 (AT)34 sequence whereas Yenl has an entirely different role, for
example to resolve problems persisting into anaphase. Interestingly, a yen/A had no effect on
Flex1(AT)34 fragility in the YAC assay, where the repeat is near the end of a chromosome with
no converging replication fork (Figure 4B). This result suggests that Yen1 resolves a structure
created from two ends, such as two replication forks that have not merged or a two-ended
recombination structure.

Flex1 is transcribed in the locations used to test fragility

Since AT cruciform structures are known to form more readily in conditions of negative
supercoiling (McClellan et al., 1990, Dayn et al., 1991, Bowater et al., 1991), we investigated
transcript levels at Flex1 using RT-qPCR. Indeed, Flex1 is transcribed at both locations studied.
(Figure S3). Interestingly, transcript levels at the repeat were 2.3-fold higher at the chromosome
II compared to the YAC locus, which parallels the greater effect of mus81A on Flex1 (AT)34
fragility at that location (2.8-fold decrease from WT compared to 1.9-fold decrease). Thus,



transcription could be a source of generating increased structure formation in cells containing
Flex1 at the chromosome II locus, resulting in a larger need for SSE cleavage.

Sae2 is required for healing of Flex1

The AT-rich nature of CFSs makes them more likely to form secondary structures, which could
inhibit healing after breakage has occurred. If true, proteins involved in end resection should be
important for healing breaks at CFSs. Sae2 is required to stimulate the MRX nuclease to cleave
hairpin-capped DNA ends to facilitate resection and prevent palindromic gene amplification
(Mimitou and Symington, 2009, Cejka, 2015). The human homolog, CtIP, is also needed at
hairpin-capped ends (Makharashvili et al., 2014). In the DDRA fragility assay a sae2A mutant
had decreased healing specifically for Flex1-containing constructs, but the recombination rate of
the control was unchanged (Figure 5A). These data indicate that Sae2 is not required for repair of
non-structured DNA but is crucial for repair of Flex1 (AT)34-induced breaks. MRX-Sae2
activity could be required to respond to a number of hairpin-capped structures that could form at
Flex1 (see Figure 6 and Discussion).

Flex1 flanking sequences affect healing in two different fragility assay systems
In the Zhang and Freudenreich study (2007), Flex1 with (AT)34 gave a significantly lower level
of FOAR than the control, which was unexpected. The data suggested that a lower efficiency of
healing could be the cause of the decreased recovery of YAC end loss events, and it was
hypothesized that the longer 3’ (L3’) flanking sequence in the Flex1 (AT)34 construct compared
to the other constructs could play a role (Zhang and Freudenreich, 2007). The L3’ flanking
sequence 1s 102 bp longer than the short 3’ flanking sequence (S3’) and the Mfold program
(Zuker, 2003) predicts that this extra 102 bp can form a stable hairpin with a AG of -6.7 (Figure
S5). Human polymerase & paused at the L3’ sequence, providing evidence that a secondary
structure is forming at that sequence (Figure S4, arrow).

To better understand the role of flanking sequences, we evaluated the rate of FOAR of
Flex1 (AT)34 strains with L3’ and S3’ flanking sequences in the DDRA fragility assay. The
strain with the L3’ flank has a significantly decreased level of FOAR compared to the S3’ strain,
supporting the hypothesis that the L3’ flanking sequence inhibits healing (Figure 5B). In the
YAC assay, if the additional sequence in the L3’ flanking sequence forms a hairpin that inhibits
this leftward resection to the telomere seed sequence, the rate of FOAR should decrease upon the
presence of the L3’ only in orientation 1, since leftward resection proceeds through the 3’
flanking sequence after breakage at or near the AT repeat only in this orientation (Figures 5C and
S2C). Indeed, the presence of the L3’ sequence inhibits healing in orientation 1, as FOAR His"
rates are significantly decreased compared to the orientation 1 S3’ strain (Figure 5C). However,
the identity of the 3’ sequence did not affect recovery in the YAC assay when it was to the right
of the AT repeat in orientation 2, consistent with breakage occurring at the AT repeat, followed
by leftward resection. Altogether, this evidence supported that the L3’ flanking sequence forms a
hairpin that inhibits healing after breakage in our assays. However, it was also possible that the



presence of the L3’ flanking sequence actually reduces fragility. To distinguish these
possibilities, the Flex1 AT repeat was replaced by an I-Scel recognition sequence in the DDRA
assay system so that DSBs could be induced adjacent to the Flex1 flanking sequences. Three
strains were created: (1) one with only the I-Scel recognition sequence (breakage without any
expected healing impairments), (2) one with the I-Scel recognition sequence flanked by the S5’
and the L3’ Flex1 flanking sequences (breakage with healing impairment by L3’ hairpin(s)), and
(3) one with the I-Scel recognition sequence flanked by the Flex1 S5’ and S3” sequences
(breakage without much healing impairment by flanks) (Figure 5D). The S5’-1-Scel-L3’ strain
had a reduced recombination rate compared to the I-Scel or S5°-I1-Scel-S3’ strains (Figure 5D).
These results further support the conclusion that the hairpin structure(s) present in the long 3’
flanking sequence reduces healing by inhibiting resection.

Discussion

Flex1 is an important component of FRA16D fragility

We have demonstrated that Flex1, a roughly 300 bp subregion, is an important determinant of
FRA16D breakage in vivo, as large FRA16D-containing YACs with Flex1 replaced go from
18.0% to 12.6% chromosome end loss. This indicates that Flex1 could account for roughly 30%
of the breaks happening at FRA16D even though it accounts for only 0.02% of the sequence on
the large FRA16D-containing YAC. Thus, Flex1 is a major determinant of fragility at FRA16D,
consistent with the finding that it is contained within the most frequently deleted region of
FRA16D in cancer cell lines (Finnis et al., 2005). Nonetheless, there are likely other elements
that also contribute to FRA16D breakage that could include other sequence elements or other
mechanisms such as transcription-replication collisions. We recently proposed that fork stalling
at Flex1 could increase the probability of downstream transcription-replication collisions in
human cells since it would allow approach of the converging replication fork, which would be
oriented head-on with WWOX transcription direction (Kaushal and Freudenreich, 2018).

Long uninterrupted AT repeats cause chromosome fragility and polymerase stalling

We find that Flex1 is fragile in an AT repeat length-dependent manner when the flanking
sequences are standardized in our DDRA fragility assay. Because cruciforms form in dsDNA,
they need to overcome the energy of base-pairing to form and they exhibit non-linear properties.
The dramatic AT-length dependence of fragility correlates well with our findings (Figure 1C,
1D) and previous studies showing that AT repeats form cruciforms on plasmids in vivo when the
AT stem exceeds 22 bp (McClellan et al., 1990, Dayn et al., 1991, Bowater et al., 1991, Cote and
Lewis, 2008). In contrast, hairpin formation typically occurs in ssDNA and is therefore governed
more by the pairing strength (AG) of the base-pairs in the stem. Human polymerase
holoenzyme exhibited significant stalling at the Flex1 (AT)34 repeat tract in vitro. Since these
assays were performed on ssDNA, they indicate that AT hairpins can also be a significant
replication barrier. The model of a fork encountering a pre-formed cruciform is strengthened by
the result that HU treatment is not required for fragility or fork stalling at Flex1 (AT)34
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sequences (Figure 2C) (Zhang and Freudenreich, 2007). A cruciform could arise during
transcription due to increased negative supercoiling caused by passage of RNA polymerase, and
then block replication without the need for an additional stressor. Indeed, higher fragility rates
and SSE-dependence was found in the DDRA system, where there are also higher levels of
transcription. The strong AT length dependence observed suggests that individuals with longer
AT repeats at Flex1 will be at a significantly greater risk of chromosome fragility and associated
deletions or rearrangements at FRA16D. Recently, an unbiased screen of breaks induced by
aphidicolin and ATR inhibition showed that most of the breaks form at structure-forming
repetitive sequences, with AT repeats most highly represented in human genome (Shastri et al.,
2018). Thus our results at Flex1 could be applicable to many fragile sites in the human genome.

Mus81-Mms4, SIx1-SIx4, and Rad1-Rad10 structure-specific endonucleases cause AT-
repeat length-dependent cleavage.
Flex1 fragility is dependent on AT length and the Mus81-Mms4, Slx1-S1x4, and Rad1-Rad10
nucleases. Notably, Flex1 is acting very similarly to FRA16D in the context of a whole human
chromosome, where human MUS81-EME1, SLX4, and XPF-ERCCI1 are required for full CFS
expression (Naim et al., 2013, Ying et al., 2013, Minocherhomji et al., 2015). Our data suggest
that Flex1 could be one of the major regions targeted by MUS81-EME]1 nuclease activity at
FRA16D in humans.

A fork stalled by a cruciform structure presents several potential SSE substrates (Figure
6). First, the cruciform base or loops could be targeted. A cruciform formed by a perfect AT
repeat on a plasmid is cleaved by Mus81 in S. cerevisiae (Cote and Lewis, 2008). SIx4, via its
interaction with SIx1 and (indirectly) with Mus81, could facilitate an Slx1-mediated nick
followed by a Mus81-mediated counter nick to cleave at the base of the cruciform (Figure 6), as
found for their human counterparts (Wyatt et al., 2013, Wyatt et al., 2017). However, this nick-
counter-nick mechanism is likely not a major pathway of Flex1 fragility, as s/x/A mutants do not
have a decrease in fragility as dramatic as mus81A mutants, especially in the situation of a
converged fork (Figure 4). Alternatively, the 3-way junction of a stalled fork or resected reversed
fork could be targeted for cleavage. Since Rad51 is not required for Mus81-induced fragility it is
likely acting on a stalled or converged fork rather than a recombination intermediate. This result
is consistent with the recruitment of SLX4 and MUS81-EME] to CFSs in early mitosis before
POLD3 (Naim et al., 2013, Minocherhomji et al., 2015) and with a demonstrated role for the
yeast SIx4 complex in repair of stalled forks induced by MMS (Gritenaite et al., 2014, Balint et
al., 2015). Interestingly, the basal level of Mus81-Mms4 nuclease activity present in S phase is
sufficient for induction of Flex1 fragility, suggesting that the cleavage could be occurring in
either S/G2 or M phase in the yeast system, and does not require activation by cell cycle kinases
at the G2/M boundary. Consistently, our previous analysis of breakage by physical analysis of
the 801B6 YAC showed that the major cleavage product mapping to FRA16D appeared during S
phase (Zhang and Freudenreich, 2007).
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Potential action of an SMR tri-nuclease complex at DNA structures

The reduction in fragility of s/x4A mutants in both genetic assays and the similar effect of the
double and triple nuclease mutants in the YAC end loss fragility assay suggests that the nuclease
action at Flex1 could be coordinated by SIx4. This data supports that the nucleases are working
in cooperation in the same pathway, and suggests the existence of an “SMR” super complex in
yeast similar to the SMX DNA repair tri-nuclease complex that has been characterized in human
cells (Wyatt et al., 2017). S1x4 has been shown to interact with Rad1-Rad10 (Flott et al., 2007)
and responds to stalled forks in S. cerevisiae, S. pombe, and mouse embryonic stem cells
(Kaliraman and Brill, 2002, Coulon et al., 2004, Balint et al., 2015, Willis et al., 2017).
Sumoylation of Saw1 coordinates SIx1-S1x4 and Rad1-Rad10 cleavage in response to UV in S.
cerevisiae (Sarangi et al., 2014), suggesting that they can work together. Also, there is evidence
that Mus81-Mms4 interacts with S1x4 indirectly through the Dpbl11 protein, and Slx4-Dpbl1 and
Mus81-Mms4 contribute to the resolution of joint molecules created by replication stress in the
same pathway (Gritenaite et al., 2014, Princz et al., 2017). Mus81-dependent cleavage of a
resected fork is expected to have a lesser dependence on Slx1 compared to cleavage of an intact
4-way junction, which lends support to a stalled fork as the relevant substrate and could provide
an Slx1-independent pathway for cleavage when two converged forks are present at the
chromosome II location. Consistently, s/x/A also had no effect on joint molecules at replication
forks stalled by MMS that required SIx4 and Mus81-Mms4 for resolution (Gritenaite et al.,
2014).

Yenl protects Flex1 against fragility

Yenl (human GEN1) is sometimes considered a backup nuclease to Mus81. Like mus81A, the
yenlA effects are specific to Flex1 (Figure 4). However, unlike the other SSEs tested, yen/A
mutants had an increase in fragility, indicating that Yen] protects against Flex1-induced fragility.
Interestingly, the effect of deleting Yenl was much more evident when the Flex1 (AT)34
sequence was in the middle of chromosome II (DDRA assay) compared to the end of a
chromosome (YAC assay). Yenl could function to resolve a double Holliday junction (dHJ), a
situation more likely to arise when there is a second end capture, which is not available when
there is no incoming fork as on the end of the YAC. On chromosome II, Flex1 (AT)34 yenlA
mus8 1A mutant fragility is equivalent to mus81A fragility levels, indicating that Mus81 acts
upstream of Yenl in the same pathway, consistent with the known timing of Mus81/MUS81
action earlier in the cell cycle than Yenl/GEN1 (Dehe and Gaillard, 2017). If Mus81-
Mms4/SMR cleaves a fork stalled by a secondary structure at Flex1 in such a way as to create a
2-ended break it could either be healed by SSA (Figure 6, right pathway) or recombination
(Figure 6, left pathway). If recombination occurs, a dHJ intermediate may result, requiring
cleavage by Yenl. Alternatively, incomplete HR might leave connected sister chromatids that
would require Yenl resolution, and in its absence mechanical chromosome breakage could
occur. SSA is a pathway that could rescue these breaks, resulting in deletions and recovery in our
assay, consistent with the observed increase in SSA in the yen/A mutant.
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Pathways to heal nuclease-induced breaks

Once a nuclease cleavage occurs to produce a one-ended or two-ended break, the cell will
employ a break repair pathway to heal the broken end (Symington et al., 2014). Either
coordinated cleavage at the cruciform base or cleavage of both forks would result in a two-ended
break (Figure 6, right pathway). This pathway would favor SSA and recovery in our assay.
Rad1-10 could target the hairpin loop, as was recently shown for human XPF-ERCCI at an
inverted repeat structure (Lu et al., 2015), and would also be required for cleavage of non-
homologous flaps at hairpin-capped ends or during SSA (Figure 6).

Alternatively, if Mus81 cleaves only one side of a stalled or reversed fork, this would
result in a one-ended break (Figure 6, left pathway). After processing, the broken end could
invade the sister chromatid to be repaired by HR. This pathway requires DNA repair synthesis,
which could occur in G2 phase or M phase (MiDAS). If a second end becomes available (e.g.
from the converging fork), the free 3’ end could also participate in synthesis dependent strand
annealing (SDSA), or second-end capture and dHJ resolution. The dHJ could be dissolved by the
Sgs1-Top3-Rmil complex (human BTR) or branch migrated and resolved by Yenl (human
GEN1) in late mitosis, consistent with our finding of a requirement for Yen1 to protect against
fragility in a pathway dependent on Mus81. Note that the DDRA assay only measures the SSA
pathway, so mutants that reduce the HR pathway may not have an effect unless the reduction
leads to increased SSA, though they could have a phenotype in the YAC assay where a one-
ended break is more likely because of the lack of a converging fork.

Structures that flank a fragile site impair resection and alter repair outcomes

Our data show that a hairpin predicted to form in the flanking sequence of Flex1 inhibits healing
in both of our genetic assays or when placed adjacent to an induced DSB, and causes polymerase
d pausing in a primer extension assay. These data bring about the following hypothesis for
common fragile site fragility: CFS expression could be a combination of cleavage and processing
of stalled forks, and inefficient healing due to the presence of multiple contiguous sequences that
form secondary structures.

Sae2 is required to process breaks that occur at Flex1, and the absence of Sae2 severely
reduced recovery of broken chromosomes. These results are consistent with the known activity
of Sae2 in stimulating Mrel 1 nuclease processing of hairpin-capped ends (Mimitou and
Symington, 2009, Cejka, 2015). These ends could result from SSE cleavage near the base of the
cruciform to produce AT hairpin-capped ends, or from fold-back of flanking hairpins (for
example on a reversed fork end) (Figure 6). In a similar assay in mammalian cells, CtIP was
found to be essential for recovering breaks at Flex1 by SSA but was not required at clean I-Scel
DSBs (Wang et al., 2014), and CtIP also functions as a co-factor of MRN nuclease in
mammalian cells (Anand et al., 2016). Therefore, this appears to be a conserved pathway, and is
likely operating at naturally occurring breaks at FRA16D in human cells. Indeed, deletion of the
Rad50 component of yeast MRX caused increased death of cells containing FRA16D on the
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large 801B6 YAC that was exacerbated by replication stress (Zhang and Freudenreich, 2007).
Since Sae2 prevents translocations in yeast (Deng et al., 2015), MRN-CtIP could prevent
genomic rearrangements at Flex1 in FRA16D.

Our data suggest that the propensity for the Flex1 region of FRA16D to be deleted in
cancer cell lines (Finnis et al., 2005) is due to its ability to form a secondary structure. Since
resection is an important feature of almost all cellular DSB repair mechanisms, our results
predict that breaks that occur within structure-forming DNA in human cells will have a reduced
efficiency of healing, which may favor alternative and less conservative repair pathways that
generate translocations or large deletions.

Implications for genome stability and cancer initiation

Our data show that nuclease cleavage is only relevant for Flex1 sequences with 23 or more AT
repeats, which corresponds to a size that can form a cruciform and stall replication forks in vivo.
This predicts that individuals with longer AT alleles at Flex1 will have a greater risk of genome
instability at the FRA16D locus and will be more reliant on the SSEs to process stalled forks and
prevent deleterious translocations and deletions at this locus. Overall, the ability to respond to
replication stress caused by DNA structures by the regulated action of nucleases may be an
important cancer protective mechanism (Fragkos and Naim, 2017). Cleavage of other naturally
occurring palindromes in human cells has been shown to occur in vivo, leading to translocations
(Kato et al., 2012), which have also been found at FRA16D in multiple myeloma patients (Ried
et al., 2000). Thus, the mechanisms described here could be generally applicable to many
cruciform-forming structures in the human genome.
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Figure Legends

Figure 1: Flex1 is important for FRA16D fragility and is fragile in an AT-length and
structure-dependent manner. (A) Two YACs from the CEPH YAC library containing
indicated amounts of human chromosome 16 including FRA16D (801B6) with or without Flex1
(Flex1A) or sequence adjacent to FRA16D (972D3) were assayed for frequency of URA3 marker
loss (percent of FOA resistance (% FOAR)). Starting YAC integrity was verified by pulsed-field
gel electrophoresis and PCR of subregions (Figure S1). *** = p< 0.001 compared to 972D3; " =
p<0.05 compared to 801B6 with Flex1, by unpaired t-test; see also Table S1. (B) Schematic of
the DDRA fragility assay. See Figure S2B for details. Recombination rate was measured for
constructs containing the control ((ctrl; see Figure S1A) or indicated Flex1 AT repeats; strains
were tested for significant deviation from the control using an unpaired t-test; **** = p<0.0001.
Orientation 1 data is shown. Rates are reported above the appropriate bar with fold over the
control in parentheses; see also Table S2. (C) Schematic depicting S1 nuclease cleavage assay on
plasmids containing cruciform-forming sequences. Hairpin heads are substrates for S1 cleavage,
converting supercoiled plasmids (SC) to open circular (OC) and linear (L). Further digestion of
plasmids with Eco53kI (blue line, cleavage site) results in a fragment of ~170 or 200 bp for
(AT)23 and (AT)34 respectively if S1 cleavage occurred at the center of the hairpin. Middle
panel: a representative 1% agarose gel showing S1 nuclease cleavage titration (0U,1U, 1.75U,
2.5U and 5U) of plasmids containing indicated Flex1 or control sequences; see also Figure S1D.
(D) Flex1 cleavage by S1 nuclease and Eco53kI compared to S1 cleavage alone; left gel 0.8%
agarose, right gel 3% Metaphor showing the fragment released in duplicates.

Figure 2: Flex1 AT repeats cause pausing by human polymerase 6 and fragility increases
with replication stress. (A) Representative gel of in vitro DNA synthesis of control or Flex1
with various AT lengths by 200 fmol of the 4-subunit human polymerase & holoenzyme (Pol 64),
showing pause sites at the AT repeat (red line). Sequence outside of the marked area is
composed of the plasmid backbone. Triangles, increase in time from 5 to 15 min. P, no
polymerase control. H, percent hybridization control for determining the amount of utilizable
primer-template. TA, dideoxy sequencing ladder of the DNA template. (B) Quantification of AT
run termination probability of Flex1 with various tract lengths. Data are the mean £ SEM of
three replicates with similar amounts of primer-template utilization (90 — 114%; see Methods)
for all templates. ***, p<0.001 using one-way ANOVA with Tukey’s multiple comparison; see
also Table S6. (C) DDRA assay rates for cells grown in the presence or absence of 100 mM HU.
Recombination rates were tested for significant deviation from the same strain grown in non-HU
conditions using an unpaired t-test; * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. The
fold-increase upon HU treatment is reported above each pair of rates; see also Table S2.
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Figure 3: Mus81 causes fragility at Flex1 and breaks are not dependent on recombination
or Mus81-Mms4 hyperactivation. (A) The DDRA fragility assay was used to measure
recombination rates of Flex1 orientation 1 with various AT lengths in mus8IA strains. (B)
DDRA fragility assay rates for indicated mutants. Statistical difference compared to WT values
using an unpaired t-test are indicated * p<0.05, " p<0.01, ** p<0.001, and " p<0.0001. See
also Table S2.

Figure 4: Fragility of AT repeat-dependent structures is dependent on Mus81-Mms4, Slx1-
SIx4, and Rad1-Rad10 nucleases, but not Yenl. (A) Effect of deleting SSEs in Flex1 (AT)34
or control DDRA fragility assay strains; see also Table S2. (B) Effect of deleting nucleases in
indicated YAC end loss assay strains; see also Table S3. Statistical analysis as in Figure 3.

Figure 5: Flex1 healing is dependent on Sae2 and flanking sequences present. (A) DDRA
fragility assay data for Flex1 (AT)34 orientation 1 and control strains with sae2A; strains were
tested for significant deviation from the WT with the same Flex1 AT tract length using an
unpaired t-test. (B) DDRA fragility assay data for Flex1 (AT)34 in orientation 2. L3’ strains
were tested for significant deviation from the same orientation S3’ strain using an unpaired t-test.
(C) Schematic and YAC end loss assay data showing Flex1 with its 5° and 3” flanking sequences
in orientations 1 and 2. (D) Schematic of three I-Scel strains created. Either an I-Scel recognition
sequence only or an I-Scel recognition sequence with Flex1 flanking sequences was inserted into
the DDRA fragility assay locus in orientation 1. DDRA fragility assay data for all three I-Scel
strains under ~50% galactose induction of I-Scel breaks; p compared to I-Scel with S3° flanking
sequence using an unpaired t-test. See also Tables S2 and S3.

Figure 6: A model for Mus81 and Slx4 complex cleavage of stalled fork substrates formed
by secondary structures at Flex1. Secondary structure forming sequences at Flex1 cause
replication fork stalling, which can potentially result in a reversed fork and/or convergence of the
approaching fork. A DNA structure and/or the stalled fork is cleaved by SSEs, acting together or
sequentially. Cleavages indicated by arrows color-coded according to the nuclease as depicted.
Mus81 cleavage at a stalled fork approaching from the left (arrow 1) will produce a one-ended
break (left pathway). The broken end, which may be processed by MRX-Sae2, can invade the
intact sister (repaired by gap filling) to initiate repair by homologous recombination, which could
proceed by break-induced replication (BIR)/broken fork repair (BFR), synthesis dependent
strand annealing (SDSA), or second-end capture and double Holliday junction resolution by
Yenl. Alternatively, if cleavage at stalled forks on either side of the cruciform occurs (arrows 1
and 3) or at the cruciform 4-way junction (by coordinated SIx1-Mus81 cleavage, arrows 1 and
2), 4 ends will be produced. Cleavage of both strands of a single stalled fork will produce 3 ends,
two of which will be hairpin capped if cleavage occurs at the cruciform base (see graphical
abstract). The hairpin-capped ends will be processed by MRX-Sae2. Rad1 could also process
hairpin loops. Recombinants are recovered by SSA at homologous sequences (DE region of
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homology denoted by grey box), resulting in deletion of intervening sequences. 3’ non-
homologous flaps created during SSA require Rad1-Rad10 and SlIx4 nucleases for processing.

Contact for reagent and resource sharing
Further information and requests for resources and reagents should be directed to corresponding
author, Catherine H. Freudenreich (Catherine.freudenreich@tufts.edu).

Experimental model and subject details
Yeast strains, oligonucleotides, and plasmids used in this study are listed in the Key Resources
Table, Table S4, and Table S5, respectively. All yeast strains were grown at 30° C and all
bacterial strains were grown at 37° C. Large FRA16D YAC strains were as used as previously
described (Zhang and Freudenreich, 2007). Overall YAC length was confirmed using pulsed
field gel electrophoresis followed by a Southern blot using a TRP1 probe (Figure S1B). Flex1
was replaced in FRA16D with the KANMX marker, which was confirmed by PCR. Intact YAC
structure was also verified using PCR of subregions across FRA16D (Figure S1A).

Chromosome II Flex1 strains were created by modifying the pBL007 plasmid, which has
a URA3 marker and nucleotides 512-1480 of ADE?2 (designated DE in diagrams). The FRA16D
subregions of interest were inserted into the EcoRI only or BamHI and EcoRI sites in the MCS
of pBL007. Orientation was confirmed by PCR and sequencing. Plasmids were digested with
Xbal to linearize them for transformation into lys2::ADE?2 yeast strains, replacing ADE2 with the
ADE-URA3-Flex1-DE2 cassette. All chromosome II yeast strains were checked by PCR of the
pBL007 cassette junctions and sequencing to confirm correct sequence and orientation.
The Flex1 subregion YACs (AT)23-S3’ and (AT)34-L3’ in orientation 1 were created previously
(Zhang and Freudenreich, 2007). Flex1 (AT)34-S3’ in ol and 02 and Flex1 (AT)34-L3’ 02 YAC
strains were made by modifying the pHZ-HIS3MX6 plasmid. The Flex1 subregion of interest
was inserted by EcoRI-based subcloning into the MCS of pHZ-HIS3MX6. Correct Flex1
sequence insertion in the right orientation was confirmed by PCR and sequencing. Plasmids were
digested with AhdI to linearize them for transformation into CFY #765 BY4705 yeast strains
containing URA3 marked YAC CF1 (Callahan et al., 2003) and selecting for His+ transformants.
Correct structure of the Flex1 YACs was confirmed by PCR of the pHZ-HIS3MX6 cassette
junctions (primers 375 and 832 in Table S4) and sequencing to confirm Flex1 sequence and
orientation.

Chromosome II I-Scel strains were created by modifying the pBL0O07 plasmid. The I-
Scel only insert was created by PCR with primers 1511 and 1512, whose 3’ ends anneal to one
another at the I-Scel recognition sequence; that PCR product was then used as a template for
PCR with primers 1513 and 1514 to complete generation of the insert. S5°-1-Scel-S3” and S5°-1-
Scel-L3’ inserts were synthesized as gBlocks (Table S4) (Integrated DNA Technologies,
Coralville, Iowa) flanked by EcoRI restriction sites and contained S5’and S3’ from Flex|1
flanking sequences and an I-Scel restriction site, or S5’ and L3’ from Flex1 flanking sequences
and an [-Scel restriction site. The inserts were cloned into the EcoRI site of pBL007. Correct I-
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Scel recognition sequence insertion into the plasmid was confirmed by PCR and sequencing. A
yeast strain with a galactose-inducible I-Scel nuclease was created by transformation of a PCR
product from the pGSHU plasmid (Storici et al., 2003) into the ILV'] locus in a lys2::ADE?2 strain
(CF stock #2268). Insertion of the galactose-inducible I-Scel nuclease was confirmed by
hygromycin resistance and PCR of the 5” junction of the cassette. Xbal-linearized pBL0O07+I-
Scel DNA was transformed into the /ys2::ADE?2 strain with the galactose-inducible I-Scel
nuclease. Yeast strains were confirmed by PCR and sequencing as stated above.

All gene deletion mutants were created using one-step gene replacement. Primers with
homology to regions directly upstream and downstream of ORF for gene replacement were used
to amplify gene replacement fragments from either the pFA plasmid series or yeast genomic
DNA of a previously made gene replacement strain. Proper gene replacement was confirmed by
PCR using primer sets: (1) that hybridize to the marker gene and a genomic region outside of the
gene to be replaced and (2) are located within the open reading frame (ORF) to be replaced to
confirm ORF absence. Sequences of primers used are available upon request.

Method details

Large FRA16D YAC Breakage Assay

Large FRA16D YAC strains with confirmed YAC structure were patched onto YC-Ura-Leu-Trp
plates and then plated for single colonies on YC-Ura-Leu-Trp and grown for 2 days at 30° C. A
portion of 10 single colonies was used to inoculate ten 1 mL YC-Leu cultures at 0.02-0.04 OD
which were grown at 30° C for 6-7 divisions (~16 hours). 100 uL of a 10 dilution of each
culture was plated on FOA-Leu to query for cells that had lost URA3 gene function, potentially
by breakage within FRA16D and YAC end loss. 100 uL from each culture were combined,
diluted to 10, and plated on YC-Leu media to obtain a total cell count. Plates were grown for 3
days at 30° C. Breakage frequency was calculated. PCR of representative 801B6 strains using
primers 3 and 1223 (Table S4) confirmed URA3 loss in 60/60 independently derived FOAR
colonies tested. For all yeast strains and primers used in this study, see Key Resources Table and
Table S4, respectively.

DDRA Fragility Assay

DDRA fragility assay strains were patched onto YC-Ura to maintain selection for the ADE?2
recombination assay cassette in the starting strains. Cells from a YC-Ura patch were plated for
single colonies on YEPD non-selective media for 3 days at 30° C to allow breakage to occur.
Individual colonies were resuspended in 400 uL diH2O, diluted as appropriate (varies by strain
and mutant), and plated on FOA-Ade media to select for cells that have undergone breakage and
recombination of the chromosome II cassette. 100 uL from each colony suspension were
combined, diluted to either 10 or 10~°, and plated on YEPD media to obtain a total cell count. A
rate of FOAR Ade* was calculated using the method of the median using the FALCOR online
calculator (Hall et al., 2009). PCR using primers 4 and 5 (Table S4) confirmed URA3 loss
consistent with SSA in 49/50 independently derived FOAR Ade" colonies from representative
Flex1(AT)34 strains.
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[-Scel DDRA fragility assays were performed in the same manner, except all media was
supplemented with 10x isoleucine, 10x leucine, and 10x valine to compensate for disruption of
the /ILV locus. YEP plates were made with 1.5% galactose and 0.5% glucose to induce ~50%
cutting of I-Scel. For hydroxyurea DDRA fragility assays, the YEPD plates were supplemented
with 100 mM HU.

Flex1 subregion YAC end loss fragility assay

Fragility assays were performed on the YACs as previously described (Zhang and Freudenreich,
2007). Cells were plated onto YC-Leu-Ura plates in order to select for both arms of the YAC.
Ten 1 mL YC-Leu liquid cultures of 0.02-0.04 starting ODgoo were inoculated from YC-Leu-Ura
patches and grown overnight at 30° C for 6-7 divisions (~16 hours for wildtype strains; longer
for some mutants). A portion of each culture (100 uL for WT strains; less for strains with high
fragility rates) was plated on FOA-Leu to query for cells that had lost URA3 gene function,
potentially by breakage within Flex1 and YAC end loss. Plates were grown for 5 days at 30° C.
Total cell counts were obtained by combining 100 uL from each YC-Leu overnight culture and
plating 10 and 107 dilutions on YC-Leu. FOA-Leu plates were replica plated onto YC-His; any
colonies growing on YC-His did not lose the right arm of the YAC and were removed from
colony counts. A rate of FOAR His™ was calculated using the method of the median using the
Fluctuation Analysis Calculator (FALCOR). End loss PCR was performed using primers 4 and 5
(Table S4) to confirm URA3 absence in 32/36 independently derived FOAR colonies from
representative Flex1(AT)34 strains.

S1 nuclease cleavage and mapping

pBLO007 constructs containing control and FRA16D sub-regions in orientationl (S5°(AT)14 L3’,
S5°(AT)23 L3’ and S5°(AT)34 L3’) were used for the S1 nuclease assay. The plasmids were
incubated in 5X S1 nuclease cleavage buffer with increasing concentration of S1 nuclease (1U,
1.75 U, 2.5 U and 5 U) for 10 minutes at 37° C. The reactions were stopped by addition of 2ul of
0.5 M EDTA and icing. The cleavage products were resolved on 1% Agarose gel and post-
stained with ethidium bromide and visualized using UV transilluminator. For mapping S1
nuclease cleavage site, two pBL007 constructs were used (S5’AT23L3” and S5°’AT34L3’). S1
nuclease assay was carried out as described above with 10 U of enzyme per reaction to ensure
complete cleavage of supercoiled plasmids (SC) into linear products (L), which were then
resolved on 1% Agarose gel, excised and purified. The purified products were digested with
Eco53kI at 37°C for 16 hours and run on 1% agarose gel and 3% MetaPhor gel. For chemical
details, see Key Resources Table. (Barnes et al., 2017)

In vitro polymerase o pausing assay

pBL007 constructs containing control and FRA16D sub-regions (S5’(AT)14 S3°, S5°(AT)23 S3°
and S5°(AT)34 S3°) were used as templates for primer extension analyses in Figure 2. Templates
for polymerase reactions in Figure S4 were created by cloning the 315 bp Flex1 sequence (S5’
AT34 L3’) into the MCS/BamHI1 site of the pPGEM3Zf(-) vector (Promega, P2261) (Table S5).
Inserts in two orientations were isolated in order to purify ssDNA templates of both strands. For
each construct, single-stranded DNA was isolated after R408 helper phage (Promega, P2291)
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infection of plasmid-bearing SURE cells (e14-(McrA-), A(mcrCB-hsdSMR-mrr)171, endAl,
gyrA96, thi-1, supE44, relAl, lac, recB, recl, sbcC, umuC::Tn5 (Kan") uvrC [F’ proAB
laclqZAM15 Tn10 (Tet") Amy Cam']; Agilent Technologies, 200152). Log phase plasmid-
bearing SURE cells in 2XYT media were infected with 1/50th volume of R408 (titer of phage
stock was >1 x 10'! plaque forming units (pfu)/mL) and incubated in a 37° C shaker for 4 - 8
hours. After pelleting the bacterial cells, virus particles in the supernatant were precipitated on
ice for 30 min with a polyethylene glycol (Sigma, P5413)/ammonium acetate solution at final
concentrations of 4 % and 0.75 M, respectively. Virus was pelleted and resuspended in an
appropriate volume of Phenol Extraction Buffer (PEB; 100 mM Tris, pH 8.0, 300 mM NaCl, 1
mM EDTA, pH 8.0). DNA was extracted one time with two volumes of phenol
(Affymetrix/Thermo-Fisher, AAJ75829AN) saturated with PEB, one time with one volume of
phenol, and one time with half volume 24:1 chloroform: isoamyl alcohol. After extraction, DNA
was precipitated with ammonium acetate at 2.0 M final concentration and 2 volumes of ethanol
and resuspended in 10 mM Tris and 1 mM EDTA, pH 8.0.

DNA synthesis templates were created by 32P end-labeling (y32P ATP (6000Ci/mmol);
Perkin-Elmer, BLU002Z001MC) either the M13 Forward (-20) 16mer (Thermo-Fisher, N52002)
or a PAGE-purified 16mer oligonucleotide (G40, Integrated DNA Technologies) using T4
Polynucleotide Kinase (Thermo-Fisher, 18004010) according to the manufacturer’s instructions
and hybridizing to ssDNA at a 1:1 molar ratio in 1X SSC buffer (150 mM NaCl and 15 mM
sodium citrate). The M 13 Forward oligonucleotide initiates synthesis 69 nucleotides downstream
of the Flex1 inserts in pPBL0O07. The G40 oligonucleotide initiates synthesis 14 nucleotides
downstream of the S5 AT34 L3’ Flex1 insert in pPGEM3Zf(-). To remove unincorporated
radionucleotide, the hybridized primer-templates were purified over illustra Microspin G-50
columns (GE Healthcare, 27-5330-01). Primer extension reactions contained 100 fmol of primed
ssDNA substrate, 400 fmol human recombinant PCNA (Xu et al., 2001), 1700 fmol yeast RFC
(Thompson et al., 2012), 20 mM Tris HCI, pH 7.5, 8 mM MgCl2, 5 mM DTT, 40 pg/ml BSA,
150 mM KCI, 5% glycerol, 0.5 mM ATP, and 250 uM dNTPS, and were preincubated at 37°C
for 3 min. Synthesis was initiated upon addition of the indicated fmol purified 4-subunit
recombinant human Pol 64 (Zhou et al., 2012). Aliquots were removed at 5 and 15 minutes,
quenched in 1 volume STOP dye (Formamide, 5 mM EDTA pH 8.0, 0.1% xylene cylanol, 0.1%
bromophenol blue) and reaction products were separated on an 8% denaturing polyacrylamide
gel, scanned using a GE Healthcare Typhoon FLA 9500 and quantified using ImageQuant v5.2
software. A control for the percent of primers productively hybridized to each template substrate
(% Hyb) was performed using excess Exo- Klenow polymerase (Affymetrix/Thermo-Fisher,
70057Z), and a background control for primer impurities (no Pol) was performed by incubating
unextended primer-template substrate in reaction buffer without addition of polymerase.
Dideoxy sequencing reactions were carried out simultaneously with the Pol 64 reactions, using
the same primer-template substrates and Sequenase 2.0 (Affymetrix/Thermo-Fisher, 70775Y).
For chemical details, see Key Resources Table. For AT series termination probability data, see
Table S6.
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Pulsed Field Gel Electrophoresis

Large FRA16D YAC length was verified using CHEF gels (Bio-Rad) and Southern blot
hybridization. Cells were grown to early log phase in YC-Leu-Ura-Trp media and whole
chromosomal DNA was isolated in 0.8% agarose plugs (Bio-Rad Clean Cut agarose). Plugs were
run on a 1.2% gel, 5V/cm, 60-120 switch, for 48 hours. The Southern blot was performed using a
TRP1 probe to the YAC (see Figure 1C for relative TRP1 location on the YAC).

RT-qPCR

RNA was extracted using the GE illustra RNAspin Mini Isolation Kit using the manufacturer’s
instructions from log-phase cultures of strains grown in yeast complete media for chromosome II
strains. YAC strains were grown in Y C-Leu-Ura media, except for one RNA prep from YC-Leu
for the YAC strains. cDNA was generated using the ThermoFisher Superscript First Strand
Synthesis System for RT-PCR and random hexamers as primers. gPCR was performed on cDNA
using primers 1254 and 1255 and the POWER SYBR Green Master Mix from Thermo
Scientific. See Table S7 for raw data.

Quantification and Statistical Analysis

DDRA fragility and YAC end loss assays were all a minimum of 3 assays, usually from 2
independently created strains. Strains were tested for significant deviation from the appropriate
control using a t-test. Average rates are graphed with error bars indicating the standard error of
the mean (see Tables S1, S2 and S3). (Albertsen et al., 1990, Wach et al., 1994)

Data and Software Availability
Data are published on Mendeley (http://dx.doi.org/ 10.17632/hhSrhpswsf.1).
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Key Resource Table

KEY RESOURCES TABLE

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies

Bacterial and Virus Strains

R408 Helper Phage Promega Cat# P2291
SURE 2 Supercompetent Cells Agilent Technologies Cat# 200152

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

EcoRI-HF NEB Cat# R3101S
BamHI-HF NEB Cat# R3136S
Ahdl NEB Cat# R0584S
Xbal NEB Cat# R0145S
S1 nuclease Thermo Fisher Cat# EN0321
Eco53kl NEB Cat# R0116S
Polyethylene Glycol (Avg Mol Wt of 8000) Sigma Cat# P5413; CAS
25322-68-3
Equilibrated Phenol, pH 8.0, Ultrapure Affymetrix/Thermo- Cat# AAJ75829AN;
Fisher CAS 108-95-2
y32P ATP (6000Ci/mmol) Perkin-Elmer Cat#
BLU002Z001MC
T4 Polynucleotide Kinase Thermo-Fisher Cat# 18004010
Recombinant human PCNA Laboratory of Marietta | Biochemistry 2001

Lee

40: 4512-4520

Recombinant yeast RFC

Laboratory of Linda

The Journal of

Bloom Biological Chemistry
2012 287: 2203-9
Sequenase 2.0 Affymetrix/Thermo- Cat# 70775Y
Fisher
Exo- Klenow Polymerase Affymetrix/Thermo- Cat# 700577
Fisher
Critical Commercial Assays
Deposited Data
% FOAR colonies in large FRA16D YACs This paper; Mendeley | Table S1;

Data

http://dx.doi.org/ 1
0.17632/hh5rhpsws
f.1

DDRA fragility assay data

This paper; Mendeley
Data

Table S2;
http://dx.doi.org/ 1
0.17632/hh5rhpsws
f.1

YAC fragility assay data

This paper; Mendeley
Data

Table S3;
http://dx.doi.org/ 1
0.17632/hh5rhpsws
f.1

AT series termination probability

This paper; Mendeley
Data

Table S6;
http://dx.doi.org/ 1
0.17632/hh5rhpsws
f.1




RT-qPCR data

This paper; Mendeley
Data

Table S7;
http://dx.doi.org/ 1
0.17632/hh5rhpsws
f.1

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

972D3 YAC (Background: AB1380)

MATa, ura3-52, hisb,
trp1-289, lys2-1, canfi-
100, ade2-1 YAC:
LEU2 C4A4 URA3
TRP1

[CFY #1087]
(Albertsen et al.,
1990; Zhang and
Freudenreich, 2007)

YAC: LEU2 C4A4

[CFY #1086]
(Albertsen et al.,

URA3 TRP1 1990; Zhang and
801B6 YAC (Background: AB1380) Freudenreich, 2007)

YAC: LEU2 C,A4

URA3 TRP1 Eﬁiz\gtﬁgom’ 3077]
801B6 YAC Flex1A (Background: CFY# 1086) Flex1::KANMX6 y

MATa, leu2-A1, ura3-

52, his3-A200, trp1-

A63, ade2A-hisG EﬁEZtﬁ§268]

(salmonella), y
lys2::ADE?2 (Background: YPH499) lys2::ADE2

lys2::ADE2::URA3-no

[CFY #2863, 2864]

ctrl (Background: CFY# 2268) repeat control this study
lys2-ADE2:URA3- | [CFY #3917, 3921]
Flex1 (AT)14 (Background: CFY# 2268) Flex1(AT)14 this study
lys2-ADE2:URA3- | [CFY #3445, 3473]
Flex1 (AT)23 (Background: CFY# 2268) Flex1(AT)23 this study
lys2-ADE2:URA3- | [CFY #2525, 2712]
Flex1 (AT)34 (Background: CFY# 2268) Flex1(AT)34 this study
. [CFY #3375]
ctrl mus81A (Background: CFY# 2863) musg1::KANMX4 this study
- [CFY #4326, 4327]
Flex1 (AT)14 mus81A (Background: CFY# 3917) mus81::KANMX4 this study
- [CFY #3799, 3800]
Flex1 (AT)23 mus81A (Background: CFY# 3445) mus81::KANMX4 this study
- [CFY #3377, 3378]
Flex1 (AT)34 mus81A (Background: CFY# 2525) mus81::KANMX4 this study
- [CFY #4743, 4744]
Flex1 (AT)34 mms4A (Background: CFY# 2525) mms4::KANMX this study
pADH1-3HA-

Flex1 (AT)34 mms4-9A (Background: CFY# 2525)

mms4A::URA3::mms4
-np (S55A; S56A;
S184A; S201A;
S221A; S222A;
S301A; T302A;
S403A)-HIS3

[CFY #4586, 4587]
this study; modified
from (Gallo-
Fernandez et al.,
2012)

Flex1 (AT)34 rtt107A (Background: CFY# 2525)

rit107::KANMX

[CFY #4666, 4667]
this study




Flex1 (AT)34 rtt107A mms4-9A (Background: CFY#
4666)

pADH1-3HA-
mms4A::URA3::mms4
-np (S55A; S56A;
S184A; S201A;
S221A; S222A;
S301A; T302A;
S403A)-HIS3

[CFY #4668, 4669]
this study; modified
from (Gallo-
Fernandez et al.,
2012)

rad51::NATMX

[CFY #4705, 4708]

Flex1 (AT)34 rad51A (Background: CFY# 2525) this study
. [CFY #4706, 4707]
Flex1 (AT)34 rad51A mus81A (Background: CFY#3377) | MUS8T-KANMX this study
[CFY #3987, 3988,
yen1::TRP1 4063]
Flex1 (AT)34 yen1A (Background: CFY# 2525) this study
. [CFY #4138, 4139]
Flex1 (AT)34 six1A (Background: CFY# 2525) SIxT-KANMX4 this study
. [CFY #4584/4585]
Flex1 (AT)34 rad1A (Background: CFY# 2525) rad1: TRP1 this study
. [CFY #4022, 4023]
Flex1 (AT)34 slx4A (Background: CFY# 2525) Slx4:-KANMX6 this study
mus81::KANMX4, [CFY #4203, 4204]
Flex1 (AT)34 mus81A yen1A (Background: CFY# 4063) | yen1::TRP1 this study
six1::KANMX4, [CFY #4238, 4239]
Flex1 (AT)34 mus81A six1A (Background: CFY# 4139) mus81::TRP1 this study
ent-TRP1 [CFY #4125, 4126]
ctrl yen1A (Background: CFY# 2863) yent.. this study
. [CFY #4340, 4341]
ctrl six71A (Background: CFY# 2864) SIx1-KANMX4 this study
. [CFY #4582, 4583]
ctrl rad1A (Background: CFY# 2863) rad1:-TRP1 this study
. [CFY #4328, 4329]
ctrl six4A (Background: CFY# 2863) Slx4:-KANMX6 this study
.. [CFY #3607, 3608]
ctrl sae2A (Background: CFY# 2863) sae2:KANMX® this study
. [CFY #3520, 3521]
Flex1 (AT)34 sae2A (Background: CFY# 3106) sae2:KANMX® this study
lys2-ADE2:URA3- | [CFY #3106, 3202-
Flex1 (AT)34 S3 02 | 5204
Flex1 (AT)34 S3’ 02 (Background: CFY# 2268) this study
lys2::ADE2::URAS- [CFY #2372- 2375]
Flex1 (AT)34 L3’ 02 (Background: CFY# 2268) Flex1 (AT)34 L3’ 02 this study
ILV1::pGAL-I-Scel [CFY #3518]
no-I-Scel cut site (Background: CFY# 2268) nuclease this study
lys2::ADE2::URA3-1- L(;IZ\Z(]#4439, 4440,
I-Scel only (Background: CFY# 3518) Scel only this study
lys2::ADE2::URA3-I- [CFY #3989, 4323]
I-Scel S3’ (Background: CFY# 3518) Scel-S3’ this study
lys2::ADE2::URA3-I- [CFY #3991, 3992]
I-Scel L3’ (Background: CFY# 3519) Scel-L3’ this study




MAT a, leu2A0,
ura3A0, his3A200,
trp1A63, ade2A::hisG,
lys2A0, met15A0,YAC
CF1: ade3-2p ARS1

[CFY #765]
(Callahan et al.,
2003)

WT strain with YAC CF1 (no Flex1) (Background: CEN4 LEU2 (G4T4)13
BY4705) URA3
YAC: LEU2
Flex1(AT)34 HIS3

Flex1 (AT)34 S3' 01 on YAC (Background: CFY #765)

URAS3 (this and all
YACs in this study are
modified from YAC
CF1; only relevant
markers and added
sequence are listed)

[CFY #3457, 3458]
this study

yen1::TRP1

[CFY #4315, 4316]

Flex1 (AT)34 on YAC yen1A (Background: CFY# 3457) this study
Flex1 (AT)34 on YAC mus81A (Background: CFY# mus81-KANMX4 [QFY #4284, 4285]
3458) this study
. [CFY #4313, 4314]
Flex1 (AT)34 on YAC slx7A (Background: CFY# 3458) | SXT-KANMX4 this study
. [CFY #4351, 4352]
Flex1 (AT)34 on YAC rad1A (Background: CFY# 3458) | [291-KANXMXE this study
. [CFY #4550, 4551]
Flex1 (AT)34 on YAC six4A (Background: CFY#3457) Slx4:-KANMX4 this study
Flex1 (AT)34 on YAC mus81A rad1A (Background: rad1::TRP1 [CFY #4408, 4409]
CFY# 4284) mus81::KANMX4 this study
Flex1 (AT)34 on YAC six1A rad1A (Background: CFY# rad1::TRP1 [CFY #4425, 4426]
4313) six1:: KANMX4 this study
rad1::TRP1
Flex1 (AT)34 on YAC slx1A mus81A rad1A six1:: KANMX4 {ﬁzztﬁf‘r’g’ 4760]
(Background: CFY#4425) mus81::NATMX y
YAC: LEU2 [CFY #1239, 1240]
Flex1(AT)34 HIS3 (Zhang and

Flex1 (AT)23 S3' 01 on YAC (Background: CFY #765)

URA3

Freudenreich, 2007)

Flex1 (AT)34 L3' on YAC (Background: CFY #765)

YAC: LEU2
Flex1(AT)34 HIS3
URA3

[CFY #1241, 1242]
(Zhang and
Freudenreich, 2007)

Oligonucleotides, see Table S4. | This study | N/A

Recombinant DNA

Plasmids, see Table S5. This study N/A

pGEM-3Zf(-) Vector Promega Cat# P2261
Software and Algorithms

FALCOR Hall et al., 2009 http://www.keshavsi

ngh.org/protocols/FA
LCOR.html

ImageQuant version 5.2

GE Healthcare

N/A

Other

lllustra Microspin G-50 column

GE Healthcare

Cat# 27-5330-1
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Figure 3
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Supplemental Text and Figures

801B6 801B6
A B Flex1A Flex1A
FRA16D (~300 kb) |—// 801B6 ———801B6 ———
14 kb 192 kb 47kb 41kb 6kb 71kb
N — 1 nr—
—_— - - chr V—>
ctrl Flex1 Flex5 801B6—>

1 > 5 R Amplicon

Strain # Amplicon PCR Product PCR Product?

Expected?

i1 Yes Yes
2 Yes Yes
3 Yes Yes
| 4 Yes Yes
il 1 Yes Yes
2 No No
13 Yes Yes
| 4 Yes Yes
C TRP1ceN/ARSLEU2 GaTa 1.6 Mb human ch16 URA3
972D3 . B
TRP1cEN/ARSLEU2 GaTa 1.4 Mb human ch16 URA3
801B6 P
2
Flex1
D Control (AT)14 (AT)23 (AT)34

81-__-# -..-‘ -_..-‘ _.—‘
12345 6 78910 1112131415 16171819 20

Figure S1. Confirmation of FRA16D YAC integrity (related to Figure 1). (A) Large FRA16D YAC structure was
verified by PCR amplifying the indicated amplicons. (B) Overall size of the 801B6 YAC (~1400 kb) was verified by
pulsed field gel electrophoresis of intact chromosomes (left panel) followed by a Southern blot using a probe to
TRPI (right panel). The probe binds to the TRP! marker on the YAC (~1500 kb) as well as the #7p1-289 allele on
chromosome IV. The 801B6 YAC contains Flex1 (AT)34 by PCR and sequencing. (C) Diagram of YACs
containing human chromosome 16 sequences. Chromosome 16 boxes are lined up according to their genomic
coordinates. (D) S1 nuclease cleavage assay on plasmids (related to middle panel of Figure 1C). Full gel image of a
representative 1% agarose gel showing S1 nuclease cleavage titration (0U, 1U, 1.75U, 2.5U and 5U) of plasmids
containing indicated Flex1 or control sequences.



12 x

A
w40
o
b
w30
+
o 8 AAANA
S
<
X B
<
O AAAA
o,
) 1
P T
© 2
o
ctrl ctrl ctrl (AT)34 (AT)34 (ATl)34
WT radia sixda WT radia Sixda
Replication
B
R (=) lys2::ADE2
217 W N
Transcription

o1/FADE -URA3 —{ s 51N 5 DE 2/
o2l }- A NDEN-URA3 oE 12/

L L
846 bp 2284 bp
L J
2152 bp
323 bp 535bp 98 bp
C  CEN/ARS M [ n
o1 «—@—LEU2—{—G4T4- 3 [LUl] 5 — HIS3-URA3>

CEN/ARS

02 —@—LEU2—1{—GaT4{ 5 LUl 3 |- HIS3-URA3»

«—@)—LEU2—{—GATH | cu+ FOAR His-

Figure S2. Fragility Assay constructs and DDRA results for six4A and radIA strains (related to Figures 1-5).
(A) DDRA rates for six4A and radIA strains. Fold decreases compared to WT and statistical decrease compared to
WT values using an unpaired t-test are indicated ~ p<0.05, * p<0.01, *** p<0.001, and ~ p<0.0001. Rates in
Table S2. (B) A detailed depiction of the DDRA fragility assay cassette at the LYS2 locus on chromosome II is
shown. (C) A detailed depiction of the YAC end loss assay and the yeast artificial chromosome showing Flex1 in
orientations 1 (ol) and 2 (02).
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Figure S3. Flex1 is transcribed at the both the chromosome II DDRA locus and the YAC locus (related to
Figure 1D). (A) Blue bars indicate area amplified from cDNA and quantified by qPCR using primers 1254 and 1255
(Table S4). Primer locations were chosen based on previous data that transcription arises from read-through of the
URA3 gene (Su and Freudenreich, 2017). (B) Flex1 transcripts as detected by RT-qPCR, normalized to ACT1. Data
are from 3 separate RNA preparations with 1-2 separate cDNA and qPCR preparations per RNA sample (see Table
S7). Chromosome II and YAC strains used are Flex1 S5°(AT)34S3’ orientation 1. *p <0.05 compared to chrll.
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Figure S4. Flex1 (AT)34 stalls human polymerase delta on both DNA strands (related to Figures 2 and 5).

In vitro DNA synthesis of Flex1 with (AT)34 and a L3’ flanking sequence by the 4-subunit human polymerase 6
holoenzyme (Pol 64), showing pause sites at the predicted hairpin in the L3’ sequence (arrow and black boxed area,
right-hand gel). Pausing at the AT run is evident whether the (TA)34 or (AT)34 repeat is the template strand.
Sequence outside of the marked area is composed of the plasmid backbone. TACG, dideoxy sequencing ladder of
the DNA template.
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Figure S5. Secondary structure predictions for Flex1 with various flanking sequences (related to Figure 5).
Secondary structure predictions for sequences contained within Flex1 with a L3’ (A) and S3’ (B) flanking sequence
by MFold. AG values of each predicted hairpin are reported below the structure using folding conditions: 37°C
folding temperature, 1 mM Na*. Note that the sequence between hairpins is non-contiguous for illustration purposes.



Table S1. % FOAR colonies for large FRA16D YACs. Related to Figure 1A.

YAC strain # of Average % SEM p value p compared
Experiments | FOAR to

972D3 3 4.1 0.2646

801B6 6 18.1 1.4241 0.0003 972D3

801B6 5 12.9 0.5687 0.01613 801B6

Flex1A

Table S2. DDRA fragility assay data. Related to Figures 1B, 2C, 3, 4, 5A, 5B, 5D and S2A.

FRA16D Deleted # of Average SEM p value | p compared
sequence gene(s) or | Experiments | FOAR x to

treatment 107
ctrl 6 3.1 0.2883
ctrl +HU 4 22.7 54501 | 0.0020 | ctrl
Flex1 (AT)14 3 4.5 0.6028 | 0.0499 | ctrl
Flex1 (AT)14 +HU 3 26.3 1.6586 | 0.0002 | Flex1 (AT)14
Flex1 (AT)23 5 16.2 1.2178 | <0.0001 | ctrl
Flex1 (AT)23 | +HU 3 31.9 1.2785 | 0.0002 | Flex1 (AT)23
Flex1 (AT)34 7 38.3 2.7815 | <0.0001 | ctrl
Flexl (AT)34 | +HU 3 122.4 37.0016 | 0.0058 | Flex1 (AT)34
ctrl mus81A 3 3.8 0.3180 | 0.2203 | ctrl
Flex1 (AT)14 | mus8IA 3 4.2 0.3606 | 0.6913 | Flex1 (AT)14
Flex1 (AT)23 | mus8IA 3 3.9 0.1667 | 0.0003 | Flex1 (AT)23
Flex1 (AT)34 | mus8IA 3 13.8 0.7219 | 0.0005 | Flex1 (AT)34
Flex1 (AT)34 | mms4A 4 6.7 0.9127 | <0.0001 | Flex1 (AT)34
Flexl (AT)34 | mms4-94 |5 36.5 3.6398 | 0.6983 | Flex1 (AT)34
Flex1 (AT)34 | rttl07A 5 27.5 3.6814 | 0.0372 | Flex1 (AT)34
Flex1 (AT)34 | rtt107A 4 35.7

mms4-94 5.0382 | 0.6258 | Flex1 (AT)34
Flex1 (AT)34 | rad5IA 3 37.2 0.57735 | 0.8070 | Flex1 (AT)34
Flex1 (AT)34 | rad5IA 3 17.4

mus81A 4.0720 | 0.0032 | Flex1 (AT)34
Flex1 (AT)34 | yenlIA 4 80.9 10.3907 | 0.0007 | Flex1 (AT)34
Flex1 (AT)34 | slxIA 3 29.3 0.7881 | 0.0750 | Flex1 (AT)34
Flex1 (AT)34 | radIA 3 6.3 <0.0001

0.7937 Flex1 (AT)34

Flex1 (AT)34 | six4A 5 3.2 0.7736 | <0.0001 | Flex1 (AT)34




Flex1 (AT)34 | mus8IA 3 12.3

venlA 1.2583 | 0.0004 | Flex1 (AT)34
Flex1 (AT)34 | mus8IA 3 10.4

sixIA 2.5989 | 0.0003 | Flex1 (AT)34
ctrl venlA 3 33 0.2517 [ 0.7238 | ctrl
ctrl sIxIA 3 2.9 0.4583 ] 0.6659 | ctrl
ctrl radlA 3 1.7 0.4978 | 0.0341 | ctrl
ctrl slx4A 3 1.0 0.1362 | 0.0016 | ctrl
ctrl sae2A 3 33 1.0817 | 0.8455 | ctrl
Flex1 (AT)34 | sae2A 4 7.6 1.2743 | <0.0001 | Flex1 (AT)34
Flex1 (AT)34 4 11.6
S3’ 02 24052 | <0.0001 | Flex1 (AT)34
Flex1 (AT)34 9 2.1 Flex1 (AT)34
L3’ 02 0.5431 | 0.0002 | S3'02
I-Scel only 6 344.5 81.6916
I-Scel S3° 7 385.3 57.1993 | 0.6832 | I-Scel only
I-Scel L3’ 7 98.3 41.6164 | 0.0016 | I-Scel S3'

All Flex!1 constructs contain the S3’ flanking sequence and are in orientation 1 unless otherwise noted.

Table S3. YAC fragility assay data. Related to Figures 4B and 5C.

FRA16D Deleted # of Average SEM p value | p compared
sequence gene(s) Experiments | FOAR His* to
x 106
Flex1 (AT)34 3
S3'ol 11.1 0.9207 | 0.0167 | (AT)23-S3'ol
Flex1 (AT)34 | yenIA 3 12.2 1.3043 | 0.5287 | (AT)34-S3'ol
Flex1 (AT)34 | mus8IA 3 5.8 0.4177 |0.0061 | (AT)34-S3'ol
Flex1 (AT)34 | slxIA 3 6.5 0.9244 | 0.0232 | (AT)34-S3'ol
Flex1 (AT)34 | radIA 3 4.6 1.0366 | 0.0094 | (AT)34-S3'ol
Flex1 (AT)34 | slx4A 3 59 0.5859 | 0.0087 | (AT)34-S3'ol
mus81IA 5
Flex1 (AT)34 | radIA 5.2 0.9528 | 0.0108 | (AT)34-S3'ol
SixIA 3
Flex1 (AT)34 | radIA 7.8 1.9150 |0.2511 | (AT)34-S3'ol
SixIA 5
mus81A
Flex1 (AT)34 | radIA 7.7 24192 |0.3402 | (AT)34-S3'ol
Flex1 (AT)23 3
S3' 6.4 0.7513




Flex1 (AT)34 3
L3’ 0.3 0.0876 | 0.0003 | (AT)34-S3' ol
Flex1 (AT)34 3
83' 02 15.4 1.3528 |0.0044 | (AT)23-S3'ol
Flex1 (AT)34 3
L3' 02 14.4 5.0560 | 0.8578 | (AT)34-S3' 02

All Flex1 constructs contain the S3’ flanking sequence and are in orientation 1 unless otherwise noted.

Table S4. Oligonucleotides. Related to STAR Methods.

Oligo Name | CF Oligo Stock # | Purpose Sequence

ura3rev 3 Check for URA3 absence | TCCTGTTGCTGCCAAGCTAT

ura3rev 4 Check for URA3 absence | TCCCAGCCTGCTTTTCTGTA

ura3for2 5 Check for URA3 absence | TGCTGCTACTCATCCTAG

URA3 1223 Check for URA3 absence | GCTTAACTGTGCCCTCCATGG

internal

reverse

RT- 1254 To measure levels of AACTGTTGGGAAGGGCGAT

PCR_F1 up Flex1 transcripts C

stream_for

RT- 1255 To measure levels of TGAGTCGTATTACAATTCA

PCR FI1 up Flex1 transcripts CTGGC

stream rev

TRP1 222b | 1711 Southern TRP1 probe for | GGCGTGTTTCGTAATCAAC

_int_for C

TRP1 127b | 1712 Southern TRP1 probe rev | GGCGTCAGTCCACCAGCTA

p_int_rev A

P1 for 252 | 1807 FRA16D amplicon 1 for | GCATATGAGAATACTCATA

bp_chk CT CAG TGCTGC

P1 110bp c | 1704 FRA16D amplicon 1 rev | CCATGCACTCTGGTGTACC

hk A

P3 for 642 | 1840 FRA16D amplicon 2 for | GTGTGAATACCAGGTGGTA

bp_chk GGGATTATGTG

P3 rev 120 | 1841 FRA16D amplicon 2 rev | ACAGAACTAACCCAGAGAT

bp_chk GGTTTCTCATC

F5His For 1545 FRA16D amplicon 3 for | GGGAGTCCTAGATCAAGGT
G

P4 rev 752 | 1809 FRA16D amplicon 3 rev | GAACTCAGATAAAGATAAG

bp_chk GCCTATGGTTC

P5P5B _for | 1810 FRA16D amplicon 4 for | AAAACTTTGCTGGAGAACA

672bp_chk TCACCAATCAC




P5P5B rev_ | 1811 FRA16D amplicon 4 rev | TTCTGAGAAACTGTCACAG
428bp_chk CCAAGAAGATG
F1 420dow | 1267 Checking GCTGAAGTCACAAGATCTT
n Flex1::KANMXG6 in AGGATGGGGTG
FRA16D YAC
pBLOO7for | 679 Screening for pBL007 AAGCATATTTGAGAAGATG
transformants with insert | CGGCCAGC
pBLOO7rev | 680 Screening for pBL007 GGAATAAGGGCGACACGG
transformants with insert | AAATGTTGA
Flex1 pBLO | 1032 PCR and sequencing of | ACTCACTATAGGGCGAATT
07 seq For insert in pBL0O07 and G
chrll locus
Flex1 pBLO | 1033 PCR and sequencing of | CCAACTGATCTTCAGCATC
07 seq Rev insert in pBL0O07 and T
chrll locus
5'LYS2 pB | 1028 PCR of 5’ cassette in AAGTAACAAGCAGCCAATA
LO07_integr chrll locus G
_For
S'LYS2 pB | 1029 PCR of 5’ cassette in CATGTGTCAGAGGTTTTCA
L0007 integr chrll locus C
_Rev
3'LYS2 pB | 1030 PCR of 3’ cassette in CTCGGAATTAACCCTCACT
LO07_integr chrll locus A
_For
3'Lys2juncti | 1047 PCR of 3’ cassette in GCAAAGTGGTGATAGAGTT
onrev chrll locus C
T7 2 PCR and sequencing of | TAATACGACTCACTATAGG
insert in pHZ-HIS3MX6 | G
and YAC
MI3R 1343 PCR and sequencing of | CAGGAAACAGCTATGACC
insert in pHZ-HIS3MX6
and YAC
His3Revsk | 375 PCR from HIS3MX6 to TTAGATAAATCGACTACGG
URA3 to confirm CAC
modified YAC
URA3 for 832 PCR from HIS3MX6 to CAGTACTCTGCGGGTGTAT
URA3 to confirm ACAG
modified YAC
ILV1 for 1465 PCR of 5’ junction of CTCTGCGCTATATCTTTGGG

pGAL-I-Scel nuclease




cassette

GALI1,10 ¢ | 1466 PCR of 5’ junction of CGCTTCGCTGATTAATTACC
hk pGAL-I-Scel nuclease CCAG
cassette
I-Scel for2 | 1511 Creation of I-Scel insert | gatctaGAATTCggtactgcgggatatc
for cloning (3° end gtccattccgacagTAGGGATAAC
anneals to 1512) AGGGTAAT
I-Scel rev2 | 1512 Creation of I-Scel insert | tatcgaGAATTCagcgcgacgtcgctt
for cloning (3’ end gcggtattcggATTACCCTGTTAT
anneals to 1511) CCCTActgt
I-Scel for2 | 1513 Creation of [-Scel insert | gatctaGAATTCggtactgc
_short for cloning
I-Scel rev2 | 1514 Creation of I-Scel insert | tatcgaGAATTCagcgcgac
_short for cloning
MI13 n.a Pol 84 polymerase GTAAAACGACGGCCAG
Forward (- pausing assay
20)
G40 n.a Pol 84 polymerase GCATGCCTGCAGGTCG
pausing assay
G40-16mer, |n.a Pol 84 polymerase GCATGCCTGCAGGTCG
PAGE- pausing assay
purified
gBlock n.a. EcoRI-S5-1-Scel-S3- AGCGTAGAATTCTGTTACC
EcoRI ATGAGTGGTGATGGATGTG
TTAATTAATTCGATTGTGAT
AATCATTACACAATGTATA
TAGTAATCAAATCATTACT
TTATAGACCCTGAATATAT
TCAATATTTATTTTTCAATT
TAGGGATAACAGGGTAATT
TAAAGCTGTCATGGAAAGC
CTTAAAGCAGTATGAATTC
TCTGAC
gBlock n.a. EcoRI-S5-IScel-L3- AGCGTAGAATTCTGTTACC
EcoRI ATGAGTGGTGATGGATGTG
TTAATTAATTCGATTGTGAT
AATCATTACACAATGTATA
TAGTAATCAAATCATTACT
TTATAGACCCTGAATATAT

TCAATATTTATTTTTCAATT
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TAGGGATAACAGGGTAATT
TAAAGCTGTCATGGAAAGC
CTTAAAGTTAAAATACGAA
GATTTTTGAGAAAAACTTT
GCATATTTTAATTGCTGTCT
GGAATCCTCCTTCAGCTGG
GATGAGAAATCATCTCTGG
GTTAGTTCTGTCCCAGTATG
AATTCTCTGAC
Table S5. Plasmids. Related to STAR Methods.
Plasmid CF Plasmid Description Source
stock#
pFA6a-KANMXG6 136 Template for one-step | (Wach et al., 1994)
gene replacement by
PCR
pBL007 223 ADE?2 nt 512-1480 this study
URA3
pBLO07+ctrl 387/388 ADE?2 nt 512-1480 this study
URA3-EcoRI-ctrl-
BamHI
pBLO07+S5’-(AT)14- | 565/566 ADE2 nt 512-1480 this study
S3’ ol URA3-EcoRI-
Flex1(AT)14-EcoRI
pBL007+S5’-(AT)23- | 516/517 ADE?2 nt 512-1480 this study
S3’ ol URA3-EcoRI-
Flex1(AT)23-EcoRI
pBL007+S5°-(AT)34- | 351 ADE2 nt 512-1480 this study
S3’ ol URA3-EcoRI-
Flex1(AT)34-EcoRI
pHZ-HIS3MX6 466 G4T4 HIS3MX6 URA3 | this study
pHZ-HIS3MX6+S5’- 513 G4T4 HIS3MX6 URA3 | this study
(AT)34-S3’ ol EcoRI-Flex1(AT)34-
S3” o1-EcoRI
pHZ-HIS3IMX6+S5’- 559, 560 G4T4 HIS3MX6 URA3 | this study
(AT)34-S3’ 02 Ecorl-Flex1(AT)34-
S3” 02-EcoRI
pHZ-HIS3MX6+S5’- 512 G4T4 HIS3MX6 URA3 | this study

(AT)34-L3’ 02

EcoRI-Flex1(AT)34-
L3’ o1-EcoRI
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pBLO0O07+I-Scel 519 ADE?2 nt 512-1480 this study
URA3-EcoRI-I-Scel-
EcoRI
pBL007+S5’-1-Scel- 571 ADE?2 nt 512-1480 this study
S3° URA3-EcoRI-Flex1
S5°-1-Scel-S3’-EcoRI
pBL007+S5’-1-Scel- 581 ADE2 nt 512-1480 this study
L3’ URA3-EcoRI-Flex1
S5’-1-Scel-L3’-EcoRI
pGSHU 524 pFA6a-pGALI1-I-Scel- | (Storici et al., 2003)
HYG-kIURA3

Table S6. AT series termination probability. Related to Figures 2A and 2B.

AT14 AT23 AT34
% Term. Prob. % Term. Prob. % Term. Prob.
synthesis synthesis synthesis
AT S5°(AT) AT S5°(AT) AT S5°(AT)
only S3 only S3 only S3
Rep.1 | 96 0.25 |0.74 119
0.40 0.77 115 0.73 |10.87
Rep.2 | 86 0.25 | 0.71 97
0.28 0.61 113 0.64 |0.82
Rep.3 | 87 0.21 0.68 83
0.27 0.56 113 0.62 10.83
AVG 90 0.24 |0.71 100
0.32 0.65 114 0.66 |0.84
s.d. 5.5 0.023 | 0.028 18 0.069 | 0.11 1.15 0.059 | 0.026

One way ANOVA values are as follows: AT14 vs. AT23 p=0.2573, AT14 vs. AT34 p=0.0002, AT23 vs AT34 p=

0.0006.

Table S7. RT-qPCR data. Related to Figure S3 and STAR Methods RT-PCR experiment.

Flex1 # of Mean transcript | SEM p value p compared to
locus Experiments | levels

chrll 5 0.11 0.0210

YAC 5 0.05 0.0074 0.025 chrll
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