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Trinucleotide repeats, including Friedreich’s ataxia (GAA), repeats, become
pathogenic upon expansions during DNA replication and repair. Here, we
show that deficiency of the essential replisome component Mcm10 dramati-
cally elevates (GAA), repeat instability in a budding yeast model by loss of
proper CMG helicase interaction. Supporting this conclusion, live-cell micro-
scopy experiments reveal increased replication fork stalling at the repeat in

mcmlO0-1 cells. Unexpectedly, the viability of strains containing a single
(GAA)00 repeat at an essential chromosomal location strongly depends on
McmlO function and cellular RPA levels. This coincides with Rad9 checkpoint
activation, which promotes cell viability, but initiates repeat expansions via
DNA synthesis by polymerase 6. When repair is inefficient, such as in the case
of RPA depletion, breakage of under-replicated repetitive DNA can occur
during G2/M, leading to loss of essential genes and cell death. We hypothesize
that the CMG-McmlO interaction promotes replication through hard-to-
replicate regions, assuring genome stability and cell survival.

Expandable DNA repeats are at the heart of over 50 diseases, spanning
from neurodegenerative disorders to cancer”. Expansions of (GAA),
repeats are known to cause two diseases: Friedreich’s ataxia (FRDA)
upon biallelic repeat expansions in the 1st intron of the Frataxin (FXN)
gene’ and spinocerebellar ataxia 27B (SCA27B) caused by repeat
expansions in the 1st intron of the Fibroblast Growth Factor 14 (FGF14)
gene*®. (GAA), repeats are a subgroup of homopurine-
homopyrimidine mirror repeats that can fold into an alternative DNA
secondary structure called H-DNA - an intramolecular DNA triplex,
which was shown to hinder both DNA replication and transcription®™.

Studies in S. cerevisiae and human cells collectively showed that (i)
expanded (GAA), repeats stall replication fork progression"™, (ii)
mutations in replication-associated genes including replicative DNA
polymerases promote (GAA), repeat instability'*™, and (iii) processes
that deal with stalled replication fork repair and restart, such as template
switching and restoration of reversed replication forks, modulate (GAA),,
repeat stability and trinucleotide repeat stability generally™'**°%,

Nevertheless, much about the interaction between (GAA), repeats, their
structure, and the replication fork remains to be elucidated.

Natural replication impediments, including alternative DNA sec-
ondary structures, can cause physical uncoupling of leading strand
synthesis progression from CMG unwinding and lagging strand
synthesis** %, As a result, single-stranded DNA (ssDNA) is exposed and
coated by the ssDNA binding protein RPA, triggering the activation of
the intra S-phase checkpoint, which ultimately leads to fork restoration
and safeguards genome integrity”>****2, Therefore, physical and
functional coordination of the replication fork could be central to
repeat length maintenance. In addition, factors that might be dis-
pensable for replication elongation during unperturbed replication
might become more important when replicating through repetitive
sequences such as long (GAA),, repeats.

The integrity of the replication fork during elongation and coor-
dination between leading and lagging strand synthesis are promoted by
accessory replication fork proteins—including Ctf4*">! and Mcm10—
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Fig. 1| Mcm10 protects against (GAA),, repeat instability. a Overview of Mcm10
functions during DNA replication. Created in BioRender. Masnovo, C. (2024)
https://BioRender.com/g31r060. b Genetic assay system to measure repeat
expansion rates. Created in BioRender. Masnovo, C. (2024) https://BioRender.
com/q07v344. ¢ Genetic assay system to measure repeat contraction rates. Cre-
ated in BioRender. Masnovo, C. (2024) https://BioRender.com/q07v344.

d Expansion rates in the mcmI0-1 mutant at the permissive (23 °C) and semi-
permissive (27 °C) temperatures. Plotted values indicate the corrected rate cal-
culated with FluCalc (https://flucalc.ase.tufts.edu/)*® and the error bars represent

95% confidence intervals (see Source Data File). Numbers within bars indicate fold
increase over the respective wild-type value. Expansion rates were determined by
PCR of at least 96 FOAR colonies derived from two biological replicates. An event
was considered an expansion when at least 10 repeats were added. e Contraction
rates for the mcmI0-1 mutant at the permissive (23 °C) and semi-permissive

(27 °C) temperatures. Plotted values indicate the corrected rate calculated with
FluCalc (https://flucalc.ase.tufts.edu/)*® and the error bars represent 95% con-
fidence intervals (see Source Data File). Each experiment was conducted using two
biological replicates.

which have roles in both replication initiation and elongation®**°, Both
Ctf4 and Mcm10 interact with the CMG helicase as well as with Pol a-
primase”#°*°, and Mcml10 also contacts the PCNA clamp®. Ctf4 and
McmlO interact with each other both in mammalian cells and in yeast,
and McmlO stabilizes Ctf4 on chromatin®~', While Ctf4 is non-essential
in yeast and only becomes crucial for replication in the context of low
Pol a levels®, Mcm1O is essential for replication in all organisms in which
it is present. It is important to note that direct interactions between the
CMG helicase and Pol a-primase have recently been shown to recruit
the complex to the lagging-strand template and promote priming
without the need for Ctf4 or Mcm10°**,

Mcml10 comprises an N-terminal coiled-coil domain important for
oligomerization, an internal domain that includes an OB-fold with a PIP
box and an Hsp10-like domain. In metazoans, an additional C-terminal
domain mediates further interactions with DNA and proteins
(reviewed in ref. 36). During replication initiation, Mcm10 contributes
to the activation of the assembled CMG helicase and origin unwinding

by facilitating the bypass of the two CMG hexamers®**° (Fig. 1a, left
panel). The ssDNA/dsDNA gate function of McmlO has also been
implicated in promoting bypass of lagging strand blocks in a manner
mediated by its interactions with MCM*>"~° (Fig. 1a, middle panel), but
whether Mcm10 has a more prominent role in elongation as part of the
replisome through its interactions with Pol a (Fig. 1a, right panel) and
under which conditions remains to be determined. Deficiencies in
McmlO lead to impaired replication initiation, slower replication,
increased ssDNA exposure, DNA damage and checkpoint
activation***°%>, Furthermore, MCM10 haploinsufficiency leads to tel-
omere erosion and micronuclei formation in iPSC cells, indicating that
it has an important role in preventing genome instability®*.

In this study, we focused on the role of the replication factor
Mcml0 in the stability of expanded (GAA), repeats in a yeast model
system. We found that the Mcm10 protein strongly counteracts both
repeat expansions and contractions. Importantly, the viability of yeast
strains containing unique expanded (GAA), repeats at an essential
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Fig. 2| A suppressor mutation in the Mcm2 subunit of the CMG helicase rescues
instability of mcm10-1. a Expansion rates in the mcm10-1 and mcm2G400D
mutants at the semi-permissive temperature (27 °C). RPA OF indicates RPA over-
expression via 2p multicopy plasmid containing all three RPA genes: RFA1, RFA2 and
RFA3. Plotted values indicate the corrected rate calculated with FluCalc (https://
flucalc.ase.tufts.edu/) and the error bars represent 95% confidence intervals (see
Source Data File). Each experiment was conducted with two biological replicates.
Numbers within bars indicate fold increase over the respective wild-type value.

b Contraction rates in the mcm10-1 and mcm2G400D mutants at the semi-

permissive temperature (27 °C). Plotted values indicate the corrected rate calcu-
lated with FluCalc (https://flucalc.ase.tufts.edu/)®® and the error bars represent 95%
confidence intervals (see Source Data File). Each experiment was conducted with
two biological replicates. Numbers within bars indicate fold increase over the
respective wild-type value. ¢ Western blot of Poll (Cdcl7) tagged with a 3xFLAG tag
in WT and mcm10-1 strains at the semi-permissive (30 °C) and at the restrictive
(37 °C) temperatures. The experiment conducted twice using independent biolo-
gical replicates (see Source Data file). Ponceau S staining was used as a control for
total protein loading.

portion of a chromosome arm is substantially decreased in Mcm10
deficient strains. Cell survival in this case is ensured by the Rad9
checkpoint activity, which facilitates DNA repair synthesis by DNA
polymerase 6 while simultaneously promoting expansions.

Results

McmliO deficiency elevates (GAA), repeat instability due to
impaired interactions with the CMG helicase

To study the role of Mcm10 on (GAA), repeat instability we used an
experimental system previously established in the lab™. In this system,
a (GAA)p0 repeat is located within the intron of an artificially split
URA3 gene on chromosome Il adjacent to the ARS306 origin. The
repeat is flanked by non-repetitive sequences, for a total intron length
of 974 bp. In S. cerevisiae, only introns shorter than -1 kb can be spliced
efficiently®. Thus, repeat expansions that bring the total intron length
over this threshold result in the inactivation of the URA3 gene, making
the yeast cells resistant to 5-fluoroorotic acid (5-FOA). Other events,
such as mutations and various recombinational events can also result
in URA3 loss"*° (Fig. 1b). Therefore, repeat expansions were confirmed
by PCR using repeat-flanking primers (Source Data file). In the con-
traction assay, a longer (GAA);,4 tract is inserted in the intron, bringing
the total intron length to 1108 bp. Contractions of more than 20 repeat
units reactivate the URA3 gene making the yeast cells URA" (Fig. 1c). In
both the expansion and contraction cassettes, the (GAA), repeats
serve as the lagging strand template.

To determine how Mcm10 affects repeat instability in these sys-
tems, we introduced a previously characterized mcml10-1 mutation.
This P269L substitution lies in the structurally and functionally con-
served HsplO-like domain—a part of the larger internal domain of
Mcm10 responsible for its interactions with DNA, Pol a and PCNA®.
This mutation results in a temperature-sensitive (¢s) phenotype, owing
to both Mcm10 and Pol a degradation at restrictive temperatures*.
We found that the mcmli0-1 mutation led to a 33-fold increase in

expansion rate at the semi-permissive temperature (27°C), and a
6-fold increase even at the permissive temperature (23 °C) (Fig. 1d). We
also observed a 10-fold increase in repeat contractions at the semi-
permissive temperature (Fig. le). We conclude that McmlO is an
important replication factor in preventing the instability of long
(GAA), repeats, especially their expansion.

Mcml1O0 has been shown to interact with the CMG helicase, thereby
promoting both replication initiation and elongation*®**>"*_ It speci-
fically interacts with a conserved motif in Mcm2, as well as with other
MCM subunits of the CMG helicase’**®. To study the role of Mcm10-
CMG interactions in repeat instability, we looked at the effects of a
previously identified dominant suppressor mutation in the Mcm2
subunit of the CMG helicase (mcm2G400D), which was shown to res-
cue the temperature-sensitive phenotype of the mcmlO-1 mutant,
minimizes ssDNA exposure and restores Pol a stability, particularly
rescuing the elongation defects observed in the mcmi10-1 mutant®.
This mutation is located in the allosteric control loop of the
Mcm2 subunit, which is important to couple activities between CMG
subunits®, thus, on its own, it results in a decrease in the unwinding
activity of the helicase®®. We found that the mcm2G400D mutation
alone did not affect repeat instability (Fig. 2a, b), indicating that a
decrease in the helicase unwinding rate alone is insufficient to trigger
repeat instability. At the same time, we observed a near complete
rescue of the elevated expansion and contraction rates in the mcmi10-1
mcm2G400D double mutant compared to the mcm10-1 mutant alone
(Fig. 2a, b and Supplementary Fig. 1a, b). Together, these data suggest
that Mcm10 prevents repeat instability through its interaction with the
CMG helicase during replication through the repeat.

(GAA),, repeat instability in mcm10-1 is not caused by lower
levels of DNA polymerase a-primase

McmlO function has been proposed to be important for the stability of
the Pol a-primase complex both in yeast and human cells***. We
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Fig. 3 | Mcm10 deficiencies lead to slower replication elongation through
expanded (GAA), repeats. a Schematic of the live-microscopy assay to measure
replication fork progression showing the orientation of the repeat when the whole
expansion cassette is inserted between the lacO and tetO arrays, including a
schematic of how the measurements of signal intensity allow us to determine the
replication time (At) and a representative image from the microscopy measure-
ments (scale bar represents 2 um). Created in BioRender. Masnovo, C. (2024)
https://BioRender.com/f52a844. b Time required to replicate a region of 28.4 kb, in
WT and mcm1I0-1 strains containing the expansion cassette with either no repeat or

the (GAA)o; repeat at 30 °C. The plotted numbers represent the median value and
bars represent the interquartile range. WT no rpt n =336, WT (GAA),00 n =312,
mcml0-Ino rpt n =716, mcmI0-1 (GAA) oo n = 516. Statistical analysis of replication
rates was performed using Monte Carlo resampling with 1,000,000 iterations for
each comparison. p values are indicated for significant comparisons. WT (GAA);00
vs WT no rpt p <107, mcm10-1 (GAA) 100 Vs mcmi10-1 no rpt p = 0.000027, mcmi0-1
(GAA)100 Vs WT (GAA) o0 p = 0.027614, mcm10-1 (GAA)100 Vs WT no rpt p <1076, WT
(GAA) 100 Vs mcmlIO-1 no rpt p = 0.000846. 99% confidence intervals and additional
statistical information is provided in the Source Data File.

investigated whether the phenotypes of the mcm10-1 mutants resulted
from Pol a-primase complex degradation. The Poll subunit of Pol a-
primase was tagged with a 3x Flag-tag and protein levels were mea-
sured by western blotting. We indeed observed lower levels of Poll in
mcmi0-1 mutants compared to wild-type at the restrictive temperature
(37 °C), but not at the semi-permissive temperature of 30 °C, which is
higher than the temperature we conducted the instability assays at
(Fig. 2c). In addition, Pol a-deficient cells were previously shown to
have larger expansions, likely resulting from longer Okazaki
fragments”. We do not observe a meaningful difference in the median
number of repeats added in the case of the mcm10-1 mutant (60 repeat
units) when compared to the wild-type (62 repeat units) (Supplemen-
tary Fig. 1c), albeit two sample Kolmogorov-Smirnov test shows a small
but significant difference in the shape of repeat distribution compared
to WT. Altogether, these results indicate that lower Pol « levels are not
responsible for increased instability in the mcm10-1 context.

Mcm1O facilitates replication elongation through (GAA),,
repeats
McmlO is both an initiation and an elongation factor, and multiple
studies showed that it is needed for efficient and complete DNA
replication’”. Since expanded (GAA), repeats were previously shown to
cause replication fork stalling"", and our current data suggest that
McmlO is needed for stable repeat maintenance, we decided to
investigate replication fork progression through the (GAA)oo repeats
in the mcmI0-1 context.

To this end, we adopted a method for live-cell imaging of repli-
cation fork progression (Fig. 3a)”’. In this system, a non-repetitive

128xlacO and 128xtetO arrays are placed -3 kb and ~37 kb downstream
from the ARS413 replication origin, respectively. These arrays are
bound by their cognate Lacl-Envy and TetR-tdTomato, resulting in a
green and red focus, respectively. Replication of each array coincides
with an increase in intensity of the respective focus. The time differ-
ence between replication of the lacO and tetO arrays is used to monitor
fork progression through the repeat sequences in live cells. Inserting
the repeat in the sequence between the two arrays allowed us to
monitor fork progression through the repeats and determine the
effect of mcm10-1 with (GAA)oo serving as the lagging-strand template
(Supplementary Fig. 2).

We compared strains carrying the expansion cassette with the
(GAA), oo repeat to a those carrying the same cassette but with a filler
sequence in place of the repeat (no repeat control). Wild-type and
mcmli0-1 derivatives of those strains were analyzed at the semi-
permissive temperature of 30 °C. In accordance with our previous
data'®, there was repeat-mediated slowing of replication in the wild-
type strains (Fig. 3b). There was a small, non-significant slowdown
caused by the mcml10-1 mutation in the no repeat control, but the
difference between WT and mcm10-1 became significant in the case of
the (GAA) oo repeat (Fig. 3b). This comparison indicates that Mcm10
promotes replication elongation, especially when replicating through
the expanded (GAA), repeats.

Single-stranded DNA at the replication fork primarily promotes
repeat contractions

Exposure of ssDNA during replication promotes the formation of non-
B DNA structures and overexpression of the single-stranded DNA-
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Fig. 4 | Replication fork uncoupling, Ctf4 deletion and Mrcl deletion primarily
promote (GAA), repeat contractions. a Rates of expansion in vehicle (H,0) versus
100 mM HU treatment conditions (30 °C). b Rates of contraction in vehicle (H,0)
versus 100 mM HU treatment conditions (30 °C). ¢ Rate of expansion upon full
deletion (4) of the replisome adaptor protein Ctf4 at 30 °C. d Rate of contraction
upon full deletion (4) of the replisome adaptor protein Ctf4 at 30 °C. e Rate of
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expansion upon full deletion (4) of Mrcl (30 °C). f Rate of contraction upon full
deletion (4) of Mrcl (30 °C). For a-f, plotted values indicate the corrected rate
calculated with FluCalc (https://flucalc.ase.tufts.edu/)® and the error bars repre-
sent 95% confidence intervals (see Source Data File). Each experiment was con-
ducted with two biological replicates. Numbers within bars indicate fold increase
over the respective wild-type value.

binding RPA complex counteracts contractions of long (GAA),
repeats'®. The mcmI0-1 mutation was shown to cause an increase in
RPA foci at the non-permissive temperature, pointing to the accumu-
lation of ssSDNA®°, We therefore hypothesized that an increased single-
strandedness of the (GAA), repeat in the mcml0-1 mutant could result
in its instability. To test this hypothesis, we overexpressed all three
RPA subunits on a multicopy 2p plasmid® and verified their over-
expression via western blot (Supplementary Fig. 3a). In line with our
hypothesis, RPA overexpression rescued the elevated contraction rate
observed in the mcm10-1 mutant (Fig. 2b). In contrast, the expansion
rate in the mcmlIO-1 mutant was not rescued at all by RPA over-
expression (Fig. 2a).

The (GAGAAGAAA);;GAG repeat is a  homopurine-
homopyrimidine repeat of the same length and GC-content as the
(GAA)24 repeat, but lacks the mirror symmetry required for the for-
mation of a stable triplex structure'®. In accordance with our previous
data®®, its contraction rate is about 10-fold lower than the one of
(GAA)»4 repeats (Supplementary Fig. 1d). However, the mcml1O-1
mutation led to a similar fold increase in contraction rate for the
(GAGAAGAAA),4;GAG repeat as for the (GAA) 24 repeat and this effect is
similarly rescued by RPA overexpression. Altogether, these results
show that an excess of uncoated ssDNA, rather than strong triplex

formation, accounts for the elevated contraction rate in the mcmi10-1
mutant.

To explore this further, we first triggered replication fork
uncoupling of the CMG helicase and polymerase & using hydro-
xyurea (HU). HU depletes the deoxyribonucleotide pool available
during replication resulting in fork uncoupling, replication stress
and increased ssDNA exposure’>. Treatment with 100 mM HU
moderately increased (GAA);oo expansions (3.4-fold) (Fig. 4a) and
had a more substantial increase on repeat contractions (8.3-fold)
(Fig. 4b). We then looked at the role of the Ctf4 protein trimer, which
was proposed to have a role in replication fork coordination similar
to Mcm10 by coordinating CMG and Polymerase a***¢*', Deletion of
the CTF4 gene had no effect on repeat expansions and only had a
modest 3.6-fold increase in repeat contraction rate (Fig. 4c, d).
Likewise, deletion of the Mrcl component of the Fork Protection (or
Fork Pausing) Complex, which prevents excessive uncoupling at
stalled forks, had a negligible effect on repeat expansions and a
larger significant effect on repeat contractions (Fig. 4e, f). Alto-
gether, these results indicate that the observed phenotypes are
intrinsic to Mcm10 and are not shared with other replication fork
coupling modalities, which seem to be predominantly preventing
repeat contractions.
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Mcm1O0 deficiency causes repeat length- and position-
dependent viability defects

During our instability assays with the mcmi10-1 mutants, we observed a
viability defect more pronounced than previously described in the
literature®®”>, We wondered if the presence of the long repeat could be
responsible for this phenotype. We conducted serial dilutions and
observed that at the semi-permissive temperature of 30 °C, strains

30°C Glucose

mrc1A rev3A

30°C Galactose

containing both the mcmi10-1 mutation and the (GAA)oo repeat on the
lagging strand template on our chromosome Ill location had a viability
defect when compared to the mcmiO-1 strain without the repeats,
which only showed a delay in growth (Fig. 5a and Supplementary
Fig. 4a). In a more quantitative assay, we compared colony-forming
units (CFUs) at 30 °C and 23 °C and saw that a carrier length of (GAA),o
repeats already caused a significant decrease in viability compared to
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Fig. 5| The mcm10-1 mutation causes repeat-length dependent viability defects
due to the loss of an essential chromosome arm. a Spot tests of strains con-
taining either a no repeat cassette or the expansion (GAA),oo repeat cassette either
at an essential region on chromosome Il (ARS306) or at a non-essential region on
chromosome V (ARS507) in wild-type and mcmlI0-1 backgrounds at the semi-
restrictive temperature (30 °C). Cells were grown to an ODgop = 1in YPDUA medium
at the permissive temperature and then spotted as a 1:10 serial dilution on YPDUA
plates and grown for 3 days. b Viability assay of strains containing no repeats or
repeats of various lengths and compositions. The same number of cells was plated
in duplicates at the semi-restrictive temperature (30 °C) and at the permissive
temperature (23 °C) and grown for 3 days. Each datapoint represents the percent
relative survival as determined by colony forming unit (CFU) counts. The mean is
plotted, and the bars indicate standard deviation. Each assay was conducted using
at least two biological replicates. Statistical analysis was performed using two-tailed

unpaired t-test, *p < 0.05, *p <0.01 and **p < 0.001. For the mcm10-1 strains,
(GAA) 40 vs no repeat p = 0.0407, (GAA);0o VS no repeat p = 0.0006, (GAA);»4 VS no
repeat p =0.005, (GAGAAGAAA)4;GAG vs no repeat p = 0.0102. ¢ Spot tests of
strains containing the (GAA),oo repeat in various mcmI0-1 double mutants at the
semi-restrictive temperature (30 °C). Cells were grown to an ODggo =1 in YPDUA
medium at the permissive temperature and then spotted as a 1:10 serial dilution on
YPDUA plates and grown for 2-3 days. d Spot tests of strains containing the
(GAA) 00 repeat and defects in polymerase 6 using either the pol3-Y7084 mutant or
in a system in which the endogenous POL32 promoter was substituted for inducible
the pGALI promoter to regulate POL32 expression level. For the pGALI-3xHA-POL32
strains, cells were grown overnight in YPUA + 2% Raffinose and diluted and swit-
ched to media containing glucose or galactose until ODggo = 1and then spotted as a
1:10 serial dilution on YPDUA or YPGalUA plates and grown for 2-3 days at 30 °C.

the no-repeat strain. This effect was further exacerbated at the disease-
causing lengths of (GAA);oo and (GAA)»4, leading to a striking ~80%
loss of viability (Fig. 5b). This effect was also observed, albeit in a
milder form, when the (TTC),, run serves as the lagging strand template
(Supplementary Fig. 4c). To establish if the viability defects are caused
by the triplex-forming potential of the (GAA), repeat, we analyzed the
viability of mecm1I0-I strains carrying the (GAGAAGAAA),;GAG repeat,
and we observed a viability decrease comparable to that of the
(GAA)124 repeat (Fig. 5b). As was observed in the case of repeat
instability, the mcmi0-1 mcm2G400D double mutant fully rescued the
viability defects for both types of homopurine-homopyrimidine
repeats. Minimizing the presence of uncoated ssDNA at the repeat
by overexpressing the RPA complex also led to a viability rescue for
both repeats (Fig. 5b).

Notably, our instability cassettes are historically located within
the essential arm of chromosome IlI, where loss of telomeric-proximal
DNA would lead to loss of cell viability. We then moved our expansion
cassette adjacent to the ARS507 replication origin in a non-essential
location on a chromosome V arm, making the loss of the telomere-
proximal chromosome arm possible’”, In this case, the viability of the
mcml0-1 strains bearing the (GAA);oo repeat was the same as the no-
repeat control in the same location (Fig. 5a and Supplementary
Fig. 4b), albeit the rate of cell growth was slower. Altogether, these
results imply that cells containing expanded homopurine-
homopyrimidine repeats rely on Mcml1O function for survival only
when the repeats are located on an essential chromosome arm.

Viability defects in mcmi10-1 (GAA),oo cells are exacerbated in
DNA repair and Polymerase 6 mutants
We conducted candidate gene analysis to decipher which cellular
pathways contribute to the observed viability defect in the mcml10-1
strains carrying the (GAA);oo repeats. Rad51 and Rad52 are both
involved in the homologous recombination and template switching
(TS) processes’™. We observed a minor exacerbation of the viability
defect in mcm10-1 rad514 and a much stronger effect in the mecmi10-1
rad524 double mutant (Fig. 5c), with the latter being already pro-
nounced even at permissive temperatures (Supplementary Fig. 5a).
Template switching is also mediated by Rad5, a polyubiquitin ligase
and DNA-dependent ATPase. The mcml10-1 rad5A double mutant dis-
played an exacerbated growth defect, particularly at the semi-
permissive temperature of 27°C (Supplementary Fig. 5a), even
though it did not further reduce viability in the colony formation assay
(Supplementary Fig. 5b). Preventing DSBs and gap resection by
knocking out the Exol nuclease in the mcmI0-1 background led to a
partial rescue in growth in the spot test, even though it did not
enhance viability as measured by colony forming units (Fig. 5¢c and
Supplementary Fig. 5b).

Which DNA polymerase could be responsible for processing
replication defects in the mcmlI0-1 mutants, and is thus facilitating cell
survival? Knocking out the translesion synthesis polymerase Rev3 only

had a minor effect on strain viability (Fig. 5c). We then turned to
determining the role of DNA polymerase &, which is implicated in
replication stress survival (reviewed in ref. 77). First, we tested the
effect of the pol3-Y7084 mutation in the catalytic subunit of Pol &%,
The mcm10-1 pol3-Y708A double mutant displayed poor growth at all
temperatures, including the permissive temperature of 23 °C (Fig. 5d
and Supplementary Fig. 5a). Second, we placed Pol32, which is the
processivity subunit of Pol & as well as a component of the translesion
synthesis polymerase Pol T, under an inducible galactose promoter,
creating pGALI-3xHA-POL32 strains®’. Differences in protein levels
between conditions were confirmed via western blotting (Supple-
mentary Fig. 5c). Under repressive conditions (glucose), we observed
synthetic lethality with the mcmiI0-1 mutation (Fig. 5d), which was not
observed under galactose induction. We conclude that various DNA
repair and post-replicative repair processes are needed to process the
defects that arise in the mcmi10-1 mutants and maintain cell viability.
Pol & function is ultimately responsible for preserving genomic
integrity and cell viability during DNA synthesis.

Mrcl and Rad9 promote viability and expansions through dif-
ferent mechanisms

While we observed that many of the DNA damage tolerance and repair
pathways are essential to promote the viability of mcml10-1 cells, this
does not necessarily mean that their absence would also exacerbate
repeat expansion rates. The rate of repeat expansions remained
unchanged in the mcmlI0-1 rad514 and mcml10-1 rad52A double mutant
as compared to the mcmi10-1 mutant alone, while the mcmi0-1 rad5A
mutant led to a modest additional 3-fold increase in the repeat
expansion rate (Fig. 6a). Deletion of either the Exol exonuclease or the
Rev3 TLS polymerase also did not affect the expansion rate of the
mcm10-1 mutant (Fig. 6a).

We reasoned that a common consequence of excessive sSDNA
exposure, as is seen in the memI10-1 mutant®, is the activation of
checkpoint pathways via the recruitment of various mediators and
kinases, culminating with the activation of the effector kinase
Rad53">*, The DNA replication checkpoint (DRC) recognizes ssDNA
at stalled replication forks mainly using the Mecl*™-Mrc1“*Pi" axis, The
intra-S phase DNA damage checkpoint (DDC) is also triggered by
persistent replication stress and accumulation of post-replicative
ssDNA gaps is mediated by Rad9™*" 52°55_In addition, the checkpoint
is directly activated in response to double-strand breaks via Tell*™.-
Rad9%*®" (reviewed in refs. 86-88). Activation of the checkpoint results
in fork stabilization, slower replication and recruitment of additional
factors for repair and restart (reviewed in refs. 89,90).

We studied the effect of key checkpoint regulators on the viability
and repeat instability of mcmi10-1 strains containing our experimental
cassettes. The rad53K227A mutation affects the kinase activity of the
Rad53 protein without compromising its role in maintaining normal
dNTP levels via Dunl phosphorylation®.. Both the rad53k227A mutation
and RAD9 deletion caused a profound additional viability defect in
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mcmli0-1, which was evident even at the permissive temperature
(Fig. 5¢ and Supplementary Fig. 5a). We then tested how checkpoint
defects affect the stability of the (GAA), repeat. Both the rad53k227A
and rad94 mutations significantly rescued hyper-expansion pheno-
type of the mcmlIO-1 mutant (Fig. 6a). In contrast, the mcml10-1
rad53k227A mutant did not rescue (GAA)»4 contractions, further
indicating that different mechanisms account for expansions and
contractions in Mcm10-deficient cells (Fig. 6b). Checkpoint activation

T T | B B
300K 0 100K 300K 0 100K

is commonly reflected by changes in the cell cycle profile. We con-
ducted cell cycle profiling of WT and mcm10-1 strains containing the
(GAA);00 expansion cassette using flow cytometry of DNA content. We
observed that while the cell cycle profile of WT and mcm10-1 strains is
virtually identical at the permissive temperature of 23°C, at 30 °C
there is a delay in S-phase progression in the mcmi0-1 mutant, with the
bulk of replication occurring 60 min after release instead of 30-45 min

after release (Fig. 6f and Supplementary Fig. 6a), as was previously
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Fig. 6 | The Rad9 checkpoint and the Mrcl replication function promote
expansions in mcm10-1. a Expansion rates in various mcmi0-1 double mutants
with genes involved in response to replication stress and DNA repair at the semi-
permissive temperature (27 °C). b Contraction rates for the mcmlIO-1 rad53K227A
double mutant deficient in checkpoint activation at 27 °C. ¢ Expansion rates at 27 °C
using the separation of function mrc1*? mutant in mcmi0-1, which is deficient in the
checkpoint function of Mrcl and proficient in its replication function. The mcm10-1
mrcI"? strain contains the pAO139 plasmid. All other strains on this graph are the
same as in a but supplemented with the empty vector pRS415 for direct compar-
ison. Non-selective stage was conducted on -LEU media to maintain the plasmids.
For a-c, plotted values indicate the corrected rate calculated with FluCalc (https://
flucalc.ase.tufts.edu/)® and the error bars represent 95% confidence intervals (see
Source Data File). Each experiment was conducted with two biological replicates.
Numbers within bars represent the fold increase relative to the corresponding wild-

type value. Numbers above bars represent fold increase over the single mcmi10-1
mutant. d Spot tests for the strains used in c. Cells were grown to an ODggp =1 in
-LEU at the permissive temperature (23 °C), then spotted as a 1:10 serial dilution on
-LEU plates and grown for 2 days at 30 °C. e Western blots of Rad53 to detect
phosphorylation status in mcm10-1 and various double mutants. Cells were grown
at 23 °C, arrested in G1/S using o-factor at 30 °C and then released into the cell
cycle. Samples were collected at the indicated time points and the protein detected
as described in the Methods. Ponceau S staining was used as a loading control. f Cell
cycle analysis of mcmi0-1 and various double mutants. Cells were grown at 23 °C,
arrested in G1/S using a-factor at 30 °C and then released into the cell cycle. Cells
were collected at the indicated timepoints and analyzed by flow cytometry using
the SYTOX™ green DNA stain. 1N indicates Gl cells, 2 N indicates G2/M cells after
completion of S-phase.

observed®®. To directly relate cell-cycle stage with checkpoint activa-
tion, we conducted western blots using an antibody against the
checkpoint effector kinase Rad53, which is phosphorylated upon
checkpoint activation. The checkpoint was indeed activated in the
mcmI0-1 mutant during late S-phase (60 min), as can be observed by
Rad53 phosphorylation, but no checkpoint activation could be
detected during G2/M phase (120 min) (Fig. 6e). No checkpoint acti-
vation was detected in the mcmi0-1 rad94 strains during late S-phase
(Fig. 6e, f). In summary, we observed that the Rad9 checkpoint senses
the defects in mcmlIO-1 likely during late replication and post-
replicatively and initiates a response that ensures cell viability. Dur-
ing this response, however, (GAA);oo repeat expansions can occur.

Mrcl functions as an intra S-phase checkpoint mediator of repli-
cation stress but also works together with Tofl™ and Csm3™"™ to form
the so called Fork Protection Complex (FPC), which regulates CMG
helicase activity, limiting replication fork uncoupling and ssDNA
exposure (reviewed in ref. 31). In the mcm10-1 mrcIA double mutant,
we observed a massive rescue in repeat expansions (Fig. 6a, c) as well
as synthetic lethality with mcm10-1 (Fig. 5¢c and Supplementary Fig. 5a).
We then used a separation of function mutant to discern which func-
tion of Mrcl is responsible for these phenotypes. In the Mrc1*? mutant,
the replication function of Mrcl is intact while its checkpoint function
is compromised”. We introduced a plasmid containing the mrci*®
allele in our mcmi10-1 mrclA strains and observed no rescue in (GAA);go
repeat expansions compared to the empty vector control (Fig. 6¢).
Thus, Mrc1’s replication function promotes repeat expansions in the
mcml10-1 mutant.

Furthermore, Mrc1*? expression rescued the viability defect back
to the mcmlIO-1 single mutant levels (Fig. 6d). In the mcm10-1 mrciA
double mutant, we observed both a delay in cell cycle progression
(Fig. 6f) and checkpoint activation during both S-phase and G2/M
(Fig. 6e), as was previously shown for the mrciA single mutant in cells
without the expanded (GAA), repeats’ In contrast, the mcmlO-1
mrc1"? mutant displays checkpoint activation only in late S-phase, as
did the mcm10-1 single mutant (Fig. 6e), but does not fully rescue the
S-phase delay observed in the mcmilO-1 mrciA context (Fig. 6f).
Therefore, we conclude that the replication function of Mrcl, but not
its checkpoint function, is required for the viability of mcmi0-I strains,
both when they are carrying (GAA), repeats and in the no repeat
context (Supplementary Fig. 7).

Discussion

In this study, we investigated the role of the Mcm10 protein and other
replisome factors in (GAA), repeat instability. Mcm10 is a highly con-
served protein that promotes DNA origin unwinding during replication
initiation***>¢, Several studies implicated McmlO in replication elon-
gation, either as a replisome component or its accessory factor®°. In
addition, deficiencies in Mcm10 have been shown to lead to various
types of genome instability and dysregulated DNA damage
response® > ‘making it an attractive candidate to study in the

context of repeat instability. We found that a temperature sensitive
mutation in the McmlO protein (mcmlIO-1) dramatically increases
length instability of (GAA), repeats even at the semi-permissive tem-
peratures (Fig. 1 and Supplementary Fig. 1), at which other studies
found no noticeable mutational phenotypes®”*%¢.,

There are several mechanisms that could account for the elevated
(GAA), repeat instability in Mcm10O deficient cells. One possibility is
that it could result from the degradation of Pol « that is known to occur
in both yeast and human cells upon Mcm10 depletion*>**¢%%8%? Several
of our results, however, argue against this possibility. First, we
observed no loss of the catalytic subunit of Pol &, Poll/Cdcl7 at the
semi-permissive temperatures (Fig. 2c). Second, a previous study
showed that Pol a mutants resulted in the addition of a greater number
of repeat units during expansions, but not an increase in the rate of
(GAA) oo repeat expansion, which is the opposite of what we observe in
the mcm10-1 mutant” (Supplementary Fig. 1c). Third, Pol a mutations
led to a strong increase in (GAA);»4 repeat contraction in a study
conducted in our laboratory', while we observe that the mcmi10-1
effect on expansions is much greater than its effect on contractions.

Another possibility is that repeat instability could primarily result
from replication fork uncoupling between the leading and lagging
strand syntheses, since Mcm10 contributes to fork integrity by brid-
ging the CMG helicase, DNA Pol a and DNA Pol £*°%1°%1° Uncoupling
occurs when the helicase continues to unwind while leading strand
synthesis by polymerase ¢ is halted, and lagging-strand synthesis
continues®”. We therefore compared the effects on repeat instability
between the mcmi0-1 mutation and hydroxyurea (HU) treatment,
which causes replication fork uncoupling'®. We found that HU treat-
ment leads to an overall increase in (GAA), repeat instability, with a
much stronger effect on repeat contractions (Fig. 4a, b). We
acknowledge, however, that hydroxyurea treatment has pleiotropic
effects on replication, as it also affects origin firing, checkpoint acti-
vation, and the function of Pol § in lagging strand synthesis’”'?>. Thus,
we cannot confidently attribute the observed effects on repeat
instability to fork uncoupling alone. Along the same lines, deletion of
the Ctf4 protein—another CMG helicase, DNA Pol o and DNA Pol &
adaptor, as well as the fork protection complex component Mrcl
which prevents excessive uncoupling'®, have a stronger effect on
repeat contractions than on repeat expansions (Fig. 4c-f). Altogether,
we conclude that replication fork uncoupling leading to the accumu-
lation of single-stranded repetitive DNA combined with the massive
RPA depletion in the mcmlIO-1 mutant drives repeat contractions,
which is in-line with our previous model'®. RPA depletion at the repeat
in the mcmIO-1 context is exacerbated by having the
homopurine (GAA),, or (GAGAAGAAA), repeats as the lagging strand
template, as RPA has a 10-fold lower affinity for poly-purine tracts than
it does for poly-pyrimidine tracts'™*.

How could McmlO counteract repeat expansions? McmlO is
known to physically interact with and stabilize the CMG helicase via
multiple MCM subunits®®%, and it sits at the front edge of the CMG,
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which is optimal to face ssDNA/dsDNA junctions ahead of the fork>*%,
McmlO regulates the ability of the CMG helicase to switch between an
ssDNA and dsDNA encircling modes in vitro®™. In the context of an
uncoupled fork, the CMG-Mcm10 complex transitions to a dsDNA-
encircling diffusive mode, which allows for fork re-entry and resuming
of DNA synthesis upon encountering a lesion®. In addition, Mcm10 was
shown to be important to promote the bypass of lagging strand blocks
via its CMG isomerization functions®. To determine whether Mcm10
affects repeat instability via its interaction with the CMG helicase, we
capitalized on a previous observation that Mcm10 and Mcm2 interact
directly*, and several mutations in Mcm2, including the mecm2G400D
mutant, suppress the phenotypes of the mcmi0-1 allele’**°. We found
that both types of elevated repeat instability in mcmi0-1 were rescued
by the mcm2G400D mutation (Fig. 2a, b).

We predicted that a consequence of perturbing the interaction
between Mcml10 and the CMG helicase could be changes in replication
fork speed through the (GAA), repeat. Using live-cell microscopy, we
indeed found that (i) there is a repeat-dependent slowdown of repli-
cation in the wild-type context, which is consistent with what we
observed using 2D-gel electrophoresis of replication intermediates in
the same orientation', and (ii) the mcm10-1 mutation exacerbated this
effect (Fig. 3). Since this assay system is located -3 kb downstream of
the origin, initiation should not contribute to the observed effects.
These results indicate that Mcm10 promotes replication through the
(GAA), repeat and likely other hard-to-replicate genome regions, as
was previously observed for replication termination in Xenopus egg
extracts'®,

Increased fork stalling could result from more stalling events in
the first place, or a difficulty of restart, which might be promoted by
proper Mcm10-CMG interactions and be dependent on the ability of
the CMG to switch from ssDNA to dsDNA encircling mode. Either of
these events would lead to increased ssDNA exposure at the replica-
tion fork. While we observed a striking viability defect in Mcm10-
deficient cells that contained expanded repeats at the essential chro-
mosome lIl region, the viability defects were rescued by the
mcm2G400D mutation as well as RPA overexpression, indicating that
ssDNA accumulation is ultimately responsible for the viability defects.
Accumulation of single-stranded gaps combined with increased
mutagenesis were indeed previously observed in mcmi10-1 mutants”,
We therefore studied whether processes that are involved in the repair
of ssDNA gaps, such as template switching (TS), are at play in our case.
Rad5 knockout was previously shown to decrease the viability of
mcm10-1 mutants”, implicating template switching and fork reversal
in rescuing forks with McmlO function. In our case, deletion of the
RADS gene further impaired growth in the mcmiO-1 mutant. We
identified a negative interaction between loss of Rad52, which is
involved ssDNA gap filling in addition to homologous
recombination'®, and Mcm10 deficiencies. Notably, none of the tested
double mutants rescued the hyper-expansion phenotype. RAD51 and
RADS2 deletion showed no change compared to mcmlIO-1 alone, while
RADS knockout further increased repeat expansions. This indicates
that while these pathways promote viability, they are not responsible
for the elevated expansion rates observed in mcmiO-1.

We reasoned that persistent exposure of ssDNA gaps in the
mcm1i0-1 mutant could activate the checkpoint and possibly also result
in breakage at the fork. The checkpoint mediator Rad9 propagates
checkpoint signaling during replication stress even in the presence of
Mrcl to promote repair processes at stalled forks, ssDNA gaps and
DSBs®2%1%7, Rad9 was previously shown to be important for the sur-
vival of cells harboring a partial C-terminal deletion of Mcm10 . A
kinase-deficient Rad53 mutation as well as deletion the RAD9 gene
further impaired the survival of repeat-containing mcm1i0-1 strains,
pointing to persistent replication stress and checkpoint activation in
the mcmi0-1 mutant, which we additionally confirmed by western

blots showing the phosphorylated form of the Rad53 effector kinase®
(Fig. 6e). In contrast to the DNA repair mutants described above, both
RAD9 knockout and kinase-deficient Rad53 led to a partial rescue of the
hyper-expansion phenotype in mcmlI0-1 mutants. This result suggests
that the Rad9 checkpoint promotes the survival of the mcmi0-1 cells at
the expense of triggering repeat expansions during DNA repair
processes.

The other checkpoint mediator, Mrcl, appeared to promote via-
bility of Mcm10-deficient cells via its function as part of the fork pro-
tection complex, rather than its checkpoint function (Fig. 6d). This
result is consistent with in vitro studies showing that in the absence of
the replication function of Mrcl, Mcml0 becomes crucial for proper
progression of leading strand synthesis, and that Mrcl and Mcm10 are
partially redundant in the replication stress response’”'°'°°, We pro-
pose that in the absence of both Mcm10 and the replication-associated
function of Mrcl, replication through DNA repeats becomes grossly
inefficient, counteracting repeat expansions, and further promoting
cell death.

It was previously shown that Rad53 and Pol§ deficiencies result in
negative genetic interactions with the mem10-1 mutation®*“° suggest-
ing that synthetic viability defects observed by us may not be repeat-
specific as well. At the same time, a presence of the repeat could fur-
ther exacerbate deleterious phenotypes for some of our double
mutants, as is illustrated by the fact that Pol32 deprivation renders
repeat-containing mcmlIO-1 strains practically inviable.

Overall, we propose a model in which Mcm10-deficiency causes
replication problems such as increased fork stalling at the repeats and
accumulation of ssDNA gaps genome-wide (Fig. 7a). This leads to Rad9
checkpoint activation during late S-phase in a manner triggered by
RPA binding to ssDNA gaps or conversion to double-stranded breaks
(Fig. 7b, ¢), in-line with previous studies describing a parallel role of
Rad9 to Mrcl-sustained replication stress response®*®S, Checkpoint
activation results in the repair of under-replicated DNA, which is cru-
cial for cell viability. We stipulate that massive repeat expansions occur
during the gap repair DNA fill-in synthesis conducted by DNA poly-
merase & (Fig. 7c). If ssDNA gaps remain unrepaired until the G2/M
phase of the cell cycle due to deficient checkpoint activation or
incomplete repair synthesis, under-replicated ssDNA would cause
mitotic chromosome breakage, loss of essential DNA and ultimately
cell death (Fig. 7d). This model explains why RPA overexpression res-
cues cell viability by triggering checkpoint activation, while not res-
cuing hyper-expansion phenotype, which is downstream of
checkpoint activation.

Our model partially agrees with previous observations of a repli-
cation fork block in S. pombe'°, where Rad51 and Rad52 knockouts led
to aloss of viability due to accumulation of unrepaired ssDNA followed
by chromosomal breakage. MCM10 was shown to suppress PRIMPOL-
mediated gap formation in collaboration with BRCA2, suggesting that
it could have a more general role in suppressing gap formation during
DNA replication”.

We found that Mcm1O deficiency destabilizes (GAA), as well as
(GAGAAGAAA), repeats and cause repeat-mediated viability defect.
This indicates that Mcm10 is vital for the maintenance of homopurine-
homopyrimidine repeats regardless of their structure-forming poten-
tial. It is tempting, therefore, to speculate that Mcm10 could con-
tribute to the maintenance of various other simple DNA repeats, which
cumulatively account for ~3% of the human genome™. Indeed, MCM10
haploinsufficiency in human cell lines led to chromosomal rearrange-
ments overlapping with common fragile sites (CFSs)'?, which are
overall rich in (AT), repeats™"™. In addition, MCM10 promotes repli-
cation of telomeres'?, which are also highly repetitive DNA regions that
can form alternative DNA structures. Further studies will be necessary
to determine whether McmlO is also important for replication and
maintenance of other disease-associated repetitive DNA sequences.
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Fig. 7 | Model of the replication defect in the mcm10-1 strain bearing the GAA
repeat that leads to repeat instability and repeat-dependent loss of viability.
a McmlO-deficiencies give rise to increased replication fork stalling at the expan-
ded (GAA), repeat, which results in ssDNA gap formation. The genome-wide
increase in ssDNA levels can results in RPA depletion at the repeat, leading to (b)
Rad9 checkpoint activation during late S-phase in a manner triggered by RPA
binding to ssDNA gaps or conversion to double-stranded breaks. DNA repair and
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T Cell Survival

activation
W\} Pol &

T cell death

fill-in synthesis events lead to massive expansions during slippery DNA synthesis
conducted by polymerase 8. ¢ This also occurs in the case of proper ssDNA coating
upon RPA overexpression, minimizing conversions to DSBs. d In cases of insuffi-
cient checkpoint activation or incomplete synthesis, mitotic breakage can occur,
leading to loss of essential DNA regions and cell death. Created in BioRender.
Masnovo, C. (2024) https://BioRender.com/j22q561.

Methods

Yeast Strains

All yeast strains are listed in Supplementary Table 1. Point mutations
and gene deletions were introduced using a plasmid-based CRISPR/
Cas9 system'™ or by standard gene replacement. Strains for replication
time measurement were generated essentially as previously
described” in the W1588 MATa background, expressing Lacl-Envy and
TetR-tdTomato fusion proteins in the nucleus.

List of oligonucleotides
All primers used for strain construction and to detect expansion events
are listed in Supplementary Table 2.

Fluctuation assays

All assays were conducted with at least two independent biological
replicates per genotype. Mutation rates were calculated using the
FluCalc software (https://flucalc.ase.tufts.edu/)®. Rates are considered
meaningfully different if the 95% confidence intervals do not overlap.
All rates, 95% confidence intervals and raw data points for each
experiment are reported in the Source Data file.

Expansion rates. Two independent biological replicates per gen-
otype were plated for singles on YPDUA plates at 30 °C (2 days), 27 °C
(2.5 days) or at 23 °C (3 days). For the double mutants that displayed a
severe growth defect, we incubated the non-selective plates at 27 °C
for up to 6 days, or until the colonies were as large as the wild-type
colonies after 2.5 days. The initial repeat length was confirmed for 12 or
more single colonies which were then serially diluted in 107 incre-
ments to a final dilution of 107°. 100 pl of the 107 dilution were plated
on YPDUA to determine the total cell count (TCC). 100 pl of 107 or 1072
dilution were plated on selective plates. For ¢s strains, the selective
stage was conducted on 0.175% 5-FOA Glucose plates for 4 days at
23 °C. For all other strains, the selective stage was conducted on 0.09%
5-FOA Glucose plates for 3 days at 30 °C. Expansion events were con-
firmed by PCR using the A2 and B2 primer set and analyzed in Ima-
gelab (BioRad, v 6.1).

Contraction rates. Fluctuation assays for contraction rates were
conducted as described in (Khristich et al., ') using the appropriate
temperatures at the non-selective stage and selective stages.

Viability assays

Repeat tract length was determined for single colonies of each geno-
type grown at the permissive temperature of 23 °C. Singles of the
correct repeat length were grown to an ODggo of 0.6-1 in complete
(YPDUA) media. An amount of 10 or 10~ culture dilution corre-
sponding to 100-500 cells was plated in duplicates on complete media
in duplicates at both 23 °C and 30 °C. Colony forming units (CFUs)
were counted after 3 days at 30 °C and 4 days at 23 °C. CFUs between
duplicates were averaged and viability was calculated as (CFU 30 °C)/
(CFU 23 °C) for each strain. Statistical differences were assayed using
two-tailed Welch’s t-test in GraphPad Prism (v 10.3.1).

Spot tests

Yeast strains were grown overnight in YPDUA media at the permissive
temperature of 23 °C, diluted to an ODggo =0.2-0.3 and grown to log
phase. pGALI-3xHA-POL32 strains, cells were grown in YPUA + 2% Raf-
finose overnight at 23°C and then diluted to ODgpo=0.3 in YPUA
media containing either 2% Glucose or 2% Galactose and grown until
they reached an ODggg = 0.8-1. 200 pl of ODgoo =1 were collected and a
serial 1:10 dilution was performed in sterile dH,O0. 5 pl of each dilution
(1 to 107*) were spotted on YPDUA plates and placed at the tempera-
tures indicated in the figure captions for 2-3 days and then imaged.
Each spot test was conducted with at least two independent isolates of
the same genotype.

Protein isolation and western blotting

Total protein extraction was performed based on the protocol in
ref. 116. For RPA overexpression blots, strains were grown to log phase
at 23 °C. For Poll protein measurements, cells were grown to ODggo
0.5-0.8 at 23 °C and then shifted to 30 °C or 37 °C for 3 h before sample
collection. For measurements of pGALI-3xHA-POL32 expressions, cells
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were grown in YPUA + 2% Raffinose overnight at 23 °C and then diluted
to ODgoo=0.3 in YPUA media containing either 2% Glucose or 2%
Galactose and grown until they reached an ODggo = 0.8-1. 3-5 ODgoo
per sample were collected by centrifugation (1315 x g, 5 min, 4 °C) and
the pellet was flash-frozen in liquid nitrogen. The pellet was then
thawed and treated with 150 pl/OD denaturing lysis buffer (1.85M
NaOH, 7.5% B-mercaptoethanol) for 15 min on ice. The lysate was then
mixed with 1 volume of 55% (w/v) trichloroacetic acid (TCA) for 15 min
on ice. Proteins were then pelleted by centrifugation (16000 x g, 4 °C,
15 min) and washed with 1 volume of water (16000 x g, 4 °C, 15 min).
The protein pellet was then resuspended in 50 pl/OD HU sample buffer
(8 M urea, 5% SDS, 1mM EDTA, 1.5% DTT, 1% bromophenol blue) and
heated for 10 min at 65 °C before running on 4-12% NuPAGE Bis-Tris
gels in MOPS buffer for 90 min at 150 V. We used Novex™ Sharp Pre-
stained Protein Standard as a ladder. Transfer onto nitrocellulose
membranes was conducted using an iBlot2 Gel Transfer device at 25V
for 7min. RPA subunits were detected using an anti-RFA antibody
(Agrisera, AS07-214, 1:5,000 dilution in 5% skim milk in TBS-T). Poll-
3XFLAG was detected using the ANTI-FLAG M2 antibody (Sigma
Aldrich, F3165-.2MG, 1:2,000 dilution in 5% skim milk in TBS-T). pGALI-
3xHA-POL32 constructs were detected using Anti-HA Tag antibody
(Sigma Aldrich, 05-904, 1 pg/ml dilution in 5% skim milk in TBS-T).
Rad53 was detected using anti-Rad53 antibody EL7.E1 (Abcam,
ab166859, 1:2,000 dilution in 5% skim milk in TBS-T). The secondary
antibodies used in this study were Anti-Mouse IgG HRP Conjugate
(W402B, Promega), Anti-Rabbit IgG HRP Conjugate (W401B, Promega)
at a 1:5,000 dilution in 5% skim milk in TBS-T.

Cell cycle analysis by flow cytometry

Strains were grown overnight at 23 °C in YPDUA at 200 rpm. Subse-
quently, cultures were diluted to ODgpo =0.3 and grown for 150 min
(23 °C, 200 rpm). a-factor (Zymo Research, Y1001, 10 mM) was added
to a final concentration of 0.1 pM and cultures were grown for an
additional 60 min (23 °C, 200 rpm). V2 of the culture volume or the
whole volume was then shifted to 30 °C and all cultures were grown for
an additional 60 min (200 rpm) and cells were checked for shmoo
formation with a light microscope. Cultures were then washed twice
with 1 volume of YPDUA (1315 x g, 2 min) and then resuspended in 1
volume of YPDUA containing Pronase E (Millipore Sigma, 537088) to a
final concentration of 50 pg/ml and released at the respective
temperatures.

0.5-2 x 107 cells were then collected at the indicated time points,
washed with nuclease-free water and permeabilized with 1ml 70%
ethanol for overnight at 4 °C. After centrifugation (5min, 200 x g,
4 °C), pellets were washed in 1 mL 50 mM Tris-HCI pH 7.5 and the cells
were resuspended in 500 pL 50 mM Tris-HCI pH 7.5 containing 2 mg/
ml RNaseA (Thermo Scientific, ENO531) and incubated overnight at
37°C. After centrifugation, the pellet was resuspended in 200 pL
50 mM Tris-HCI pH 7.5 containing 1 mg/ml Proteinase K (Thermo Sci-
entific, EO0491) and placed at 50 °C for 30 min. The cells were then
pelleted by centrifugation (5 min, 2400 x g, 4 °C) and resuspended in
500 pL of 50 mM Tris-HCI pH 7.5 and stored at 4 °C until measure-
ments were acquired. Before analysis, 100 pL of the prepared sample
were added to 1 ml 50 mM Tris-HCI pH 7.5 supplemented with 1 pM
SYTOX™ Green Nucleic Acid Stain (Invitrogen, S7020). Data was
acquired on an Attune™ NxT machine using the Attune NXT software (v
3.1.2), and analyzed in FlowJo (v 10.10.0). We acquired 10,000 events
on the ungated parameters, gating strategy can be observed in Sup-
plementary Fig. 6b.

Live-cell microscopy of replication fork progression

Yeast strains were grown overnight in synthetic complete (SC) medium
at 23 °C. Exponentially growing cultures were diluted to ODggo= 0.2,
10 pg/mL a-factor was added to arrest cells at G1 phase and cultures
were incubated for 1h at 23 °C and then shifted to 30 °C. Cells were

then immobilized on microscopy chamber slides (Ibidi) coated with
2 mg/mL concanavalin A (Sigma) and washed thoroughly with warm
SC medium to release the cells into S-phase. During imaging, cells were
incubated in SC medium containing 4% glucose at 30 °C. Live-cell
imaging was performed on a CellDiscoverer 7 automated microscope
(Zeiss) with an integrated LED light source, at 1 min intervals for 2 h,
using a 50x apochromatic water objective (NA =1.2) in 3D (8 z-sections
0.8 um apart). Time-lapse measurements were collected using ZEN
3.0 software and analyzed using a custom-made, Python-based com-
putational pipeline developed specifically for the analysis of replica-
tion rates, similar to a previous study”’. Our pipeline identifies, tracks
and quantifies the Lacl-Envy and TetR-tdTomato dots in each cell. For
each strain, at least 200 cells were measured in two independent
experiments. Statistical analysis of replication rates was performed
using Monte Carlo resampling with 1,000,000 iterations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that all data supporting the findings of this study
are available within the paper, and the Supplementary Informa-
tion. Source data are provided with this paper.

Code availability
The code for the live-cell microscopy analysis is available upon request
without any restrictions.
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