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Abstract

Typically disease-causing CAG/CTG repeats expand, but rare affected families can display high levels of
contraction of the expanded repeat amongst offspring. Understanding instability is important since arresting
expansions or enhancing contractions could be clinically beneficial. The MutSf mismatch repair complex is
required for CAG/CTG expansions in mice and patients. Oddly, by unknown mechanisms MutSB-deficient mice
incur contractions instead of expansions. Replication using CTG or CAG as the lagging strand template is known to
cause contractions or expansions respectively; however, the interplay between replication and repair leading to this
instability remains unclear. Towards understanding how repeat contractions may arise, we performed in vitro SV40-
mediated replication of repeat-containing plasmids in the presence or absence of mismatch repair. Specifically, we
separated repair from replication: Replication mediated by MutSp- and MutSa-deficient human cells or cell extracts
produced slipped-DNA heteroduplexes in the contraction- but not expansion-biased replication direction.
Replication in the presence of MutSp disfavoured the retention of replication products harbouring slipped-DNA
heteroduplexes. Post-replication repair of slipped-DNAs by MutSB-proficient extracts eliminated slipped-DNAs.
Thus, a MutSB-deficiency likely enhances repeat contractions because MutSp protects against contractions by
repairing template strand slip-outs. Replication deficient in Ligasel or PCNA-interaction mutant Ligasel revealed
slipped-DNA formation at lagging strands. Our results reveal that distinct mechanisms lead to expansions or
contractions and support inhibition of MutSf as a therapeutic strategy to enhance the contraction of expanded

repeats.
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Highlights
- slipped DNAs persist following replication of a contraction biased template in the absence of mismatch
repair
- repair of contraction intermediate slipped DNAs is performed by MutSp

- role of MMR proteins is distinct for repeat expansion versus contraction events
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Introduction

At least 14 neurological, neurodegenerative, and neuromuscular diseases, including myotonic dystrophy type 1
(DM1) and Huntington’s disease (HD), are caused by CAG/CTG repeat expansions in specific genes. In healthy
individuals, repeat tract lengths typically range from 5-24 repeats, which are genetically stable. Expanded tracts of
>35 repeats are unstable and tend to expand further in transmissions and in tissues, leading to disease. Typically
CAG/CTG repeats expand, but rare DM1, HD, SCA1 and SBMA families can display high levels of contraction of
the expanded repeat [1-17]. Furthermore, while most somatic tissues show ongoing expansions as the patient ages,
some tissues, such as the male germline of spinocerebellar ataxia type 8, Friedreich’s ataxia, and fragile X men,
show clear signs of contractions of the inherited expansion (reviewed in [18]). Most studies of the role of
mammalian mismatch repair (MMR) on CAG/CTG instability have focused upon the mechanism of expansion; little
is known regarding the mechanism of mammalian MMR involvement in repeat contractions. Understanding the
process of repeat contractions is important since harnessing this process may be clinically beneficial. It is thought
that repeat expansions and contractions occur due to the formation of slipped-DNA structures, which may form
during DNA replication, damage, or repair; however, the process through which slipped-DNAs actually form has
not been revealed.

While repeat expansions clearly arise in non-proliferating tissues, such as patients’ brains [19], DNA
replication is likely to be involved under some contexts. Several studies have demonstrated links between DNA
replication and trinucleotide repeat (TNR) instability, including those using cell lines derived from myotonic
dystrophy patients, where spontaneous CTG expansions occur under proliferating but not non-proliferating
conditions [20-22]. In bacteria, yeast, an SV40 replication system, HeLa, and DM1 patient cell lines, the direction of
replication through an expanded repeat tract was found to affect repeat instability [23-26]. In all systems, repeat
contractions were predominant when the CTG strand was the lagging strand template. Biases for repeat expansions
were evident specifically when CAG was the lagging strand template in a primate replication system, DM1 patient
cell lines, and tissues of DM1 transgenic mice [26-30]. In agreement with this, CAG serves as the lagging strand
template in the replication directions observed at the mutant HD, SCA7, and DM1 loci in cell lines derived from
HD, SCA7, and DM1 patients [28, 31]. Evidence explaining the replication-direction sensitive tendencies towards
expansions or contractions has not been provided, but it has been hypothesized to be due to the differential
propensity of CAG versus CTG repeats to form slipped-DNA heteroduplexes, or their differential processing by
repair machinery at replication forks.

A key function of the mismatch repair pathway is to maintain genome stability by repairing mispaired DNA
heteroduplexes. There are two complexes involved in mismatch recognition — MutSo. (MSH2 + MSH6) and MutSf
(MSH2 + MSH3). MutSa acts in the repair of some base-base mispairs and short insertion/deletions (IDLs), while
MutSp acts in repair of selected base-base mispairs and both short and long IDLs [32-37]. Both MutSa and MutSp
are part of replication fork complexes [38-40], and recent evidence indicates that MMR protein expression correlates
with tissue proliferation status in mice [41]. Despite their role in genome maintenance, MMR proteins have been

found to be required for trinucleotide repeat expansion mutations (reviewed in [42]). In many, but not all transgenic
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mice harboring unstable CAG/CTG repeats which show a repeat expansion bias both in somatic tissues and in
transmissions to offspring, deficiencies in MSH2 or MSH3, but not MSH6, led to a striking switch from an
expansion bias to a contraction bias [43-48]. Not all transgenic mice display this switch to a contraction bias, but
some have repeats that are stabilized [47-50] — suggesting a link between MMR and instability. In DM1 mice with
>300 CTG repeats, a contraction bias was observed on a defective Ligase I background (46BRLigIlm/m) in the
maternal germline, a phenomenon explained by the unique replication pattern in these cells [30]. In human
embryonic stem cells derived from germ cells of patients with DM1 (expanded CAG/CTG repeats), it was shown
that the DM1 repeat was stabilized upon cell differentiation — coinciding with a decrease in MMR protein expression
[51]. Similar requirements of human MSH2-MSH3 proteins for CAG/CTG expansions were found in iPS DM1
patient cells [52]. Thus, in the case of CAG/CTG repeats, human and murine MMR seems to be required for
expansion mutations instead of protecting against them — yet the processes through which this occurs are unknown.

Previously we studied the role of MMR proteins in the in vitro repair of slipped-CAG/CTG repeats. The
involvement of MMR in slipped-DNA repair is dependent upon the length and number of slip-outs. Repair of large
slip-outs with 20 or 25 excess repeats does not require MMR [53, 54], while repair of shorter slip-outs (1-3 repeats)
is dependent upon MMR — specifically MutSB [55]. Repair of intermediate lengths (5-10 excess repeats) is
moderately improved by the presence of MutSB [S55, 56]. Surprisingly, the clustering of multiple short slip-outs
interferes with repair activity (attempts to repair several closely situated slip-outs can lead to repeat expansions)
[55]. We recently identified clustered slipped-DNAs at the unstable trinucleotide repeats (CTG)n*(CAG)n of the
myotonic dystrophy disease locus in non-mitotic tissues (brain, muscle, heart, etc.) of DM1 patients [57]. The
amounts of slipped-DNA molecules were greater in tissues having greater levels of CTG expansions — supporting
the formation of clustered slipped-DNAs as persistent mutation products of repeat expansions in non-mitotic states,
and not merely as transient mutagenic intermediates. While repair of pre-formed slipped-DNAs has been observed,
the role of human MutSa or MutSp during replication of repeat tracts has not been reported.

To assess the effect of MMR proteins upon the replication of CAG/CTG repeat tracts, we replicated repeat-
containing templates using human cell extracts in the presence or absence of MMR-proteins. This SV40 replication
fork model reflects many, but not all aspects of chromosomal replication forks. The same replication-direction
sensitive repeat expansions and contractions evident in human, murine, and yeast cells occur [23-26]. Importantly,
MMR proteins track with the SV40 replication complex, as it does with chromosomal replication forks [40]. In this
system both replication and repair could occur simultaneously or can be separated from each other. In the presence
of MMR, templates displayed either an expansion- or contraction-bias, determined by the direction of replication
through the repeat [26, 27]. Unexpectedly, in the absence of MMR we detected the formation of slipped-DNA
heteroduplexes during replication in one direction but not the other. The results suggest that slipped heteroduplexes

form and then are processed following replication fork passage by a MutSp-dependent mechanism.
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Results

Slipped-DNA formation is MMR- and replication direction-

dependent - To assess the role of MMR proteins in the replication of CAG/CTG repeats, we used a well-

established in vitro SV40 replication assay. We previously mapped the initiation of replication to the SV40 origin
sequence, regardless of the presence of the CAG/CTG repeat [26, 27]. The site of initiation was unique and identical
to that reported by many independent studies ([58-61], reviewed in [62-64]).

Circular SV40-replication templates containing 79 CTG repeats (Figure 1) were replicated using either HeLa
(MMR-proficient) or LoVo (MMR-deficient; genetically MSH2-/- but also deficient in MSH3 and MSHG6 proteins
[55]) extracts in the presence of SV40 large T-antigen. MMR is known to be active in these replication assays, as the
same extracts and conditions (with the exception of SV40 large T-antigen) are used for in vitro mismatch repair
assays [54]. Alterations to the repeat following in vitro replication were measured using the STRIP assay [26, 27].
Briefly, fully-replicated products of in vitro replication were obtained by eliminating unreplicated or partially
replicated material using Dpnl digestion, Dpnl-resistant material was transformed into bacteria, and then plasmid
DNA was isolated from individual colonies (Figure S1). Repeat tracts in the replicated DNA were analyzed by
releasing the repeat-containing fragment by restriction digestion followed by polyacrylamide gel electrophoresis. It
is expected that each individual colony is representative of one product of replication due to the small ratio of
DNA:bacteria during transformation [65]. Since the absence of MSH2 or MSH3 in mice led to high levels of repeat
contractions, we focused upon a replication template which yields a contraction-bias when replicated by HeLa, in
which the SV40-ori is placed 98 base pairs upstream of the CTG repeat (pDM79E — CTG strand as the lagging
strand template) (Figure 1) [26, 27].

To assess the effect of MMR upon replication of the contraction-biased plasmid pDM79E, we performed
replication using MMR-deficient LoVo cell extracts. Unexpectedly, analysis of individual replication products from
these reactions yielded many mixed bacterial colonies that contained two repeat-containing fragments (Figure S2A,
Figure 1). The high number of mixed colonies was specific for replication mediated by LoVo cell extracts, as there
was a significant increase in the number of mixed colonies compared to the same template replicated by HelLa
extracts (Figure 1: 44.0% versus 17.7%, x* test: p=2.2 * 107). The number of double repeat-containing colonies in
HeLa replicated material (17.7%) was similar to that present using only the starting template (DNA not exposed to
human cellular extract), 25.4%. Incubation of pPDM79E with LoVo in the absence of T-antigen (no replication; no
Dpnl digestion) also yielded a similar result as the starting material: 25.7% mixed colonies (19 of 74 colonies).

Thus, an increased number of mixed colonies depended upon LoVo-mediated replication.

The large number of mixed colonies also depended upon the direction of replication (CAG versus CTG as the
lagging strand template), as LoVo replication of an expansion-biased template pDM79H did not lead to a high level
of mixed colonies (12.8%, Figure 1). The presence of mixed colonies appeared to depend upon replication direction,

but may also be due to a predisposition towards contractions versus expansions. To test this possibility, we assessed
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Figure 1. Replication-direction sensitive production of two repeat-containing fragments per colony by LoVo
extracts.

SV40 replication templates used in in vitro replication assays, all with 79 CTG/CAG repeats. Locations of the SV40
replication origin (blue circle) relative to the repeat tract are: pPDM79E-98 bp upstream; pDM79H-103 bp
downstream; pPDM79B-332 bp upstream. Lines intersecting the plasmids indicate restriction digestion sites to
release the repeat containing fragment. Schematics below plasmids indicate the sequence of the lagging strand
template. Templates were replicated with human cell extracts and assessed by bacterial STRIP analysis (Methods).
Graph shows percentage of bacterial colonies from STRIP containing two (double) repeat-containing fragments.
Actual numbers are shown at bottom and significance level indicated above graphs (%’ test). NB, while both
pDM79E and pDM79B are equally susceptible to slippage events, differences in either the site of Okazaki initiation
relative to the repeat [66] and/or post-replication repair permits pPDM79E and pDM79B to be contraction-biased and
stable respectively following replication by HeLa extracts.
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the levels of mixed colonies produced from replication template pDM79B (Figure 1) that is replicated in the same
direction as the contraction-biased pDM79E, but initiates replication from a more distal origin yielding a stable
repeat tract following replication [27]. Replication of pDM79B by LoVo yielded 49.2% double repeat fragments,
similar to what was seen for pPDM79E (44.0%) and significantly greater than what was seen for pDM79H (12.8%)
(Figure 1; p = 2*107). Thus, the large number of replicated products producing mixed colonies was specific to
replication direction as well as the MMR-deficiency.

Since each bacterial colony represents one replication product, only one repeat—containing fragment is
expected per colony. The presence of double repeat-containing fragments within a single colony might be due to any
of four scenarios: 1) each colony may have a single plasmid that recombined to harbor two tandem repeat-containing
fragments; 2) the persistence of linked newly-replicated circular daughter molecules with different repeat lengths; 3)
unprocessed recombination intermediates between two plasmids containing different repeat lengths; or 4) SV40
replication products contain slipped-DNA heteroduplexes. A series of experiments tested and ruled-out the first
three options (Figure S3-5), leading us to focus upon the possibility that slipped-DNAs had formed at the repeats.
Specifically, during in vitro SV40 replication, DNA slippage may lead to a differential number of repeat units
between the nascent and template strands — essentially yielding a heteroduplexed replication product, which may
escape repair. Upon transformation into bacteria, the subsequent replication of the heteroduplex plasmid would
result in mixed colonies containing two plasmids with different repeat lengths, each derived from the parental
strands of the transformed heteroduplex. Transformation of plasmids harbouring heteroduplexes into bacteria has
previously been reported to yield mixed colonies [67-72]. To test whether MMR-deficient replication indeed
produced heteroduplex plasmids, replication products from LoVo extracts were digested with T7 endonuclease 1
(T7endol), which cleaves across DNA-junctions including slipped-DNAs [73]. This enzyme cuts 5’ to the slip-out in
heteroduplex DNA, resulting in linearization of the DNA at the slip-out (Figure 2A and 2B) which would eliminate
any colonies with two repeat-containing fragments that were caused by heteroduplexes (Figure 2A). E. coli is unable
to re-circularize linearized plasmids [74], a phenomenon that we confirmed with repeat-containing plasmids [75].
Thus, T7endol digestion should leave only fully-duplexed circular DNAs with the same number of repeats on both
strands to be transformed into bacteria and fewer double fragments should appear. Conditions for T7endol cleavage
of slipped DNAs were optimized using a pre-formed circular slipped-DNA (Figure 2B). LoVo replicated DNAs
isolated by Dpnl digestion were subjected to T7endol cleavage or mock treated and assessed in bacteria. T7endol
cleavage significantly reduced the levels of double repeat-containing colonies from 44% down to 20% (p = 0.00035;
Figure 2C). While T7endol can also cleave DNA junctions other than slipped-DNAs, such as recombination
intermediates, 2D-gel analyses of replication products ruled-out the possibility that the double repeat colonies were
the result of recombination intermediates (Figure S5). Thus, the elimination of the doublet-colonies by T7endol
digestion demonstrated that the double repeat fragments were likely caused by the presence of slipped-DNA

heteroduplexes in the SV40 replicated material.

We attempted to independently detect the slipped DNAs using various approaches. Electron microscopic
analysis failed to reveal any molecules with slip-outs, possibly due to the poor efficiency of replication and/or the

small slip-out size. We assessed the relative replication efficiencies of LoVo and HeLa extracts (Figure 3A, see



Slipped trinucleotide repeats form during MMR-free replication

£ g
S 9 , ,
@S — T7 endo | S + Mixed colonies
2 s o
o= o
o =
Q 3 = No colony
S - + T7 endo | o
2 E’ ®
£
—+ T7endol & )
- > % Single colony
=

B C p =0.00035
50
8, —
52
o 301 —
Pre-formed heteroduplex Sa
oQ
T7 endo | — + 0L 201
treated g9
-E ©
heteroduplex — g5 107
linear - [} s
o 0+
LoVo +
LoVo T7endol
W double | 122 (44.0%)| 13 (20.0%)
single | 155 (56.0%)| 52 (80.0%)
total 277 65
colonies

Figure 2. Mechanism of double fragment formation.

A: Schematic showing likely scenario leading to double repeat-containing fragment formation, tested by T7endol
digestion. B: Gel showing digestion of pre-formed circular slipped-heteroduplex to linear plasmid by T7endol
digestion at optimized conditions. C: Graph shows percentage of colonies with double repeat-containing fragments
in LoVo replicated pDM79E material with and without T7endol digestion prior to bacterial transformation. Actual
numbers are shown at bottom and significance level indicated above graphs () test). For other possible avenues see
Figure S2-5.



Slipped trinucleotide repeats form during MMR-free replication

A B P
SV40-ori BamH Sovot
— £OVO-S
SV40-ori \09 Wl
HelLa LoVo
(32 ug) (90 ug)
TAg + + + +
Dpnl - + - + > o > o
Q\?y \/§ ¢’ \/§

uoneolidas
ajo|dwon
z
+

Plasmid “

RS
+ +
‘i

5
8
53 £g
33 ] o2
3% 83
353 22
= =
o - 2
g2 . ] $3
- |%8 y b
v S (CTG),e ] ’
9 4
’ 1 2 1 2
1.2 3 4 short exposure long exposure
Replication Efficiency )
DNA Structure Analysis

Analysis

Figure 3. LoVo extracts have reduced SV40 replication efficiency, and yield more slow-migrating replication
products.

A) The efficiency of replication by LoVo extracts was considerably reduced compared to the MMR-proficient HeLa
cell extracts: Compare the amounts of fully-replicated products (linearized, see arrow) to the unreplicated or
partially replicated material digested by Dpnl (Dpnl cleaves bi-methylated adenosine residues at GATC sites of
bacterial but not primate replication). B) Replication products produced in the presence of all four radionucleotides
were assessed for their electrophoretic migration following release of the repeat-containing fragment and resolved
on 4% PAGE. Slipped-DNA heteroduplexes migrate slower than fully-duplexed species [76]. A slow-migrating
smear representing a high-proportion of the repeat-containing fragment was evident for the LoVo replicated material
compared to the HeLa replicated material. Moreover, a distinct species was just evident in the LoVo but not HeLa
replicated material, see arrow.

arrow). The amount of fully-replicated material produced by LoVo extracts was considerably less than the amount
produced by HeLa extracts. Southern blotting, which in theory might be expected to yield a signal of slow-migrating
slipped-DNA species also failed to detect a singular slipped-species. This was unsuccessful likely due to the
heterogenous nature of the slip-outs yielding a smear of different species where there was not sufficient amounts of
any one species to be detectable by Southern. We previously observed error-prone repair products during repair of
pre-formed slipped—DNAs [54]. Error-prone-repair products could only be detected by radio-incorporation of all

four radionucleotides; neither Southern blotting, nor electron microscopy were able to detect these heteroduplexes.

10



Slipped trinucleotide repeats form during MMR-free replication

Using a similar approach, we assessed whether the electrophoretic migration pattern of radio-incorporated
replication products produced by LoVo differed from those produced by HeLa extracts. There was a considerable
smear of electrophoretic species migrating slower than the starting repeat length in the LoVo replicated material
compared to the HeLa replicated material (Figure 3B, see arrow). Slow-migration might be caused by the presence
of slipped-heteroduplex DNA at the repeat region. Within this slow-migrating smear is an enrichment of a species
evident as a band, more evident in darker exposures (Figure S5). These results, coupled with the T7endol results

above, support the presence of rare, short slip-out species produced by LoVo replication.
Slipped-DNAs formed during contraction-biased replication are

eliminated via MutSf-mediated post-replication repair - it slip-outs formed

during replication by the MMR-deficient LoVo extracts escaped repair due to the absence of MMR proteins (MSH2,
MSH3, and MSH6), their inclusion during replication should eliminate the presence of slip-outs in the replicated
products. To test this in an isogenic manner, recombinant purified proteins were added to the LoVo extracts during
replication and the presence of slipped-heteroduplexes in the replicated material was assessed. Addition of MutSp to
the LoVo replication reaction led to a highly significant decrease in heteroduplex formation (p = 2*10” compared
with LoVo), reducing the number of double fragment colonies to levels present in the starting material and present
in HeLa replicated material (Figure 4, 21%; p = 0.37 compared to starting material, p = 0.45 compared to HeLa).
Addition of MutSa to the LoVo replication reaction led to a partial decrease in slipped heteroduplex formation
(34.3% double fragments, Figure 4), which was significantly lower than in uncomplemented LoVo (p = 0.02),
although still significantly more than found in HeLa (p = 0.0007). The complete rescue by addition of MutSf
indicates that it is involved in eliminating slipped-DNAs formed during replication. Since human MMR proteins are
in complex with the replication fork machinery [38-40], it is likely that this repair occurs coincident with, or
immediately following replication. The partial elimination of slipped-DNAs with MutSa and their complete
elimination with MutSp indicates that the heteroduplexes which form during replication are likely short slip-outs (<3
repeat units), since MMR proteins are not involved in the repair of long slip-outs but are absolutely required to
repair short slip-outs, a process preferentially mediated by MutSp [55]. Thus, the inclusion of MutSp or to a lesser
degree MutSa, during replication of a contraction-biased template disfavours the retention of replication products
harbouring slipped-DNA heteroduplexes.

The retention of slipped-DNAs following replication by MMR-deficient LoVo extracts might be due to their
inability to be repaired; it should be possible to repair these errors through in vitro repair of the replication products
using MMR -proficient HeLa extracts. To test this, replication products produced by LoVo extracts were purified and
then treated with HeLa extracts in the absence of SV40 large T-antigen (no replication can occur, allowing only
repair). Following this post-replication repair, the number of slipped-DNA/mixed colonies was significantly
decreased from 44% to 27.5% (p = 0.0028); levels similar to that present in the starting material (27.5% double
fragments, p = 0.71 compared to starting material; Figure 4). Thus, slipped-DNAs formed during the passage of the

MMR-deficient replication fork could be eliminated by post-replication repair using MMR-proficient HeLa extracts.

11
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Figure 4. MutS is required for repair of slipped-DNAs formed during replication.

Graph shows percentage of colonies with double repeat-containing fragments in HeLa- or LoVo-replicated pPDM79E
material. Levels of double fragments significantly decreased with the inclusion of MutS or MutSa proteins to
LoVo extracts during replication or when LoVo-replicated material was de-proteinized, purified and subjected to
post-replication repair with MMR-proficient HeLa extract. Actual numbers are shown at bottom and significance
level indicated above graphs (% test).

Slipped-DNAs form during lagging strand synthesis - in our system,

changing replication direction led to a significant difference in slipped-DNA structure formation. It is likely that
slipped-DNA formation was increased preferentially in the contraction-biased replication direction because the most
stable structure forming CTG repeats were in the lagging strand template, and structures are more prone to forming
in the lagging strand template as it is left single-stranded prior to the synthesis of Okazaki fragments. To test this, we
assessed the effect of ligase I deficiency on slipped-DNA formation. Ligase 1 (Ligl) is required for efficient joining
of Okazaki fragments on the lagging strand, so a Ligl deficiency would have a greater impact on lagging strand

synthesis than on leading strand synthesis [77-81]. We used a human cell line, 46BR.1G1, which expresses a mutant
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DNA Ligl, which maintains only 3-5% activity compared with wild type hLigl [77-81]. Replication of the

contraction-biased pDM79E template by 46BRLigI™™

extracts led to a high level of slipped-DNAs/mixed colonies,
which was significantly reduced in similar assays with extracts from a derivative that stably expresses wild type Ligl
46BRLigI™™™" or through the addition of purified wild type hLigl protein to the replication reaction (Figure 5A).
Similar results were obtained with extracts of a 46BR.1G1 derivative that stably expresses a mutant version of hLigl
with a defective ability to interact with PCNA (46BRLigI™™""*™4) (Figure 5A). Together these results support the
idea that slipped-DNAs are formed during lagging strand synthesis and suggest that these structures are formed

more readily when ligation of Okazaki fragments is delayed due to Ligl-deficiency.

Slipped-DNAs formed during replication in the absence of MMR

are eliminated by post-replication repair - The above results suggest that slipped-

DNAs formed during replication fork passage may escape efficient post-replication repair. Replication by a mixture
of MMR-deficient LoVo extracts with Ligl deficient 46BRLigI™™ extracts did not lead to increased slipped-DNAs,
indicating that these cell extracts complemented each other for both defective replication and repair activities in the
formation/repair of slipped-DNAs (Figure 5B). To further delineate the timing of the formation and repair of
slipped-DNAs we replicated the contraction-biased template in the absence of MMR (LoVo) and the replication

m/m;wt-

products were then repaired in the absence of T-antigen, by the PCNA interaction-defective hLigl (46BRLigl
PCNAY extract. The product of this post-replication repair did not contain high levels of slipped-DNAs, consistent with
the ability of this Ligl-defective extract to perform repair (short path BER and slipped DNA repair) [81, 82] (Figure
5B). The fact that slip-outs produced during replication by MMR-deficient LoVo extracts can be repaired in the
absence of replication, by MMR-competent extracts (LoVo+MutSp, HeLa, or 46BRLigI™™"""™* Figures 4 & 5)
indicates that post-replication repair processes following the passage of the replication fork are responsible for
repairing slipped-DNAs formed in a contraction biased direction. This finding is consistent with the ability of HeLa
extracts to repair slipped-DNAs formed by LoVo-mediated replication (Figure 4). Thus, the formation of slipped-
DNAs most likely arises during Okazaki fragment synthesis and their repair likely follows replication fork passage.
Towards addressing whether slipped-DNAs could form on chromatinized DNAs, we transfected the contraction
templates into human cells, where templates are compacted into chromatin before DNA replication [83], in contrast
to in vitro replication. Replication products isolated from HeLa or LoVo cells were assessed for repeat lengths in
bacteria, as above. Replication in HeLa cells yielded 6.25% double repeat-containing fragments/slipped-DNAs (6
out of 96 colonies). In contrast, significantly more slipped-DNAs were present in DNAs replicated in LoVo cells

25% (24 out of 96, p = 0.00035). These results support the formation of slipped DNAs in chromatinized DNA.
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Figure 5. Human Ligl-deficiency enhances slipped-DNA formation in pDM79E replicated DNAs.
Replication was performed using extracts derived from a human cell line, 46BR.1G1 (46BRLigIm/m), that expresses
a mutant DNA Ligl which maintains only 3—5% of ligase activity compared with the non-mutant hLigl, as well as a
series of cell lines derived from 46BRLigIm/m: The Lig-deficient line (Ligl ") was complemented to stably express
wildtype Ligl (46BRLigI™™"" = LigI"""), or complemented to stably express a wildtype hLigl with a defective
ability to interact with PCNA (46BRLigI™™"" P4 = [jo"*PCNA) ' A: Graph shows percentage of colonies with
double repeat-containing fragments in replicated pPDM79E material mediated by extracts of cell derivatives of hLigl-
deficient cells, in some reactions purified wiltype human ligase I protein (Ligl) was added. Actual numbers are
shown at bottom and significance level indicated above graphs (y” test). B: Ligl defective and LoVo cell extracts
complement each other and reduce levels of colonies with double repeat-containing fragments in replicated
pDM79E material. LoVo-replicated material was de-proteinized, purified and subjected to post-replication repair
with MMR-proficient, but replication-deficient Ligl"”*"“"* extract. Actual numbers are shown at bottom and

significance level indicated above graphs (” test).
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Bacteria do not faithfully process slipped-heteroduplexes - our initial

aim was to assess repeat instability following MMR-deficient replication; however, the presence of multiple repeat-
containing fragments per colony hindered this analysis. Since in vitro replication only permits a single-round of
replication [59], at least one of the heteroduplex strands should contain the template starting length (79 repeats).
Provided bacteria faithfully replicate each of the parental strands of the slipped-heteroduplex, we would expect
mixed colonies where one of the plasmids contained the starting length and the other would have a mutation
(expansion or contraction). The majority of the mixed colonies that we observed had two repeat lengths that both
differed from the template, indicating that repeat length was being altered by the bacteria. This was confirmed by
transformation of a pre-formed circular slipped heteroduplex into bacteria. While all of the colonies had two repeat
lengths, the majority (>76%) of these mixed colonies had lengths distinct from either parental strand, indicating that
bacterial processing of repeat-containing slipped-heteroduplexes is mutagenic — however faithfully represents the
fact that a slipped-structure was used for transformation (Figure S6) (transformation of a fully-duplexed plasmid did
not yield significant numbers of mixed colonies (<20%, p = 2.7 X 10*)). Similar results were obtained using
bacterial strains deficient for mismatch repair. Since bacteria process the slipped-DNAs to lengths that are distinct
from the input heteroduplex strands, it is not possible to accurately assess instability of the LoVo-replicated
products: if neither of the two repeat-fragments in a mixed colony is the same length of the starting material, it is
impossible to know which of the two fragments was derived from the expansion or contraction event and which is
from the template strand. However, our results can confirm that many, but not all of the mixed colonies arising from
LoVo-replicated material are generated as a result of slipped-DNAs, and reveal the utility of bacterial transformation
as a means to identify the presence of slipped-heteroduplexes. (A portion of the mixed colonies are of unknown
origin, but likely arise following replication of the plasmids in bacteria as DNAs that have not been exposed to
primate cell extracts yield some mixed colonies.) Despite our inability to report changes in instability, the existence
of the double repeat-containing fragments/slipped-DNAs could provide clues as to how repeats are processed at

replication forks in the absence of MMR proteins.

Discussion

A variety of mechanisms and metabolic processes seem to be involved in the expansion and contraction of
trinucleotide repeats. Whether instability occurs during DNA replication, repair, or by another mechanism, the
mutation process is invariably thought to involve the formation of slipped-DNAs. Recent evidence revealed that
DMI1 patient tissues harboured slipped-DNAs at the mutant DM1 locus in patient tissues [57]. Leffak and colleagues
showed hairpin formation in cells harbouring an expanded CTG/CAG tract [25]. However, data revealing the
process through which slipped-DNAs are formed and retained has been limited. The idea of slipped-DNAs forming
during replication and then being repaired inaccurately is an idea that has long-persisted despite a lack of data

supporting interdependence between replication and repair in CAG/CTG instability (Figure 6).
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Figure 6. Slipped-DNA structures formed during replication that are intermediates of contraction events are
repaired by MutSg. See Discussion.

The existence of rare DM 1, HD and SBMA families that consistently display contractions of expanded repeats
rather than expansions, suggests that processes leading to contractions may be distinct from processes leading to
expansions [1-17]. Further evidence indicating differences in mechanisms leading to repeat contractions versus
expansions is the switch from expansion-biased mutations to contraction-biased mutations in numerous CAG/CTG
transgenic mouse models upon loss of MMR factors [43, 45, 48-50]. Moreover, the high level of CTG contractions
in the female germline only of DM1 mice in a Ligl-deficient background clearly indicates that there are distinct

expansion and contraction processes [30].

In affected families and in transgenic mouse models of CAG/CTG instability, the repeats show expansions
both upon transmission to offspring as well as in somatic tissues during ageing (reviewed in [42]). In many of these
mouse models, deficiencies of MSH2 or MSH3 eliminated CAG/CTG repeat expansions and led to a repeat
contraction bias [43, 45, 48-50]. In contrast to the consistent effect of MMR on CAG/CTG expansions in transgenic
mice, mammalian and patient cell models, the role of MMR on CAG/CTG instability in non-mammalian systems
has varied widely, with reports in yeast, bacteria, and flies claiming either no effect [84-86], stabilization [87-90], or
a destabilizing effect [88, 91-93]. In all non-mammalian models, contractions predominated and expansions were
rare. Where evident, the effect of MMR seemed to depend upon the direction of replication in some [91, 93] but not

all [89] bacterial and yeast systems. However, the link between replication and repair in each study has been unclear.

In this study, we used an in vitro replication assay that permitted inclusion, exclusion, or separation of repair to
investigate a potential link between DNA replication and mismatch repair in CAG/CTG repeat instability.
Interestingly, we found that slipped-DNAs are formed mainly in the replication-direction that can lead to
contractions, and these slipped-DNAs are repaired using MMR proteins. In contrast, any mutagenic intermediates
formed on the expansion-biased replication template are processed in the presence or absence of MMR. Our results

suggest that the role of MMR is different for contraction versus expansion events.
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In all systems tested thus far for effects of replication on repeat instability, replication direction is a crucial
factor [66], albeit replication is not the only contributor to instability. The direction of replication through a repeat
strand will be determined by the location of initiation relative to the repeat. Previously, we revealed that while there
were two replication origins at the human DM1 locus, upstream and downstream of the repeat, the replication
direction for expansions on the mutant allele used the CAG strand as the lagging strand template [28], the same as
what we observe for expansions in the SV40 system, and the same as has been mapped for the HD and SCA?7 loci in
patient cells [31]. We proposed that the switch from CAG/CTG expansions to contractions due to a Ligl-deficiency
in the maternal germline of the DM 1 mice might be due to the maternal germline-specific activation of the upstream
DM1 origin of replication coupled with de-activation of the downstream origin [30]. This change in replication
direction would then make the CTG strand the lagging strand template, which in the presence of perturbed Ligl,
would enhance contractions. Such contractions might be mediated by slipped-DNA formation, as observed herein
with the SV40 system. While the SV40 system has fundamental differences from chromosomal replication, the
similar replication polarity effects for expansions between it and the replication direction at disease loci in DM,
HD, and SCA?7 patient cells (all use CAG as lagging strand template) [28, 31] support SV40 as a relevant model for
instability. Furthermore, we were able to observe increased slipped-DNA formation in chromatinized plasmids,

further supporting the SV40 system as an informative model of repeat instability.

In our system, changing replication direction led to a significant difference in slipped-DNA structure
formation. It is likely that slipped-heteroduplex formation was increased when CTG repeats were in the lagging
strand template because CTG repeats form biophysically more stable structures than CAG repeats. Slipped-DNA
structures are likely more prone to form in the lagging strand template as it is left single-stranded for stretches of
~300 nucleotides prior to the synthesis of Okazaki fragments [58, 94]. We show that a deficiency of human ligase I,
either as result of reduced catalytic activity or a defect in binding to PCNA, also increased the formation of slipped-
DNAs, indicating that slipped-DNA formation occurs on the lagging strand, as Ligl is critically required for efficient
joining of Okazaki fragments [77-81]. Perturbation of lagging strand synthesis may enhance the propensity of
slippage. Similarly, changing MMR status may also exacerbate structure formation at the lagging strand template
because MMR is more active on the lagging strand than the leading strand [95, 96].

Recently Romanova & Crouse reported that MutSa has a strong bias toward repair of insertion loops, while
MutSp has an even stronger bias toward repair of deletion loops [97]. These authors suggested that this bias in repair
could be due to the different interactions of the MutS complexes with the various MutL complexes, initially
demonstrated by the labs of Jinks-Robertson, Liskay and colleagues [98]. Our findings suggest that human MutSp
protects against CTG/CAG contraction events, which is consistent with a preference of MutSp for deletion loops
[97], explaining the repeat contraction bias in many CTG/CAG transgenic mice deficient in either MSH2 or MSH3
[43-47, 49, 50].

Repeated attempts to directly visualize slipped-DNAs by electron microscopy were unsuccessful, possibly due
to their small size. Since repair of short slip-outs (<3 repeat units) is MutSp-dependent [55], the slip-outs we

detected were probably short because their presence was decreased to background levels with the addition of
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exogenous MutSp. Slipped-DNAs may also form during HeLa replication, but short slip-outs would be repaired by
the MMR machinery and hence would be undetectable. Further data supporting that slip-outs formed were short is
the relative slow-electrophoretic migration of the replicated material, much like short slip-outs (Figure 3) [76]. Our
data suggest that slipped-DNAs formed during LoVo replication persisted by escaping processing due to the lack of
MMR proteins, as we were able to reduce the incidence of these structures by the addition of MutSp. Other factors
driving the formation of slipped-DNAs may exist — as revealed by a Ligl-deficiency. Taken all together, the greater
propensity for lagging strand CTG repeat structure formation and the persistence of these slip-outs in the absence of
MMR, might explain why slipped-DNAs arise only in the contraction-biased replication template, and may indicate
that contractions occur by a different mechanism than expansions.

There are large differences between repeat lengths in various tissues in DM 1 patients due to somatic instability
[19]. The ongoing somatic expansions of trinucleotide repeats are thought to contribute to disease progression and
severity. Notably, individuals with smaller expansion sizes have later age-of-onset, less severe disease and slower
progression [1-17]. Due to differences in gene expression profiles between tissues [41, 99], or differences in
replication origin usage [27], certain tissues could have a greater propensity to form slipped-DNA structures, which
could alter trinucleotide repeat instability. If these structures require MMR for their repair, then when MMR is
lacking (genetically, or due to low expression levels) these DNA structures may persist leading to contractions.
Therapeutically, increasing contractions of expanded repeats would be advantageous — even if expansions were still
occurring, if contraction frequencies were greatly enhanced then the net result would either be a decrease in repeat
length, or shorter length increases. Since the MMR protein MutSp is needed to repair contraction intermediates,
disrupting MutSP function would most likely increase repeat contractions and thus mitigate disease progression and

severity.
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Materials and Methods

Cell Lines and Cell Culture - the repair proficient HeLa cells and the MMR-deficient LoVo

cells (genetically deficient in MSH2, and deficient in MSH3 and MSHG6 proteins), have previously been described
and characterized [55]. Three different ligase I-defective variant cell lines derived from 46BR.1G1 (46BRLigl;
hemizygous or homozygous for R771W with only 3—5% of wt ligase activity) have been described [81, 82]. Briefly,
these were created by stably transfecting pRC/RSV plasmids (Invitrogen) into the original patient cell line [81]; they
m/m,wt

are (i) 46BRLigl™™ carrying an empty vector, (ii) 46BRLigl
46BRLigI™™""P™NA expressing a hLigl cDNA mutant in PCNA binding. 46BRLigI™™" and 46BRLig[™™"FNA

expressing a wild type hLigl, and (iii)

are complemented hLigl cell lines but not truly corrected because the endogenous hLigl mutation is still present in
all derivative cell lines. Cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS,

1% penicillin/streptomycin, and 300 ug/ml Geneticin as described [81].

Replication Templates / Heteroduplexed DNA - Rreplication template design

has been previously described [26]. Briefly, the pDM79 circular plasmid contains a fragment of a genomic DM1
clone with 79 CTG repeats. pDM79E, pDM79H, and pDM79B have an SV40-ori containing fragment inserted into
the EcoRI, Hindlll, and Bgll sites of the pBluescript KSII+ plasmid, respectively. The EcoRI site is 98 nucleotides
upstream of the CTG repeat, the Hindlll site is 103 nts downstream of the CTG repeat, and the Bg/l site is 332 nts
upstream of the CTG repeat. pPDM79E-2 and pDM79H-2 each have an insert between the SV40-ori and the repeat
such that they are ~800 nucleotides apart for improved 2D gel resolution (Figure S5). Heteroduplexed DNA with 48
CTG repeats paired with 47 CAG repeats was made as previously described [54, 55].

In Vitro Replication/ Repair - Cell extracts of HeLa/LoVo were made and replication and

repair reactions were performed as described [26, 54, 55]. Briefly, plasmid DNA containing 79 CAG/CTG repeats
(150 ng) was replicated in a reaction containing: 100 pM of each dNTP, 200 uM of GTP, UTP and CTP, 4 mM
ATP, 40 mM creatine phosphatase (Roche), 100 pg/mL creatine kinase (Roche), 1 pg of SV40 T-antigen (Chimerx),
and 30 pL of whole cell extracts (concentration of ~4 mg/mL). Reactions were incubated at 37 °C for 4 hours, and
stopped for 1 hour (2X stop solution: 2 mg/mL proteinase K, 2% SDS, 50 mM EDTA pH 8.0). This system does not
permit re-initiation, hence products have undergone only one round of replication [5S9]. DNA was purified by
phenol/chloroform extraction followed by ethanol precipitation and resuspension in water. Dpnl digestion reaction

conditions ensured that digestion eliminated only unreplicated and partially replicated DNAs [65, 100].

Post-replication repair reactions were identical to replication reactions except that SV40 T-antigen was not

included, and the reaction time was only 30 minutes.
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Recombinant hMutSa, hMutSp and Ligl Expression - Expression and

purification of recombinant proteins using baculoviruses expressing hMSH2, hMSH3, and hMSH6 was as

previously described [55]. Human Ligl protein was expressed and purified as described [81].

Analysis of Replication Products - Replication products were analyzed as previously

described [26]. Briefly, purified replication products were digested with Dpnl to remove un-replicated material, and
then transformed into DHSa at DNA:bacteria ratios that permit less than one plasmid per bacterial cell [65]. In the
absence of T-antigen during replication reactions, all DNA was sensitive to Dpnl digestion and no bacterial colonies
were obtained, indicating that Dpnl digestion was effective. Bacterial colonies were cultured for ~6 hours, and
plasmids were purified. Mini-prepped DNA was digested with HindIIl or Pstl to release the repeat containing

fragment and run on 4% acrylamide gels to assess the products of replication.

TOpOII treatment - Topoll alpha (TopoGEN, TG2000H) treatment in the presence of extracts

(Figure S4) was carried out by adding the enzyme directly to the extract during incubation. As a control for activity,
0.1 pg of kDNA was treated with Topoll in reaction buffer (50 mM Tris-HCI pH 8, 120 mM KCI, 10 mM MgCl,,
0.5 mM DTT, 0.5 mM ATP, 30 ng BSA/mL) for 15 min at 37 °C. Topoll is active on KDNA in both Topoll reaction

buffer and in cell extracts (Figure S4).

T7endol treatment - Heteroduplexed DNA [54], and LoVo replicated material before

transformation, was treated with T7endol (New England Biolabs, M0302S) in NEBuffer 2 for 15 minutes at 37 °C.

T7endol treated replication material was re-purified by phenol/chloroform extraction before transformation.

2D gel electrophoresis —HeLa and LoVo cells were co-transfected with 1093 the SV40 large T-

antigen expression construct ([101], kindly provided by Ellen Fanning) and either pPDM79E-2 or pDM79H-2 using
Fugene 6 (Roche). After 24 hours, plasmid DNA was collected via Hirt’s lysis. pPDM79E-2 was digested with
Avrll/Xmnl and pDM79H-2 was digested with 4A/wNI/Avrll, then DNA was purified by phenol/chloroform
extraction. First dimension was run on a 0.4% agarose gel in the absence of ethidium bromide (EtBr) for 22 hours at
25V at room temperature. Second dimension was run on a 1% agarose gel in the presence of EtBr for 6 hours at
150V. Southern blotting was performed after the second dimension, probing for the Xmnl/4/wNI fragment (bold in
Figure S5A). Some of the Hirt’s material was treated with Dpnl to eliminate un-replicated material, and 1093 was
linearized using Bbsl, which uniquely cuts it to eliminate its contribution to the colonies. These DNAs were

transformed and assessed by STRIP analysis.
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Supporting Figure Legends and information
Figure S1. STRIP assay

SV40 replication templates were incubated with whole cell extracts (HeLa, LoVo, or 46BR derivatives)
and SV40 Large T-antigen. After 4 hours, reactions were stopped and DNAs purified by
phenol/chloroform extraction. Unreplicated material was digested with Dpnl, leaving behind Dpnl-
resistant material, which had been fully replicated by human cell extracts. Replication products were
transformed into bacteria (DH5a) at DN A:bacteria ratios that permit less than one plasmid per bacteria
[67], with only Dpnl-resistant material giving rise to colonies. Plasmid DNA was isolated from colonies,
the repeat-containing fragment was released by restriction digest, and

digests were run on 4% polyacrylamide gels. Figure has been modified from [26].

Figure S2. Sample set of pDM79E plasmid DNAs derived from colonies containing single or double
repeat containing fragments

A. Acrylamide gel shows representative repeat-containing fragment(s) released from pDM79E plasmid
after replication with HeLa (left) or LoVo (right) cell extract. Arrows indicate the presence of double
repeat-containing fragments.

B. Table shows the percentage of different types of doublets obtained with LoVo replication of
pDM79E plasmid.

Supplementary text. Double-repeat colonies are not due to tandem repeat tracts, catenated circular
dimers, or recombination intermediates.

The presence of double repeat-containing fragments within a single colony might be due to any of four
scenarios: 1) each colony may have a single plasmid that recombined to harbor two tandem repeat-
containing fragments; 2) the persistence of linked newly-replicated circular daughter molecules with
different repeat lengths; 3) unprocessed recombination intermediates between two plasmids containing
different repeat lengths; or 4) SV40 replication products are slipped-DNA heteroduplexes.

Not tandem repeats in the same plasmid: Each double-repeat colony may have a single plasmid that
recombined to harbor two tandem repeat-containing fragments. This is unlikely since tandem duplication
of CAG/CTG repeat containing fragments requires an initial template that contains at least two tandem
copies [112]. To demonstrate that the distinct-sized fragments were derived from non-concatemeric
plasmids, DNA isolated from the mixed colonies was re-transformed into bacteria — if individual colonies
from this secondary transformation each displayed a single repeat size, this would indicate that there were
two separate plasmid populations found in the initial mixed colony (Supplementary Figure S3A). This test
was performed on mixed colony plasmid DNA derived from SV40 replication using LoVo cell extracts,
and the secondary colonies each harbored plasmid DNA with a single repeat length (of either one or the
other repeat tract length found in the initial mixed colony) (Supplementary Figure S3B). This finding
further confirms that the presence of two repeat lengths in any given mixed colony occurs due to the
propagation of a slipped heteroduplex formed during SV40 replication in LoVo extracts.

Not circular catenated plasmid dimers: A second scenario that could produce two different repeat lengths

per bacterial colony is the persistence of catenated circular dimers (linked daughter molecules) with
different repeat lengths after in vitro SV40 replication (Figure S4A). In this situation, the daughter
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products of SV40 replication would not have been unlinked, and upon transformation into bacteria each
those colonies would amplify the two differently sized plasmids from replication, leading to the
appearance of two repeat-containing fragments. To test this, excess human topoisomerase II alpha
(Topoll) was added to LoVo extracts during in vitro replication since this should ensure decatenation of
newly replicated plasmids [113]. Sufficient amount of Topoll was added, using amounts that could
resolve the many catenated forms present in kinetoplast DNAs (Figure S4B). Upon inclusion of Topoll in
the SV40 LoVo extract replication reactions a decrease in the number of double fragments was not seen
(41.8% with Topoll versus 44.0% without), indicating that the LoVo replicated material was likely
monomeric (Figure S4, LoVo + Topoll). This strongly rules-out the possibility that the double repeat
colonies were the result of catenated dimers.

Not recombination intermediates in the same plasmid: To assess whether or not recombination
intermediates were responsible for our double repeat containing fragments, we performed 2D gel analysis
on DNA replicated in both HeLa and LoVo. (Analysis was performed on pDM79E-2 and pDM79H-2
because these plasmids had an additional fragment inserted to facilitate detection of recombination
intermediates or paused replication forks by 2D gel analysis. The proportion of double repeat-containing
fragments after LoVo replication compared to HeLa replication of pDM79E-2, and their absence for
pDM79H-2, was consistent with the values found for pPDM79E and pDM79H.) While slipped-DNA
formation would not be expected to alter migration in a 2D gel, the presence of recombination
intermediates would be apparent. Replication products isolated from HeLa or LoVo cells were assessed
for repeat lengths in bacteria, as above, to determine if DNAs replicated in human cells also yielded
double-repeat containing fragments following bacterial transformation. Replication in HeLa cells yielded
6.25% double repeat-containing fragments (6 out of 96 colonies). In contrast, significantly more double
repeat-containing fragments (25%) were found in DNAs replicated in LoVo cells (24 out of 96, p =
0.00035). These DNAs replicated in human cells were then assessed for the presence of recombination
intermediates on 2D gels. Figure S5 shows that there are no differences in the replication products
between HeLa and LoVo for each replication direction. This indicates that the double repeat containing
fragments are not due to recombination intermediates, but rather are more likely due to slip-outs that had
escaped repair in the MMR-deficient LoVo cell extract.

Are slipped-heteroduplexes processed by bacteria?: Since in vitro replication by human cell extracts only
permits a single-round of replication [57], when heteroduplexes are formed at least one of the strands
should contain the template starting repeat length. Provided bacteria only faithfully replicate each of the
parental strands of the slipped-heteroduplex, we would expect mixed colonies to contain one set of
plasmids harboring the starting length and the other with a mutation (expansion or contraction).
Alternatively, bacteria might repair the transformed slipped-heteroduplexes using either of the two strands
as a template, giving rise to colonies with plasmids having only one repeat length (starting length or
mutant). To determine whether bacteria would faithfully replicate each of the parental strands of a
slipped-heteroduplex, repair it to either of its parental strands, or process it to create lengths differing
from either parental strand, we transformed bacteria with either pre-formed circular heteroduplex DNA
containing a single repeat slip-out (48 CTG repeats paired with 47 CAG repeats), or with fully-duplexed
DNA containing 48 repeats in both strands as a control, then carried out STRIP analysis (Figure S6). For
the fully-paired 48/48 plasmid most colonies harbored a single repeat length within the starting length
range of 46-49 repeats (>81%). Only 19% show double repeat fragments, where 15.7% contained the
starting size and an expansion or contraction, and 3% were two contractions. In contrast, transformation
of the pre-formed 47/48 heteroduplex yielded only mixed colonies at a level significantly greater than the
fully-duplexed plasmid (p = 2.7 X 10-8). Surprisingly, the majority (>76%) had lengths distinct from
either parental strand, indicating that bacteria were producing two plasmids but in an unfaithful manner
(Figure S6). These results confirm that the mixed colonies arising from LoVo-replicated material are in
fact due to slipped-DNAs, and reveal the utility of bacterial transformation as a means to identify the
presence of slipped-heteroduplexes.
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It is presently unclear how bacteria are processing the slipped-heteroduplexes and what factors might be
involved. While a comprehensive study of potential factors that process slipped-heteroduplexes is beyond
the scope of the current study, our initial findings argue against a contribution of either GATC
methylation status or of bacterial MutS in slipped-heteroduplex processing. The Dpnl-resistant LoVo
replicated products would be hemimethylated at the Adenosine of GATC sites (the strand discrimination
signal for base-base mismatch repair in E. coli). The 47/48 heteroduplex and Dpnl-resistant LoVo-
replicated material are both hemi-methylated at GATC sites. Since transformation of both yielded many
mixed colonies with repeat lengths distinct from either of the strands of the input heteroduplex, this
suggests that differences in dam methylation are not contributing, albeit several groups have demonstrated
the existence of a bacterial heteroduplex repair system that is independent of methylation [70,72,114].

Transformation of a pre-formed slipped-heteroduplex into a MutS-defective strain yielded the similar
results compared to its parental isogenic MutS-proficient strain. For bacterial transformation of large
heteroduplexes, the repair outcome was independent of bacterial MMR status, except in cases of co-repair
of an adjacent base-base mismatch [68,72,73]. As briefly covered below, others have observed MMR-
independent processing of large heteroduplexes, but the factors involved are unknown. While a definitive
assessment of a wide-range of bacterial strains defective in various DNA repair defects is beyond the
scope of the current study, future research in this avenue may prove interesting.

Transformation of bacterial cells with circular heteroduplex molecules (plasmids or bacteriophage with
base-base mismatches, insertion/deletion heteroduplexes of 1 to several hundred excess non-repetitive
nucleotides, as well as multiple mismatched regions) has previously been demonstrated to produce mixed
colonies with two plasmids, each derived from either of the input parental strands [68,69,70,71,72,73].
These studies demonstrated that the products of transformations could be classified according to whether
they contained two plasmids derived from both strands of the original heteroduplex (mixed colonies) or
plasmids corresponding to only one of the strands of the input heteroduplex (pure colonies). Only in very
rare instances were products other than sequence equivalents of input parental strands detected (whether
mixed or pure) [72,73]. To this degree our slipped-DNA heteroduplexes appear to be unique in that the
mixed colonies yielded high levels of plasmids with lengths distinct from either strand of the input
heteroduplex — indicating that alterations are arising on both strands. While we are unable to determine
repeat size changes using our assay due to this bacterial processing, the STRIP assay does give an
accurate representation of the number of slipped-heteroduplex molecules present before transformation
(Figure S6). The ability of bacteria to produce mixed colonies following transformation of a slipped-
heteroduplex, regardless of size, provides a useful tool to detect the presence of slipped-heteroduplexes
amongst primate replication products.

Figure S3. Re-transformation of plasmids isolated from a mixed colony

A. Schematic of experiment, see text above.

B. Analysis of SV40-replicated DNA by LoVo extracts. Starting template length, S, the primary colonies
arising from transformed replicated material harboring two repeat tract lengths/colony. The re-
transformed material, lanes 1-5, revealing either of the two lengths in the primary colony — indicates that
the primary colonies actually harbored two distinct plasmids, rather than a single plasmid with two
lengths or two linked plasmids.

Figure S4. Topoll decatenation

24



Slipped trinucleotide repeats form during MMR-free replication

A. Schematic showing the formation of bacterial colonies containing two (double) repeat-containing
fragments after transformation by absence of decatenation of two plasmids.

B. To ensure that exogenous Topoll is active in the presence of whole cell extracts, its activity was tested
on the heavily-catenated kinetoplast DNA (kDNA) in the presence or absence of LoVo cell extract. Lane
1: untreated kKDNA. Lane 2: kDNA + Topoll (kDNA has been decatenated based on presence of both
relaxed circular and nicked circular forms). Lane 3: kDNA + Topoll + LoVo extract (kDNA is still
decatenated in presence of LoVo extract). Lane 4: kDNA + Xhol (linearized kDNA)

C: Graph showing the percentage of double fragment containing colonies in LoVo replicated pPDM79E
plasmid and LoVo replicated pDM79E plasmid treated with Topoll. Actual numbers are shown at bottom
and significance level indicated above graphs (2 test).

Figure S5. 2D gel analysis of replication products

To ensure that aberrant recombination was not occurring between replication templates, 2D gel analysis
of replication intermediates was performed.

A. Replication templates. pPDM79E-2 and pDM79H-2 are derivatives of pDM79E/H with an insert
between the repeat and the SV40-ori (blue circle) making the distance between the two sites ~800
nucleotides. Replication of the pPDM79E-2 template in the LoVo cell line still yielded the double repeat-
containing fragments in the STRIP assay, and these products remained negligible after HeLa replication.
Probe for 2D gels is the Xmnl/AlwNI fragment (darker).

B. 2D gel analysis of pPDM79E-2 and pDM79H-2 replication from HeLa and LoVo cells. pPDM79E-2 was
digested with Avrll/Xmnl for the analysis. pPDM79H-2 was digested with A/wNI/Avrll.

Figure S6. Heteroduplex DNA in DH5a

To ensure that DH5a bacteria were not repairing slipped-heteroduplexes before replicating the DNA,
fully-duplexed DNA (left - 48 repeat duplex) and slipped-heteroduplex DNA (right - 47/48 repeats) were
transformed into the bacteria and then the STRIP protocol was carried out. Multiple repeat-containing
fragments are seen in colonies from heteroduplex DNA transformation as shown in the table below — they
are not correctly repaired before replication.
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