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Abstract

Expansion of a CGG-repeat tract in the 5’UTR of FMR1 is responsible for the Fragile X-related
disorders (FXDs), FXTAS, FXPOI and FXS. Previous work in a mouse model of these disorders
has implicated proteins in the base excision and the mismatch repair pathways in the expansion
mechanism. However, the precise role of these factors in this process is not well understood. The
essential role of MutLy, a complex that plays a minor role in mismatch repair (MMR) but that is
essential for resolving Holliday junctions during meiosis, raises the possibility that expansions
proceed via a Holliday junction-like intermediate that is processed to generate a double-strand
break (DSB). We show here in an FXD mouse model that LIG4, a ligase essential for non-
homologous end-joining (NHEJ), a form of DSB repair (DSBR), protects against expansions.
However, a mutation in MRE11, a nuclease that is important for several other DSBR pathways
including homologous recombination (HR), has no effect on the extent of expansion. Our results
suggest that the expansion pathway competes with NHEJ for the processing of a DSB
intermediate. Thus, expansion likely proceeds via an NHEJ-independent DSBR pathway that may
also be HR-independent.
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1. Introduction

The CGG-repeat tract just downstream of the transcription start site of the FMR1 gene
(MIM* 309550) is expansion-prone with the expansion risk increasing with increasing
repeat number. Individuals who inherit alleles with >54 repeats are at risk of 3 different
clinical conditions referred to collectively as the Fragile X-related disorders (FXDs) or the
Fragile X spectrum disorders [1]. Premutation (PM) alleles, alleles with 55-~200 repeats,
confer risk of Fragile X-associated primary ovarian insufficiency (FXPOI; MIM# 300624)
and Fragile X-associated tremor/ataxia syndrome (FXTAS; MIM# 300623), while full
mutation (FM) alleles, those with >200 repeats, confer risk of a form of intellectual
disability and autism, Fragile X syndrome (FXS; MIM# 300624) [1]. While expansions have
severe implications for human health, the mechanism of expansion is still largely unclear.
Evidence from a knock-in mouse model of a PM allele demonstrate that the mismatch repair
(MMR) protein complexes MutSa., MutSg and MutLy, all play important roles in
generating expansions, with MutSp and MutLy being essential [2—-4]. The requirement for
MutLy is intriguing since it is the least abundant of the MutL protein complexes in
mammals and while it only plays a minor role in MMR, it plays an essential role in the
processing of Holliday junctions (HJs) generated during meiosis [5]. Since the individual
strands of the FX repeat are both able to form hairpins [6-9], this could result in double-
hairpins that are reminiscent of the HJ substrate for MutL-y. It is thus particularly interesting
that EXOL1 protects against expansions in both a nuclease-dependent and a nuclease-
independent manner [4]. The nuclease-dependent role may reflect the normal role of EXO1
in processing MMR intermediates, while the nuclease-independent role may reflect EXOI’s
role in determining the origin of cleavage of HJs. Cleavage of an HJ-like intermediate in a
manner analogous to the resolution of HJs in meiosis, would give rise to a double-strand
break (DSB). If such a break is an intermediate in the expansion process, it would need to be
processed by classical non-homologous end-joining (c(NHEJ), homologous recombination
(HR) or some other form of double strand break repair (DSBR) pathway. We show here that
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loss of DNA ligase IV (LIG4), a DNA ligase essential for cNHEJ, results in increase in
expansions. In contrast, a hypomorphic mutation in the meiotic recombination 11 homolog 1
(MRE11) protein [10], a nuclease important for end resectioning in a number of DSBR
pathways including HR, has no effect. The effect of the loss of LIG4 suggests that NHEJ
competes with the expansion process for the processing of a DSB intermediate and thus that
expansion in the FXD mouse likely involves components of a DSBR pathway other than
NHEJ and perhaps HR.

2. Materials and Methods

2.1 Reagents and services

All reagents were from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. Primers
were from Life Technologies (Grand Island, NY). Capillary electrophoresis of fluorescently
labeled PCR genotyping products was carried out by the Roy J Carver Biotechnology
Center, University of Illinois (Urbana, IL).

2.2 Mouse breeding and maintenance

The generation of the FXD mice was described previously [11]. These mice are on a
C57BL/6 background. Mice were maintained in accordance with the guidelines of the
NIDDK Animal Care and Use Committee and with the Guide for the Care and Use of
Laboratory Animals (NIH publication no. 85-23, revised 1996). Mre11ATLDVATLDI mice
were a gift of John Petrini (Sloan Kettering Institute, NY, NY) [12]. Mice with a floxed Lig4
allele [13] were obtained from André Nussenzweig (NIH, Bethesda, MD).

2.3 Breeding strategy

To selectively delete L/g4in hepatocytes, we crossed the floxed L/g4 mice with FXD mice
to create females carrying both the Fmr1 Kl and Lig4 floxed alleles. We then crossed these
females with A/b-cre transgenic males (Strain 003574 (B6.Cg-Tg(Alb-cre)21Mgn/J)) [14]
obtained from Jackson Laboratory (Bar Harbor, ME). The resulting offspring were used for
additional breeding to create control mice, carrying the Fmr1 Kl and Alb-cre alleles, and
Lig4 mutant mice carrying the Fmr1 Kl and A/b-cre alleles and homozygote to the Lig4
floxed allele.

2.4 DNA isolation

Genomic DNA from tails of 3-week-old mice was extracted using KAPA Mouse Genotyping
Kit (KAPA Biosystems, Wilmington, MA). Genomic DNA of different organs was isolated
using the Maxwell®16 Mouse Tail DNA Purification kit (Promega, Madison, WI). Genomic
DNA from Hepatocytes and NPCs was isolated using the salting-out method. Briefly, cells
were resuspended in ATL lysis buffer (Qiagen, Valencia, CA) with 0.55 mg/ml proteinase K
solution (Invitrogen, Carlsbad, CA) and incubated at 55°C overnight before the addition of
1.5 M NaCl. The resultant precipitate was pelleted by centrifugation and ethanol was added
to supernatant. DNA was pelleted and dissolved in TE by incubation at 60°C. Sorted
Hepatocytes genomic DNA was isolated using a standard phenol:chloroform extraction
protocol. Sperm was isolated from epididymis using the swim-out technique and pelleted by
centrifugation at 300x g for 5 min. Genomic DNA was then isolated using the salting-out
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method described above after an overnight incubation in ATL lysis buffer containing 0.55
mg/ml proteinase K solution and 30 mM DTT.

2.5 Genotyping

All genotyping PCRs were carried out using KAPA2G Fast HotStart Genotyping Mix
(KAPA Biosystems) according to the manufacturer’s instructions. A/b-cre genotyping was
carried out with primers Alb-cre-20239-F (specific for the WT allele; 5°-
TGCAAACATCACATGCACAC-3’), Alb-cre-olIMR5374-F (specific for the transgenic
allele; 5’-GAAGCAGAAGCTTAGGAAGATGG-3’) and Alb-cre-20240-R (common to both
alleles; 5’-TTGGCCCCTTACCATAACTG-3’). The PCR parameters were: 94°C for 2 min,
10x% (94°C for 20 sec, 65°C (-0.5°C /cycle) for 15 sec, 68° for 10 sec), 28x (94°C for 15 sec,
60°C for 15 sec, 72°for 10 sec), 72°C for 2 min (https://www2.jax.org/protocolsdb/f?
p=116:5:0::NO:5:P5_MASTER_PROTOCOL_ID,P5 JRS_CODE:26917,003574).
Genotyping of the floxed L/jg4 allele was carried out using primers: mLig4-3_F (5’-
ATCGCTCTTGTCCCAGTACACCTGC-3’) and mLig2-2_R (5’-
GTGCATTAAATGGAGTGCTGTGC-3’) and PCR parameters: 95°C for 3 min, 35x (95°C
for 15 sec, 60°C for 15 sec, 72°C for 30 sec), 72°C for 1 min. Lig4 KO genotyping was
carried out using primers: Lig4loxpl (5’-CACCAGTTCCATCCTGTAGC-3’) and
mLig2-2_R (5’-GTGCATTAAATGGAGTGCTGTGC-3’) and PCR parameters: 95°C for 3
min, 30x (95°C for 15 sec, 63°C for 15 sec, 72°C for 30 sec), 72°C for 5 min. Mre11

ATL D1 genotyping was carried out with primers MRE11-18576-F (specific for the WT
allele; 5’-TCACGTGGAGGTGTTCCTTC-3’), MRE11-18578-F (specific for the mutant
allele; 5’-ATCAGCAGCCTCTGTTCC-3’) and MRE11-18626-R (common to both alleles;
5’-GAATCCCAAGTGGCAGAAAG-3’). The PCR parameters were: 94°C for 2 min, 10x
(94°C for 20 sec, 65°C (=0.5°C /cycle) for 15 sec, 68° for 10 sec), 28x (94°C for 15 sec,
60°C for 15 sec, 72°for 10 sec), 72°C for 2 min (https://www.jax.org/jax-mice-and-services/
customer-support/technical-support/genotyping-resources).

Fmr1PM allele genotyping and repeat number evaluation was performed using a fluorescent
PCR assay using Not FRAX_M8-F (5’-
AGTTCAGCGGCCGCGCTGCCGGGGGGCGTGCGGTAACG-3’) and FAM-labeled
Not_FRAX_M9-R (5’-CAAGTCGCGGCCGCGGGCTGCAGGCGCTTGAGGCCCAG-3’)
primer pair. PCR was carried out using the KAPA2G Fast FlotStart Genotyping Mix (KAPA
Biosystems) supplemented with 2.5M betaine (Sigma-Aldrich), 2% DMSO (americanBIO,
Natick, MA), 0.12mM dGTP and dCTP (Thermo scientific, Waltham, MA) and PCR
parameters: 95°C for 5 min, 35x (95°C for 30 sec, 67°C for 30 sec, 72°C, for 2 min), 72°C
for 10 min. Small pool PCR was used to analyze sperm DNA as previously described [15].
Briefly, diluted DNA was subjected to nested PCR. The first round of PCR was carried out
using the primers FraxC (5’-GCTCAGCTCCGTTTCGGTTTCACTTCCGGT-3’) and FraxF
(5’-AGCCCCGCACTTCCACCACCAGCTCCTCCA-3’). One microliter of this PCR mix
was used in second round of PCR with FAM-labeled FraxM4 (5’-
CTTGAGGCCCAGCCGCCGTCGGCC-3’) and FraxM5 (5°-
CGGGGGGCGTGCGGTAACGGCCCAA-3’) primer pair. Repeat PCR reactions were
resolved by capillary electrophoresis on an ABI Genetic Analyzer. The resultant fsa file was
then displayed using a custom R script that is available upon request [16].
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2.6 Analysis of Repeat Number

To quantitate somatic expansions, we calculated the repeat number added to the expanded
allele as previously described [17]. Briefly, the average size of the expanded alleles was
subtracted from the repeat number of the inherited allele, determined from heart, an organ
that we have previously shown does not show expansions [18]. Since stable and expanded
alleles have an approximately normal distribution, we calculated the standard deviation (SD)
of expanded alleles using the right side of the relevant PCR profile, while the standard
deviation for stable alleles was calculated using the left side of the appropriate PCR profile.
This strategy avoids problems resulting from the region of overlap between the PCR profiles
from the 2 allele size classes. In some cases, the SD was used to generate a normal
distribution profile for the stable and expanded allele populations that was superimposed on
the electrophoretogram. Statistical analysis was carried out using Student’s t-test, Fisher’s
exact test (http://www.graphpad.com/quickcalcs) and Mann-Whitney U test (vassarstats.net).

2.7 Isolation of mice liver parenchymal and non-parenchymal Cells

Mouse hepatocytes and non-parenchymal cells (NPCs) were isolated from livers of mice
using a two-step collagenase perfusion protocol [19]. Briefly, mice were terminally
anesthetized, and the liver was perfused with Krebs Ringer buffer with glucose, followed by
continuous perfusion with the same buffer containing 1.4mM CaCl, and 100u/ml
collagenase type 1 (Worthington Biochemical Corporation, Lakewood, NJ). Following
dissection of the liver, cells were filtered through a 70 pm nylon cell strainer (Corning,
Corning, NY). Low speed centrifugation at 50 xg for 4 min at 4°C was used to harvest
hepatocytes. The hepatocytes were further purified by centrifugation in a 50% Percoll
solution at 50 xg [19]. NPCs were then harvested and purified from the supernatant
essentially as previously described [20, 21]. Briefly, the supernatant was first centrifuged at
72 xg for 5 min at 4°C to eliminate the remaining erythrocytes and hepatocytes. The
resultant supernatant was centrifuged at 400 xg for 5 min at 4°C. NPCs were then purified
by a 2-step Percoll gradient [25%/50% (vol/vol)] and centrifugation at 1,500 xg for 10 min
at 4°C. NPCs were collected from the interphase between the 2 Percoll layers.

2.8 Hepatocytes FACS sorting based on DNA content

Isolated hepatocytes were fixed in 70% ethanol overnight at —20°C. Following a wash with
PBS, cells were stained in 10mM Tris (pH 7.4-7.5) and 10mM NaCl containing 50 pg/ml
propidium iodide (PI) and 0.2 mg/ml RNase overnight at 4°C. Cell sorting was carried out
using BD FACSAria™ Fusion cell sorter with the 2n, 4n and 8n hepatocytes populations
being identified based on their PI signal.

3. Results

3.1 LIGA4 protects against repeat expansions.

To investigate whether DSBR plays a role in CGG repeat instability we studied the effect of
the loss of LIG4, a DNA ligase critical for NHEJ, on CGG-repeat expansions in the FXD
mouse model. Lig4 null mice are not viable [22], thus we could not examine the effect of the
ubiquitous loss of LIG4 on expansion. Since mice are particularly sensitive to the loss of
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LIG4 in the brain [22], we decided to conditionally delete Ljg4in liver, which like brain, is
an expansion-prone organ [18]. To do this we took advantage of the Cre-LoxP system and
the availability of mice expressing Cre recombinase under the control of the albumin
promoter. This promoter is expressed specifically in hepatocytes, cells that constitute the
majority of the liver mass, and Cre recombinase expressed under the control of this promoter
has been shown to have close to 100% excision efficiency for a number of different floxed
alleles (https://www.jax.org/strain/003574). Hepatocyte-specific Lig4 knock-out was
achieved by generating mice homozygous for the Lig4 floxed allele that also carry the Alb-
Cretransgene (hereafter referred to as Lig4™) (Fig. S1). We then compared the repeat PCR
profiles of the livers of these animals to those of control mice that were homozygous for the
wild type Lig4 gene and carry the A/b-Cretransgene (Lig4*'*). Repeat profiles in heart were
used to determine the original inherited allele of each animal as heart shows no expansions
even in very old animals [18]. While the repeat PCR profiles in heart are unimodal,
consistent with the fact that the repeat is stable in this organ, liver repeat PCR profiles are
typically bimodal (Fig. 1 and Fig. S2). The smaller peak represents a cell population with a
stable allele displaying the same number of repeats as the heart (Fig. 1A). The larger peak
represents a cell population with expanding alleles. This bimodality becomes more apparent
with age as the expanding allele increases in size and diverges further from the stable allele
(Fig. S2).

We used the number of repeats added to the expanded alleles as a metric for the extent of
expansion rather than the more commonly used somatic instability index, since the latter
metric can be misleading under some circumstances [17]. As can be seen Fig. 1A and B, loss
of Lig4 results in an increase in the number of repeats added in liver. For example, a Lig4"*
mouse with an inherited allele of 150 repeats gained a total of 13 repeats in liver, while a
Lig4™f mouse with a similar inherited allele size gained a total of 21 repeats /., 8 repeats
more than the Lig4*'* mouse (Fig. 1A). The difference was also statistically significant
when we used another metric of expansion, the standard deviation (SD) of the expanded
peak (Fig. 1A and 1C) [23]. Thus, the expanded allele in the Lig4™"" mouse shown in Fig.
1A has an SD of 8.4 compared to an SD of 5.8 for the expanded allele in the Lig4** mouse.
Notably, the SD for the stable peaks in the Lig4™ profiles are also lower than the SD for
the stable peaks in the Lig4** profiles although this difference is not statistically significant
(Fig. 1C). While the SD of the stable allele of the £ig4™f mouse shown in Fig. 1A is 2.5, a
value characteristic of stable alleles such as heart (Fig. 1A), the SD of the stable allele of the
Lig4*™* mouse is 3.2. This difference arises from the fact that in the Lig4+/+ profile the
stable and expanded population overlap, while in the Lig4™” mouse the 2 alleles have
diverged enough to reduce or even eliminate any substantial cross-allele contribution. As
expected, the observed effect of the loss of LIG4 was confined to the liver as Lig4is
knocked-out specifically in hepatocytes (Fig. 1B and S1). Thus, our data demonstrate that
LIG4 and presumably NHEJ, protects against repeat expansions.

3.2 Expansion in the liver only occurs in hepatocytes.

Despite the effect on the size of the expanded allele, the loss of LIG4 does not change the
bimodality of the repeat PCR profile. This suggests that all expansion-prone cells are
sensitive to the loss of L1G4. Since Lig4 is specifically knocked-out in hepatocytes, we
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hypothesized that expansions in the liver are limited to the hepatocytes. We thus separated
hepatocytes from the non-parenchymal cells (NPCs) that make up the rest of the cells of the
liver and performed repeat PCRs on DNA isolated from each cell population. We used 3-
month old mice since they are suitable for the liver dissociations needed for the hepatocyte
isolation. At this age, the repeat expansions are relatively modest. Nonetheless, expanded
alleles can already be distinguished from non-expanded alleles. Consistent with our
hypothesis, the repeat PCR profiles of hepatocytes consists of a single distinct peak,
corresponding in size to the larger of the 2 peaks seen in the total liver (Fig. 2A). In contrast,
the size of the peak in NPCs is similar to that of the stable peak seen in the heart and to the
smaller of the 2 allele peaks seen in total liver. Furthermore, the SDs of the NPC peak is 2.5,
the same as in heart (Fig. 2A). This is consistent with the repeats being stable in these cells.
Thus, expansions in the liver are limited to hepatocytes. We next compared the instability in
isolated hepatocytes of 3-months old Lig4™fand Lig4*™* mice (Fig. 2B-D). While the
difference in repeat number added has yet to reach statistical significance (Fig. 2C), the SD
metric already shows statistically significant differences between Lig4"" and Lig4*'* mice
(Fig. 2B and 2D). Thus, the SD metric is useful even for analyzing relatively small
differences in the extent of repeat expansion. Variability in the propensity to expand is not
limited to different cells in the liver. It is also apparent in the variation between different
organs in the extent of expansion. For example, testis and liver show extensive expansions,
whilst expansions in brain and tail are less extensive (Fig. 1B) and no expansion is seen in
heart (Fig. 2A) [18]. This may reflect differences in the levels of proteins that promote or
protect against expansions in different cell types.

In mouse models of two other Repeat Expansion Diseases, myotonic dystrophy type 1
(DM1) and Huntington Disease (HD), expansion has been correlated with increased ploidy
[24, 25]. To address the role of ploidy in the FXD mouse we used flow cytometry to isolate
diploid (2n), 4n and 8n hepatocytes from Lig4 WT and Lig4"" mice. Since hepatocytes
undergo polyploidization with age [26], we again used young animals since that allowed us
to isolate sufficient numbers of relatively pure 2n hepatocytes. As can be seen in Fig. 3, the
repeat PCR profile of the 2n hepatocytes in both Lig4 WT and Lig4”"mice was
indistinguishable from the PCR profile from the total hepatocyte pool and from the PCR
profiles produced from the polyploid hepatocytes. Thus, unlike what is seen in mouse
models of other Repeat Expansion Diseases [24, 25], ploidy does not seem to have a role in
expansions in the FXD mouse model.

3.3 Mrel1ATLDVATLDL mice do not show altered expansion dynamics.

Since Mre11null mice are not viable, we crossed our FXD mice with mice carrying an allele
of Mrel1that has a premature termination codon at amino acid 633 [12]. In humans this
mutation results in the DNA repair deficiency, ataxia-telangiectasialike disorder-1 (ATLD1)
(MIM#604391) [10]. In mice, this mutation is associated with significantly reduced levels of
MREL11 protein, as well as cell checkpoint defects and increased chromosomal instability
[12]. As can be seen in Fig. 4A-C, Mre11ATLDVATLDI mice have no evidence of altered
instability in any of the organs tested suggesting that this mutation does not affect somatic
instability. Single sperm PCR also showed no significant difference between
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Mre1IATLDVATLDI gnd Mre11** mice (Fig. 4D), suggesting that this mutation also does not
affect expansion in the germ line either.

4. Discussion

In this study we have identified L1G4, and thus NHEJ, as protecting against expansion in a
mouse model of the FXDs since loss of Ljg4in hepatocytes resulted in an increase in repeat
expansions (Fig. 1 and 2). In contrast, a hypomorphic MreZ1 mutation (Mre11ATLDVATLDI)
had no effect on repeat expansion (Fig. 4). While it is possible that the lack of an effect of
MREL11 reflects redundancy with other exonucleases, our demonstration that one such
nuclease, EXOL1, protects against expansion [4], suggests that this is not the case. The effect
of Lig4and Mre11 mutations in the FXD mouse contrasts with what is seen in yeast where
rather than increasing expansions, a mutation in L/g4 results in significantly more
contractions and a mutation in Mre11, rather than having no effect, actually causes more
expansions [27]. In a mouse model of DM1, the loss of DANA-PKcs, another component of
the NHEJ pathway, was shown to have no significant effect on expansion [28]. However, this
result does not conclusively rule out an effect of NHEJ, since not all end-joining reactions
are DNA-PKcs-dependent [29].

A protective role for NHEJ has important implications for the expansion mechanism.
Specifically, it suggests that expansion may proceed via a DSB intermediate that can be
either processed via NHEJ to generate a non-expanded allele or processed via a second
pathway that results in expansion. While we cannot rule out the possibility that NHEJ is
protecting against a form of expansion that is only apparent in the absence of L1G4, the
simplest interpretation of our data is that LIG4 is acting downstream of the MMR proteins
that we have previously shown to be essential for expansion [2—4, 30]. We thus suggest a
model for expansion that accommodates a DSB intermediate as illustrated in Fig. 5. We
hypothesize that MutLy, a protein required for HJ resolution during meiosis that is also
essential for expansions [4], recognizes an HJ-like structure formed by the repeat, perhaps a
double-hairpin or loop-out structure. Such a structure could arise in a number of different
ways, perhaps during repair synthesis or transcription. During transcription for example, R-
loop formation [31-34] may provide an opportunity for hairpin formation by the non-
template strand. Resolution of the R-loop would then leave the template strand free to form a
hairpin of its own. This would explain the dependence on transcription/open chromatin for
expansions to occur [35]. However the HJ-like structure is generated, it’s processing results
in a staggered DSB with overhangs containing CGG-repeats. As such, the two ends are able
to anneal directly without further resectioning. This product could then be processed by
NHEJ to complete error-free repair by simple ligation of the staggered break. Alternatively,
if the repeats anneal out of register, the resultant gaps may be processed by an alternate
pathway that leads to expansions. This alternate pathway may be a simple gap-filling,
perhaps similar to the final steps of microhomology-mediated end-joining (MMEJ). The
number of repeats added to the expanded allele would correspond to the size of the gap
generated by out of register alignment of the 3’ overhangs. In this regard, it is interesting
that Polp, a DNA polymerase important for expansion [15], is very effective at such gap-
filling on a synthetic substrate [36]. Since the Polp-mediated gap-filling can be accompanied
by the incorporation of additional repeats [36], this could add to the size of the expanded
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allele. Since NHEJ and the expansion pathway compete for a common substrate, LIG4
would act to reduce the number of expansions. Since the two ends of the DSB generated by
MutLy within the repeat do not require resectioning in order to anneal, the loss of MRE11
would not be expected to impact these events.

In summary, our data suggest that the expansion involves the MRE11- and NHEJ-
independent processing of a DSB intermediate. A better understanding of the steps involved
may help us identify other factors that may modify expansion and disease risk in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. DNA Ligase 1V and thus non-homologous end-joining protects against repeat
expansion.
. A mutation in MRE11 does not affect repeat expansion.
. Repeat expansion likely involves repair of a double-strand break that does not
need end resection.
. Expansions may arise from simple gap filling of a staggered break.
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Fig. 1. LIG4 protects against expansions in liver.
A. Representative repeat PCR profiles from the livers of 10-month old Lig4"'* and Lig4""

mice with 150 repeats. The repeat PCR profiles from heart, an organ that does not show
expansions, are included to indicate the original inherited allele size. Superimposed on the
liver profiles is the calculated normal distribution profile of each allele. The numbers above
each liver panel indicate the number of repeats added relative to the original allele. The
black dotted line in each panel indicates the size of the original inherited allele, while the
gray dotted line indicates the average size of the expanded alleles. The numbers adjacent to
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each peak in the PCR profile are the respective SDs. B. Average repeats added to different
tissues of Lig4"* and Lig4™" mice. Each panel shows the average of five 10-month old
animals with ~150 repeats. C. Average standard deviations of the stable and expanded PM
alleles in the livers of the Lig4"* and Lig4™f mice shown in Panel B. The error bars
represent the standard error. * p=0.02, ** p= 0.002, ns: not significant.
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Fig. 2. Expansions in liver are confined to hepatocytes.
A. and B. Repeat PCR profiles from 3-month old males with 170 repeats. The black dotted

line in each panel indicates the size of the original inherited allele, while the gray dotted line
indicates the average size of the expanded alleles. A. Representative profiles of heart, liver,
NPCs and hepatocytes showing the number of repeats added relative to the original allele. B.
Representative profiles of NPCs and hepatocytes isolated from Lig4** and Lig4™"" mice
livers showing the SD and the calculated normal distribution profile of each allele. C. and D.
show the average of repeats added and SDs respectively for 3 Lig4*/* and 4 Lig4™ animals
with ~170 repeats + SE. * p< 0.005, ns: not significant.
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Fig. 3. Hepatocyte ploidy does not affect repeat instability.
The chart on the left depicts the result of the cell sorting showing the proportion of the

diploid and polyploid fractions as assessed by DNA content revealed by Pl staining. The
adjacent photomicrographs show typical examples of the indicated cell types, with
propidium iodide (PI) in red. The right-hand side of the slide shows the Repeat PCR profiles
of heart, liver, NPCs, total hepatocytes and diploid and polyploid hepatocyte fractions from a
2-months old L/ig4 WT mouse with 260 repeats and a 3-month old Lig4™" mouse with 170
repeats. The black dotted line in each panel indicates the size of the original inherited allele,
while the gray dotted line indicates the average size of the expanded alleles.
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Fig. 4. The Mre11ATLDVATLDI mytation does not affect repeat expansion.
A. Representative repeat PCR profiles for different organs of 6-month old Mre11*/* and

Mire11ATLDVATLDI mice with 160 repeats. The dotted line in each panel indicates the size of
the original inherited allele. B. and C. show the average of repeats added and SDs
respectively for four 6-month old animals with ~160 repeats. The error bars show the
standard error. D. Distribution of the change in the repeat number in sperm collected from 3
Mre11*™* and 3 Mre11ATLDVATLDI 3.month old mice with ~158 repeats. The percentage of
alleles that were larger, identical or smaller than the parental allele of each genotype is

shown above the graph.

DNA Repair (Amst). Author manuscript; available in PMC 2020 February 01.

m Mre11** m Mre11ATLDVATLD]

10
c 9
o 8
& 7
3 6 :
T 5 ; - .
°
£ 4
T 3
=
8 2
U2

0

Liver Brain Testis Tail
Mre11ATLD1/ATLD1

20 16% 6% 8%
16

12 |

Iﬂml

8
4 E

Illl.l ol
0

<15-12 9 -6 -3 0 3 6 9
Change in repeat number

12 >15



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gazy et al.

HJ-like
intermediate

DSB
intermediate

Product

Page 18

MutLy
S I T 2
3 ...... |‘ ,,,,,,,, 5
v
R T 3 piliiiiig
NHEJ MMEJ?
F 3 E Y
R EEEAEE SERREE AEBERERES EETE
o 0 iiiiilg fo 0 I T s s 4
Contraction/error-free repair? Expansion

Fig. 5. Model for repeat instability at the FX locus.

Repair synthesis or transcription could provide an opportunity for secondary structure
formation by both strands of the FX repeat. The resultant “double hairpin” may resemble a
Holliday junction (HJ) that can be processed by MutLy to generate a staggered DSB within
the repeat. Since the staggered ends each contain CGG repeats they are complementary and
can thus anneal without need for end-resectioning. This product could then be processed by
NHEJ to generate contractions or to restore the original repeat tract. Out of register
annealing of the staggered ends could be processed by an alternative pathway such as gap

filling to generate expansions.
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