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ABSTRACT

The Repeat Expansion Diseases, a large group of hu-
man diseases that includes the fragile X-related dis-
orders (FXDs) and Huntington’s disease (HD), all re-
sult from expansion of a disease-specific microsatel-
lite via a mechanism that is not fully understood. We
have previously shown that mismatch repair (MMR)
proteins are required for expansion in a mouse model
of the FXDs, but that the FANCD2 and FANCI asso-
ciated nuclease 1 (FAN1), a component of the Fan-
coni anemia (FA) DNA repair pathway, is protective.
FAN1’s nuclease activity has been reported to be dis-
pensable for protection against expansion in an HD
cell model. However, we show here that in a FXD
mouse model a point mutation in the nuclease do-
main of FAN1 has the same effect on expansion as
a null mutation. Furthermore, we show that FAN1
and another nuclease, EXO1, have an additive effect
in protecting against MSH3-dependent expansions.
Lastly, we show that the loss of FANCD2, a vital com-
ponent of the Fanconi anemia DNA repair pathway,
has no effect on expansions. Thus, FAN1 protects
against MSH3-dependent expansions without divert-
ing the expansion intermediates into the canonical
FA pathway and this protection depends on FAN1
having an intact nuclease domain.

INTRODUCTION

More than 40 human genetic disorders are caused by an ex-
pansion of a disease-specific tandem array or microsatellite
(1). This includes the FMR1 disorders, aka the fragile X-
related disorders (FXDs), that result from expansion of a
CGG-repeat tract in the FMR1 gene (2). Emerging evidence
from genome-wide association studies (GWAS) (3–6) and
mouse models of these diseases (reviewed in (7,8)), suggests

that expansion in these diseases may share many common
features. We have previously shown using a knockin mouse
model of the FXDs that the mismatch repair (MMR) pro-
teins MutS� (9) and all three mammalian MutL complexes,
MutL�, MutL� and MutL� (10), are required for expan-
sion in this model. Evidence from GWAS/transcriptome-
wide association studies (TWAS) in cohorts of patients with
other Repeat Expansion Diseases supports a role for some
of these proteins in modulating somatic expansion (3–6).
This suggests that the FXD mouse model may be useful
for understanding the mutational mechanism responsible
for these diseases.

In contrast to the role of the MMR proteins in promot-
ing expansion, we showed previously that the FANCD2 and
FANCI associated nuclease 1 (FAN1) protects against ex-
pansion in the FXD mouse model (11). FAN1 is also pro-
tective in mouse and human cell models of Huntington’s
disease (HD) (12,13). Although no comparable study of
the FXDs has been reported to date, a protective role for
FAN1 is consistent with data from GWAS/TWAS of multi-
ple polyglutamine expansion diseases, including HD (3,4,6)
and see (14) for a recent review. A similar role for FAN1
was not seen in a small study of another Repeat Expansion
Disease, X-linked dystonia-parkinsonism (XDP). However,
given the small sample size and the homogeneous nature of
the XDP patient population who all share the same founder
mutation and originate from a single island in the Philip-
pines (15), this leaves open the possibility that FAN1 is a
modifier of expansion risk in many, if not all, of the Repeat
Expansion Diseases.

FAN1 was initially identified as a 5′ to 3′ exonuclease
and 5′ flap endonuclease that is an important component
of the Fanconi anemia (FA) pathway of DNA repair (16–
22). Given the importance of the MMR pathway in pro-
moting expansion, how FAN1 acts to protect against repeat
expansions is unclear, particularly since its nuclease activ-
ity was reported to be dispensable for this effect in a U2OS
osteosarcoma cell model of HD expansions (13) and we
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have previously demonstrated both a nuclease-dependent
and nuclease-independent role for EXO1 nuclease in its pro-
tection against repeat expansion (23). To help address the
role of FAN1 in protecting against repeat expansion we
generated FXD mice with a point mutation in the nucle-
ase domain of FAN1, along with mice that have both this
mutation in FAN1 and null mutations in other MMR pro-
teins. We also examined the effect of a null mutation in
Fancd2, which encodes a protein essential for the recruit-
ment of downstream participants in the FA pathway, in-
cluding FAN1, in response to DNA damage (24). FANCD2
is of particular interest in the context of the FXDs since, in
addition to its role in repair of interstrand DNA crosslinks
(ICLs), it is also important for the repair of stalled repli-
cation forks (16,18) which have been suggested to play a
role in repeat expansion (25). However, we show here that
FAN1 acts to prevent MSH3-dependent expansions, that
it requires an intact nuclease domain to do so and that
this protection is independent of the critical FA protein,
FANCD2.

MATERIALS AND METHODS

Reagents and services

All reagents were from Sigma-Aldrich (St. Louis, MO) un-
less otherwise specified. Primers were from Life Technolo-
gies (Grand Island, NY). Single-stranded donor DNA, cr-
RNA, tracrRNA and HiFi Cas9 nuclease V3 enzyme were
from Integrated DNA Technologies (Coralville, IA). Capil-
lary electrophoresis of fluorescently labeled PCR products
was carried out by the Roy J Carver Biotechnology Center,
University of Illinois (Urbana, IL). DNA sequencing was
carried out by Psomagen (Rockville, MD).

Mouse generation, breeding and maintenance

Fan1 D963A mice were generated using CRISPR-
Cas9 ribonucleoprotein (RNP)-mediated homology-
directed recombination (HDR) in C57BL/6J zy-
gotes. Briefly, a single guide RNA (gRNA) (5′-
GAATTCCACACCACCAAGTC-3′) was designed to
target the Fan1 codon D963 in exon 13. The off-target
effects of this gRNA were evaluated by three different web
based software tools: Alt-R Custom Cas9 crRNA Design
Tool (https://www.idtdna.com), CHOPCHOP (version
3) (http://chopchop.cbu.uib.no/) (26), and Cas-OFFinder
(http://www.rgenome.net/cas-offinder/) (27). No off-targets
with fewer than 3 mismatches were identified by any of the
algorithms. We designed a single-stranded donor DNA
(5′- GTCCTCAAGGTGGCTAACTCTGCTCTTGTATC
GTGCTTAGGATCTTGTCTCCTGCCTCGGGGGT
CCTGTCCTCAGTGGTGTGTGCAGGCGCCTGGC
TGCTGACTTTCGGCACTGCCGAGGGGGCCTCC
CAGCATTAGTCGTGTGGAACTCTCAGAGCCAC
CATTGCAAGGTCAGTAGAGAACACCATTTGTA
ATTTCAGC-3′) carrying the desired mutations shown
underlined. As illustrated in Supplementary Figure S1A,
successful HDR results in the replacement of the adjacent
A and C residues in the codon for D963 with C and A,
thus converting the aspartate codon (GAC) into one that
specifies alanine (GCA). Three additional single base

changes would also be introduced downstream. These
changes are silent and were introduced to avoid CRISPR
recutting of the modified allele. C57BL/6J zygotes were
collected from the oviducts of hormonally stimulated
females at embryonic day 0.5 (E0.5). Equal amounts of
crRNA (200 �M) and tracrRNA were heated at 95˚C for 5
minutes and slowly cooled to room temperature in Duplex
Buffer (30 mM HEPES, pH 7.5; 100 mM Potassium Ac-
etate). The crRNA:tracrRNA (200 ng/�L), Cas9 protein
(250 ng/�L), and DNA oligo donor (250 ng/�l) were
mixed in Opti-MEM medium (Thermo Fisher Scientific,
Waltham, MA) and electroporated into zygotes using a
NEPA electroporator (NepaGene, Chiba, Japan) as per the
manufacturer’s recommendations. Injected zygotes were
cultured in KSOM medium at 37◦C in 5% CO2 until the
two-cell embryo stage and transferred into the oviducts
of pseudo-pregnant female mice. The resulting offspring
were genotyped by PCR as described below and sequenced
to identify founders carrying the Fan1 D963A mutation
(Supplementary Figure S1). We also sequenced across
the exon 12/13 and exon 13/14 junctions of the cDNA
generated from this allele to ensure that the mutations
introduced did not affect splicing (Supplementary Figure
S2). While there were no significant predicted off-target
effects of the gRNAs used, we still took the precaution
of using 3 different embryos of these mice to establish 3
independent lineages. These mice were then crossed to
FXD mice we have described previously (28) to generate
animals heterozygous for the point mutation. These mice
were then crossed again with new FXD mice to generate
mice homozygous for the FXD allele. Littermates were
then crossed twice more to obtain enough FXD mice
homozygous for the mutant Fan1 allele. We used Fan1D/D

littermates to further control for any potential off-target
effects of the gene editing procedure. However, they showed
expansions that were indistinguishable from unedited FXD
mice that had been backcrossed to C57BL/6J mice for
more than 20 generations.

The generation of the FXD mice that were null for
Fan1, Exo1 or Msh3 were described previously (9,11,23,28).
Fancd2 mice (29) were provided by Andre Nussenzweig
(NIH, Bethesda, MD). All mice were on a C57BL/6J back-
ground. Mice were maintained in a manner consistent with
the Guide for the Care and Use of Laboratory Animals
(NIH publication no. 85–23, revised 1996) and in accor-
dance with the guidelines of the NIDDK Animal Care and
Use Committee, who approved this research (ASP-K021-
LMCB-15).

DNA isolation

DNA from mouse tails at 3-week-old was extracted
for genotyping using the KAPA Mouse Genotyping Kit
(KAPA Biosystems, Wilmington, MA). DNA from dif-
ferent organs of 6-month-old mice was isolated using a
Maxwell®16 Mouse Tail DNA Purification kit (Promega,
Madison, WI) according to the manufacturer’s instructions.
A 5 cm region of the jejunum starting 10 cm downstream
of stomach was used as the small intestine sample and the
DNA was isolated from this segment as described above for
intact organs.

https://www.idtdna.com
http://chopchop.cbu.uib.no/
http://www.rgenome.net/cas-offinder/
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Genotyping and analysis of repeat number

Fan1 D963A genotyping was carried out with KAPA
mouse genotyping kit (KAPA Biosystems) according to
the manufacturer’s instructions with primers Fan1DA-AF
(5′- CCAGCATTAGTCGTGTGGAAC-3′)/Fan1DA-
AR (5′-CTCACACCAAAGGTATGATCCA-
3′) primer pair to detect the mutated Fan1 A
(GCA) allele and the primers Fan1DA-DF (5′-
TTGTACTGGTGTCCTCTGATGG -3′)/ Fan1DA-DR
(5′-TGAGAATTCCACACCACCAAGT -3′) to detect the
WT Fan1 D (GAC) allele. The underlined primer bases are
allele specific. Fan1, Exo1, Msh3 genotyping was carried
out as previously described (9,11,23). Fancd2 genotyping
was carried out as described in Parmar et al. (29). Fmr1
PM allele genotyping and repeat size analysis was carried
out as described previously (23). The PCR products were
resolved by capillary electrophoresis on an ABI Genetic
Analyzer. The resultant fsa file was then displayed using a
previously described custom R script (23) that is available
on request. We quantified somatic expansions using the
average number of repeats added to the original inherited
allele as assessed from the tail DNA taken at weaning (23).
For expansions in different brain regions we also used
the ‘Expansion Index’ as a metric. This metric is better
suited to comparisons of regions where at least one region
shows expansions limited to a small number of cells in the
population. Statistical analyses of the differences in repeat
numbers in different tissues of mice of different genotypes
were performed using GraphPad Prism 8.4. Statistical
significance was assessed using the two-tailed unpaired
t-test for comparisons involving just two genotypes with
the Holm-Sidak correction for multiple comparisons.
For analysis of more than two groups we used either a
mixed-effects model when not all organs were available
for all animals, or a repeated measures (RM) two-way
ANOVA, both with the Geisser-Greenhouse correction
and Tukey ’s post hoc correction for multiple comparisons.

RESULTS

FAN1 with a D963A point mutation in its nuclease domain is
unable to protect against expansion

The C-terminal region of FAN1 contains a PDXn(D/E)XK
nuclease motif that is highly conserved in organisms from
bacteria to man (Supplementary Figure S3). The first as-
partate residue in that motif corresponds to D960 in the
human protein and D963 in the mouse. A D-to-A muta-
tion eliminates FAN1’s nuclease activity, without affecting
protein stability, folding or DNA binding (17,19,21,30–32).
To test the role of the nuclease domain in FAN1’s protec-
tion against repeat expansion, we made a D963A muta-
tion in the mouse FAN1 using a CRISPR-Cas9 HDR ap-
proach in embryos. The mutation was verified by PCR and
sequencing of both the DNA and the mature mRNA as
shown in Supplementary Figures S1 and S2. Mice carrying
the D963A mutation were then backcrossed for 2–3 gen-
erations to generate size matched FXD mice carrying ei-
ther the WT (D963) or mutant (A963) Fan1 alleles. We then
compared the number of repeats added to the Fmr1 allele
in different tissues of 6-month-old male Fan1D/D, Fan1D/A,

Fan1A/A and Fan1-/- mice, all with inherited Fmr1 alleles
ranging from 157–163 repeats. As can be seen in Figure 1
and Supplementary Figure S4, Fan1-/- mice showed signif-
icantly more expansions than the Fan1D/D (WT) mice in
brain, liver and small intestine. As we previously reported,
there was no significant effect of the loss of FAN1 on expan-
sion in testes (11). The D963A mutant mice also showed sig-
nificant differences with WT mice in brain, liver and small
intestine, whereas there are no significant differences be-
tween the null and D963A mutant mice in the extent of
expansion in most tissues. Fan1 mice heterozygous for the
point mutation also showed significantly more expansions
relative to WT animals in liver and small intestine but not in
brain (Figure 1). Thus, even the loss of a single allele with
an intact nuclease domain has a significant effect in some
tissues.

While the extent of expansion in the brain and small in-
testine of homozygous D963A and null mice were indis-
tinguishable, ∼21% fewer repeats were added in the liver
of the D963A mutant mice when compared to null mice
(P = 0.026). Moreover, when five different pairs of mice
matched exactly for repeat size were examined, in each case
the null mice showed more expansion than the D963A mice
(Supplementary Figure S5). It is possible that the decrease
in the number of repeats added reflects a small nuclease-
independent protective effect in this organ. Since FAN1 in-
teracts with many MMR proteins (21,33), it is possible that
nuclease-deficient FAN1 might, if sufficiently abundant, in-
directly protect against expansions by reducing the avail-
ability of these proteins to participate in the expansion pro-
cess. Such a process may explain the fact that when overex-
pressed, the human D960A mutant protein is able to reduce
expansions apparently as effectively as the wildtype protein
(13).

The D963A mutation did not affect the steady state levels
of Fan1 mRNA (Supplementary Figure S6), but the low lev-
els of the endogenous protein and the lack of good mouse
antibodies did not allow us to evaluate the effect of the mu-
tation on protein stability directly ourselves. However, ala-
nine substitutions are known to eliminate the side chain be-
yond the � carbon without altering main-chain conforma-
tion or introducing steric or electrostatic effects (34). Fur-
thermore, the last 645 amino acids of murine FAN1 that
includes the nuclease motif has 84% amino acid identity
and 92% amino acid similarity with human FAN1 (Sup-
plementary Figure S3C) and despite the evolutionary dis-
tance, even the structures of the human and P. aeruginosa
proteins are remarkably similar with the root mean square
deviation between the two structures being 3.1 Å for 456
C� atoms (35,36). The similarities in the X-ray crystal struc-
tures of human FAN1 and FAN1 with the D960A mutation
(32,35,37), together with the high sequence identity of the
C-terminal end of the human and mouse proteins, suggest
that the mouse and human FAN1 and the D963A/D960A
mutated proteins are likely to have similar conformations
and stability. The fact that a mutation in the murine Fan1
gene that results in the replacement of the 41 terminal
amino acids of the protein with 7 intron encoded amino
acids does not affect protein stability (18), lends weight
to that idea. Thus it is reasonable to think that the effect
of the D963A mutation on repeat expansion reflects the
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Figure 1. A point mutation in the nuclease domain of FAN1 eliminates its protective effect against expansion in many organs. (A) Typical repeat PCR
profiles from tail taken at weaning (3-week tail) and liver of 6-month old Fan1D/D, Fan1D/A, Fan1A/A and Fan1-/-mice. The dotted line represents the
size of the original inherited allele as ascertained from the tail DNA taken at weaning (3-week tail). The numbers associated with some of the traces
indicates the number of repeats added during the lifetime of the mouse. (B) Comparison of the number of repeats added to the original allele in differ-
ent organs of 6-month old Fan1D/D, Fan1D/A, Fan1A/A and Fan1-/- mice with ∼161 repeats in the original allele. The brain data represents the average
of five Fan1D/D, five Fan1D/A, five Fan1A/A and seven Fan1-/- male mice with 157–163 repeats, the data from other organs represents the average of
nine Fan1D/D, five Fan1D/A, eight Fan1A/A and seven Fan1-/- male mice in the same repeat range. The error bars indicate the standard deviations of the
mean. The significance of the effects were assessed using a mixed-effects model with correction for multiple testing as described in the Materials and
Methods. The adjusted P values of genotype effect are listed in the table below.

importance of the FAN1 nuclease domain for its role in pro-
tecting against expansion.

To further understand repeat expansion dynamics in
the brain where the consequences of repeat expansion
are most deleterious, we compared the number of repeats
added in different brain regions of Fan1D/D, Fan1A/A and
Fan1-/- mice. In many Repeat Expansion Diseases and
mouse models of these diseases, some of the largest expan-
sions in the central nervous system (CNS) are found in the
striatum (38–40). It is also a major source of pathology in
some of these diseases (41–45). Notably then, it is also the
striatum that shows the largest effect of both the point mu-
tation in FAN1 and the null mutation, with a >2-fold in-
crease in the extent of expansion seen in mutant mice rela-
tive to Fan1D/D animals (Figure 2). Notably, the PCR pro-
file of both the homozygous mutant mice shows a biphasic
distribution of allele sizes with the largest fraction of alle-
les showing a gain of an average of 16 repeats. A smaller
fraction of alleles shows a smaller increase in the average
allele size, similar to that seen in Fan1D/D mice. This would
be consistent with the majority of striatal cells showing a
protective effect of FAN1. Single cell transcriptomics stud-

ies suggest that neurons, astrocytes and oligodendrocytes,
that together represent 70% of cells in the striatum, express
much higher levels of Fan1 mRNA than other striatal cells
including the immune and vascular cells (46). It may be that
the cells that are insensitive to the loss of FAN1 represent
the latter cell types. A smaller, but nonetheless still signif-
icant effect of the loss of FAN1 was seen in the cerebel-
lum in both sets of Fan1 mutant mice. It should be noted
that in mice of all three genotypes most, if not all, alleles
in this brain region have expanded (Figure 2A). Since post-
mitotic neurons make up ∼80% of cells in the cerebellum
(47), this would be consistent with the idea that expansions
can occur independently of chromosomal replication. In the
cortex no significant change in the extent of expansion was
seen using the ‘repeats added’ metric (Figure 2B). However,
there were significant changes seen using the Expansion In-
dex metric (Figure 2C), a metric that is useful in regions like
the cortex where only a small subset of cells in the popula-
tion are affected by the loss of FAN1. This does not reflect
reduced levels of FAN1 in the cortex as a whole since RT-
PCR (Supplementary Figure S7) and transcriptomics data
(48) suggest that, at least at the transcriptional level, the av-
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Figure 2. Comparison of the effect of the D963A and null mutations on the extent of repeat expansion in different brain regions of FXD mice. (A) Typical
repeat PCR profiles from the tail taken at 3 weeks of age and different brain regions of 6-month old Fan1D/D, Fan1A/A and Fan1-/- mice matched for initial
repeat number. The dotted line represents the size of the original inherited allele as ascertained from the tail DNA taken at weaning. The peaks associated
with the two different expansion classes are indicated by the arrowheads. The numbers associated with the tissue samples indicates the number of repeats
added during the lifetime of the mouse. (B) Comparison of the number of repeats added in different brain regions of 6-month old Fan1D/D, Fan1A/A and
Fan1-/- mice with 168–174 repeats in the original allele. (C) Comparison of the Expansion Index of different brain regions of the mice shown in panel
B. In both panels the data represent the average of data from 3 animals of each genotype. The error bars indicate the standard deviations of the mean.
Significance was assessed using a RM two-way ANOVA (genotype and tissue as variables) with correction for multiple testing as described in the Materials
and Methods. The adjusted P values of genotype effect are listed in the table below.

erage amount of FAN1 expression in these regions is sim-
ilar. Should the transcript levels accurately reflect protein
levels, the small effect of FAN1 in the cortex may indicate
the importance of another nuclease in protecting against ex-
pansion in many cortical cell types. This may have implica-
tions for efforts to reduce somatic expansion in this part of
the brain in diseases with significant cortical dysfunction. In
mice heterozygous for the point mutation only the striatum
had significantly more expansions relative to WT animals
(Supplementary Figure S8).

FAN1 protects against MutS�-dependent expansions

To assess whether FAN1 protects against MutS� depen-
dent expansions or acts to protect against expansions gen-
erated by a mechanism normally masked by the action of
FAN1, we crossed our FXD Fan1-/- mice to mice lacking
MSH3, the binding partner of MSH2 in the MutS� het-
erodimer, a MMR complex essential for expansion. As can
be seen from Figure 3 and Supplementary Figure S9, no ex-
pansions were seen for the either the Msh3-/- mice or the
Msh3-/- Fan1-/- double mutant mice in any of the organs
examined, including brain. Thus, FAN1 is acting to pre-
vent MMR-dependent repeat expansion in the FXD mouse
model. This is consistent with a recent report from an HD
mouse model which showed that FAN1 had no effect in a
genetic background deficient in another MMR factor re-
quired for expansion, MLH1 (12). This extends the paral-

lels between FXD mouse model and mouse models of other
Repeat Expansion Diseases.

We had previously shown that EXO1, another enzyme
with 5′-3′ exonucleolytic activity, also protected against re-
peat expansion (23). To evaluate whether it was doing so by
acting in the same pathway, we generated Msh3-/- Exo1-/-

FXD mice and examined instability in these animals over
the same time period. As can be seen in Figure 3 and Sup-
plementary Figure S9, the Msh3-/- Exo1-/- double mutant
animals also showed no expansions. Thus both nucleases
act to prevent MMR-dependent expansions.

FAN1 and EXO1 double mutant mice have more expansions
in small intestine than either single mutant

We then generated FXD mice with null mutations in both
Fan1 and Exo1 and compared them to age and size matched
WT mice and to mice nullizygous for either one of these
genes. Note that in very expansion prone organs like the
liver of Fan1-/- mice, the pool of expanded alleles becomes
more heterogenous over time. This results in a decrease in
the peak height of the expanding alleles seen in the PCR
profile, although the total number of expanded alleles does
not decrease. In addition, Exo1-/- mice lack mature gametes
due to apoptosis of spermatocytes during meiosis I (49).
Since expansion in the testes is limited to the spermatogo-
nial stem cell pool (50), the effect of the loss of EXO1 can be
seen in the larger number of repeats added to the expanding
allele even though the population of cells containing such
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Figure 3. FAN1 and EXO1 protect against MSH3-dependent expansions. (A) Typical repeat PCR profiles from the brains of 6-month old WT, Fan1-/-,
Exo1-/-, Msh3-/- as well as Msh3-/- Fan1-/-and Msh3-/- Exo1-/- double knockout mice matched for initial repeat number. The dotted line represents the
size of the original inherited allele as ascertained from the tail DNA taken at weaning. The numbers alongside some of the traces indicates the number of
repeats added during the lifetime of the mouse. (B) Comparison of the number of repeats added in different organs of 6-month old WT, Fan1-/-, Exo1-/-,
Msh3-/- and Msh3-/- Fan1-/-and Msh3-/- Exo1-/- double knockout mice with with 168–174 repeats in the original allele. The data represent the average of
five Fan1-/- males and four males of each of the other genotypes. The error bars indicate the standard deviations of the mean. Significance was assessed
using a RM two-way ANOVA (genotype and tissue as variables) with correction for multiple testing as described in the Materials and Methods. The
adjusted P values of genotype effect are listed in the table.

alleles is smaller than in WT or Fan1-/- testes (Supplemen-
tary Figures S9 and S10).

As can be seen in Figure 4 and Supplementary Figure
S10, loss of EXO1 only has a significant effect in testes and
small intestine, as we showed previously (23), while an effect
of the loss of FAN1 is only seen in brain, liver and small in-
testine (11). In the small intestine, where both enzymes are
protective, mice nullizygous for Exo1 added an average of 21
more repeats than WT mice by 6 months of age, while Fan1
null mice added 13 more. The double mutant mice added
43 more repeats, slightly more than would be expected if
the effect of EXO1 and FAN1 were strictly additive. This
may reflect the tendency of larger repeat tracts to expand
more than smaller ones rather than any synergistic interac-
tion of these enzymes. Whatever the explanation, it suggests
that EXO1 and FAN1 act redundantly to protect against
repeat expansion. It also illustrates just how frequent the
underlying trigger for expansion can be in this tissue, with
∼72 repeats being added to the original inherited allele in
6 months when the protective effect of EXO1 and FAN1 is
absent. This corresponds to an expansion of ∼3 repeats a
week.

Exo1 mRNA levels are very high in testes, ∼36 times
higher than in small intestine, ∼72 times higher than in
brain and ∼135 times higher than in liver (Supplementary

Figure S11). In contrast, Fan1 mRNA is most abundant in
brain, with ∼19 times higher levels than Exo1 (Supplemen-
tary Figure S11). This may explain EXO1’s importance in
protecting against expansion in testes and FAN1’s impor-
tance in brain. However, mRNA levels do not always cor-
relate well with steady state levels of proteins, and thus a
definitive explanation of the organ-specificity will require
improved techniques for accurately quantifying FAN1 and
EXO1 proteins.

A null mutation in Fancd2 has no effect on expansions

FANCD2 is a central key player in the FA pathway
(17,20,51), a major pathway in which FAN1 is active (22).
As can be seen in Figure 5, loss of FANCD2 has no effect on
the extent of expansion in any of the tissues tested including
brain, liver and the small intestine, organs in which the pro-
tective effect of FAN1 is most apparent. Thus, FAN1 pro-
tects against repeat expansion independently of FANCD2.

DISCUSSION

FAN1 is an important modifier of expansion risk in many
Repeat Expansion Diseases, where deleterious SNPs have
shown to be associated with significantly earlier age of onset
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Figure 4. Loss of FAN1 and EXO1 has an additive effect on expansion. (A) Typical repeat PCR profiles from small intestine of 6-month old WT, Fan1-/-,
Exo1-/- and Fan1-/- Exo1-/- double mutant mice matched for initial repeat number. The dotted line represents the size of the original inherited allele as
ascertained from the tail DNA taken at weaning (3-week tail). The numbers associated with the samples from the small intestine indicates the number of
repeats added to alleles in that organ during the lifetime of the mouse. (B) Comparison of the number of repeats added in different organs of age and size
matched WT, Fan1-/-, Exo1-/- and double mutant Fan1-/- Exo1-/- mice. The data represent the average of nine WT, five Exo1-/-, five Fan1-/- and six double
mutant Fan1-/- Exo1-/-male mice with 161–168 repeats. The numbers above the bars in the small intestine indicate the average number of repeats added
relative to wildtype for all three of the mutant genotypes. The error bars indicate the standard deviations of the mean. Significance was assessed using a
RM two-way ANOVA (genotype and tissue as variables) with correction for multiple testing as described in the Materials and Methods. The adjusted P
values of genotype effect are listed in the table below.

and SNPs associated with increased FAN1 expression are
associated with a later age at onset (3,4,6). As such, there
is intense interest in understanding how this protein pro-
tects against expansion and whether this knowledge can be
leveraged in some way to delay disease onset particularly in
those severe neurodegenerative disorders like HD. A previ-
ous study of the effect of the nuclease activity of this protein,
suggested that FAN1’s protective effect did not depend on
its nuclease activity, since expression of a D960A mutant
protein showed the same level of protection against expan-
sions in a cell model of HD expansion as did the WT protein
(13).

However, we show here that in an FXD mouse model,
the D963A mutation is indistinguishable from the Fan1
null mutation with respect to repeat expansions (Figure
1). This observation is consistent with a requirement for
an intact nuclease domain for most of FAN1’s protective
effect against expansions. In liver there may be a small,
nuclease-independent protective role of the protein, perhaps
related to FAN1’s ability to interact with MMR proteins
required for expansion (21,33). However, since a nuclease-
independent effect is not seen in other organs, includ-
ing brain where the effects of repeat expansion are most
apparent, it is unlikely to be disease-relevant. While our
manuscript was in revision a role for the FAN1 nuclease was

reported in a human U2OS model system of CAG repeat
expansions (52) and in HD induced pluripotent stem cells
(Preprint, bioRxiv 439716). This further extends the similar-
ities of the mechanisms responsible for instability of CGG
and CAG repeats. FAN1 has both exonucleolytic and en-
donucleolytic activity (20) and is active on hairpins formed
by the HD and Fragile X repeats in vitro (Preprint, bioRxiv
439995). However, since the D963A mutation affects both
exo and endonuclease activities and given that FAN1 acts
on a wide variety of substrates (Preprint, bioRxiv 439995),
further work is required to determine which activity is im-
portant for FAN1’s protective effect.

The absence of expansions in Msh3-/- Fan1-/- and Msh3-/-

Exo1-/- double mutant mice demonstrate that FAN1 and
EXO1 both act to block MSH3-dependent expansions (Fig-
ure 3). The lack of an effect of a null mutation in Fancd2
(Figure 5) shows that FAN1 is not acting to channel the
expansion intermediates into a FANCD2-dependent FA
pathway, but rather is acting independently of FANCD2 to
prevent expansions. FAN1 has recently been implicated in
MMR (53) and binding to MLH1 is required for the MMR
activity of both FAN1 and EXO1 (53,54). In the case of
FAN1, this binding is mediated by a SPYF motif located
126 amino acids from the N-terminus of the protein (52,55).
Recent experiments in U2OS cells (52) and in vitro (55) show
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Figure 5. Loss of FANCD2 has no effect on repeat expansion. (A) Typical repeat PCR profiles from tail DNA taken at weaning (3-week tail) and different
organs of 6-month old WT and Fancd2-/- mice with ∼165 repeats. The dotted line represents the size of the original inherited allele. The numbers associated
with the samples from the animals at 6-months of age indicates the number of repeats added in the indicated organ during the lifetime of the mouse. (B)
Comparison of the number of repeats added in different organs of 6-month old WT and Fancd2-/- mice with ∼165 repeats. The data represent the average
of six WT and five Fancd2-/- male mice with 162–167 repeats. The error bars indicate the standard deviations of the mean. Significance was assessed using
two-tailed unpaired t tests with correction for multiple testing as described in the Materials and Methods. No significant difference was found between the
two genotypes.

that FAN1’s interaction with MLH1 is also essential for its
protective effect against CAG repeat expansions. It has been
suggested that FAN1’s competition with other MMR pro-
teins for binding to MLH1 plays an important role in its
protection against expansion (52,53). However, given that
the D963A mutation has the same effect on expansion as the
null allele despite the presence of an intact MLH1-binding
domain, the primary way that FAN1 protects against re-
peat expansion in the FXD mouse model may be the same
way that EXO1 protects against mismatches during normal
MMR i.e., via recruitment to a MutL-generated nick with
the subsequent nucleolytic removal of the nicked strand
(56).
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