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Abstract

Expansion of a G4C, repeat in the C9orf72 gene is associated with familial Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia
(FTD). To investigate the underlying mechanisms of repeat instability, which occurs both somatically and intergenerationally, we created a novel
mouse model of familial ALS/FTD that harbors 96 copies of G4C, repeats at a humanized C9orf72 locus. In mouse embryonic stem cells, we
observed two modes of repeat expansion. First, we noted minor increases in repeat length per expansion event, which was dependent on a
mismatch repair pathway protein Msh2. Second, we found major increases in repeat length per event when a DNA double- or single-strand
break (DSB/SSB) was artificially introduced proximal to the repeats, and which was dependent on the homology-directed repair (HDR) pathway.
In mice, the first mode primarily drove somatic repeat expansion. Major changes in repeat length, including expansion, were observed when
SSB was introduced in one-cell embryos, or intergenerationally without DSB/SSB introduction if G4C, repeats exceeded 400 copies, although
spontaneous HDR-mediated expansion has yet to be identified. These findings provide a novel strategy to model repeat expansion in a non-
human genome and offer insights into the mechanism behind C9orf72 G,C, repeat instability.
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Introduction gies, the STR length is a key factor for disease severity and

More than 3% of the human genome consists of short tandem
repeats (STRs), also referred as simple sequence repeats (SSRs)
or microsatellites (1). Expansion of STRs at specific genomic
locations is associated with approximately 50 human diseases
known as repeat expansion disorders (REDs) (2,3). Despite
the diversity of STR sequences and resulting disease patholo-

age-of-onset in many REDs. Therefore, studying how disease-
causing STRs expand or contract in the genome, i.e. repeat
instability, is indispensable for the understanding of REDs.
Broadly speaking, there are two types of repeat instability
that change the length of disease-causing STRs: Intergenera-
tional repeat instability and somatic repeat instability (4-6).
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Intergenerational repeat instability refers to the changes that
occur during parent-child transmission. In this process, ma-
jor changes in repeat length, sometimes more than ten-fold
increases, have been observed. Intergenerational repeat ex-
pansions have been well documented in some REDs. Normal
individuals typically possess 5-40 copies of CGG repeats in
the 5’-UTR of the FMR1 gene. Expanded CGG repeats with
55-200 copies, which are associated with fragile X-associated
tremor/ataxia syndrome (FXTAS) and fragile X-associated
primary ovarian insufficiency (FXPOI), are unstable and fre-
quently expand intergenerationally, through maternal inher-
itance, resulting in more than 200 copies of CGG repeats
that exhibit fragile X syndrome (FXS) (7-11). Another ex-
emplar RED, myotonic dystrophy type 1 (DM1) is caused by
CTG repeat expansion located in the 3’ untranslated region
of the DMPK gene (12,13). While CTG repeat expansions
can occur through both maternal and paternal inheritance,
the symptom-associated mutation with more than 80 copies
of CTG repeats exhibit a strong bias toward larger expansions
when inherited from the mother (13-16).

Despite well-known human genetics studies, underlying
molecular mechanisms involved in the expansion of disease-
causing STRs across generations are still not well character-
ized. In general, RED mouse models with STRs comparable
to human pathogenic repeat length do not recapitulate human
intergenerational repeat instability (2,4). For instance, DM1-
associated CTG repeats in humans can expand more than 10-
fold between generations, but changes of this magnitude are
rarely observed in DM1 mouse models (17-19).

The second type of repeat instability is somatic repeat insta-
bility (5,20), which is well explained by continuous small-scale
changes caused by DNA mis-repair or mis-replication that ac-
cumulate in the genome over time. Since DNA metabolism
greatly varies among cell types, somatic repeat instability ex-
hibits a tissue-specific pattern (5). In contrast to our poor
understanding of intergenerational repeat instability, studies
have revealed key molecular players involved in somatic re-
peat instability. Proteins in the DNA mismatch repair (MMR)
pathway have been best characterized for its role in this regard
(21,22).In RED mouse models for Huntington’s disease (HD),
DM1, Friedreich’s ataxia (FA), or FXS, blockade of the MMR
pathway by inactivating genes such as Msh2, Msh3 or Mih1,
dramatically reduced somatic repeat instability (23-34). Con-
sistent with the findings from mouse models, human genome-
wide association studies (GWAS) identified the genes in this
pathway, including MLH1, MSH3 or PSM2, as genetic mod-
ifiers for disease onset in HD (35,36). Notably, MSH3 is a
common modifier for HD as well as DM1 (37), further sup-
porting the notion that proteins in the MMR pathway play a
key role in somatic instability and disease pathogenesis.

Although the major change in STR length during parent-
child transmission in RED patients can be explained as a
sum of continuous small-scale expansions, it is possible that
other mechanisms may exist to achieve the large-scale inter-
generational repeat expansions (2). Alternative mechanisms,
including homology-directed repair (HDR)-dependent path-
way, were proposed to explain this magnitude of changes as
a single event, or with a limited number of events, although
these hypotheses have not been explored in depth (6,38).
Kim et al. showed that Break-Induced Replication (BIR), one
of the HDR pathways to repair one-ended DSBs, was in-
volved in large-scale CAG repeat expansions that were inde-
pendent from the continuous small-scale repeat expansions
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in the yeast system (39), while other studies showed associa-
tion of FMR1 CGG repeat instability and BIR in mammalian
genomes (40,41). To date, the contribution of homologous re-
combination toward repeat instability is just beginning to be
examined.

Expansion of the G4C; hexanucleotide repeat in the
CY90rf72 gene causes Amyotrophic Lateral Sclerosis-
Frontotemporal Dementia (ALS-FTD) disease spectrum
(42-44). Alleles with >30 copies of G4C, repeats are consid-
ered risk alleles, and alleles containing hundreds to thousands
of copies are frequently found in autopsy samples. Like
other disease-causing STRs, it is difficult to obtain precise
sequence over the G4C, repeats. In addition, 100% GC
content in DNA sequence, as well as the large expansions
often found in patients make it very difficult to determine
the precise C90rf72 G4C, repeat length. Furthermore, there
is high heterogeneity in the G4C, repeat instability among
patients (45-47). Accordingly, intergenerational and somatic
repeat instability of the C90rf72 G4C, repeats has not been
systematically analyzed, and hence phenotype-genotype re-
lationships have been poorly defined (47,48). Efforts have
been made to generate mouse models for C9orf72-associated
ALS/FTD using patient-derived Bacterial Artificial Chro-
mosomes (BAC) (49-52), but thus far such mouse models
have not recapitulated the full spectrum of disease pathology
observed in humans. The lack of animal models that faithfully
recapitulate C90rf72 repeat expansion-dependent phenotypes
is a significant gap for the understanding of the disease and
hence the development of therapeutics.

Compounding the difficulty in reproducing human STR
dynamics, engineering an animal model with even an unex-
panded STR is technically challenging. Inserting mutant se-
quences into the genome of embryonic stem cells by homolo-
gous recombination using plasmid-based targeting vectors has
been the most common procedure to generate animal mod-
els with large mutations (53). STRs beyond a certain length
are typically unstable in bacteria in which mutant DNA frag-
ments are routinely propagated in the laboratory (49,54-56).
The instability of STRs in bacteria makes it difficult to gener-
ate animal models for REDs, especially those with very large
STRs.

In this study, we generated humanized C90rf72 alleles with
pathogenic length of G4C; repeats and studied the molecu-
lar characteristics of repeat instability. We found (i) 96 copies
of C90rf72 G4C, repeats exhibited minor repeat instability
in cultured mouse embryonic stem (mES) cells and somatic
tissues in unperturbed conditions; (ii) a double-strand break
(DSB) or a single-strand break (SSB) proximal to the repeats
induced large-scale expansions of the C90rf72 G4C, repeats
and two other STRs associated with RED; (iii) these large-
scale repeat expansions occurred in a HDR-dependent man-
ner; (iv) the G4C; repeats exhibited a repeat length-dependent
intergenerational instability in mice. These findings provided
us key insights into the molecular evolution of the C90rf72
G4C, repeat expansion in the genome.

Materials and methods

Reagents

Synthetic DNA fragments were generated and cloned into
plasmids by Azenta Life Sciences (South Plainfield, USA), Gen-
script Biotech Crop (Piscataway, USA), or Thermo Fisher
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Scientific (Waltham, USA). All the oligonucleotides and gR-
NAs were synthesized by Integrated DNA Technologies,
Inc (Coralville, USA). All the gRNA sequences (proto-
spacer + PAM) and oligonucleotide sequences are listed in
Supplementary Table S1 and Supplementary Table S2. All
the gRNAs were synthesized as sgRNA in this study. WT
Cas9 and Cas9-D10A nickase were purchased from Inte-
grated DNA Technologies, Inc. Tagman assays were pur-
chased from LGC, Biosearch Technology (Hoddesdon, UK).
siRNAs against Rad51 (L-0627300-00), Pold3 (L-046305-
01), and control non-target siRNA (D-001810-01) were pur-
chased from Horizon Discovery Biosciences (Teddington,
UK). Anti-Msh2 and Anti-Rad51 antibodies were purchased
from Cell Signalling Technology, Inc (Danvers, USA). Anti-
Pold3 antibody (21935-1-AP) was purchased from Protein-
tech (Rosemont, USA). Anti-b-actin antibody was purchased
from Sigma Aldrich (St. Louis, USA). Anti-mouse secondary
antibody and anti-rabbit secondary antibody were purchased
from Protein Simple (San Jose, USA).

Biological resources

F1H4 ES cell line derived from 129/Sv:C57BL/6 (50%:50%)
background was used in this study (57). C57BL/6NTac
and Swiss Webster mice were purchased from Taconic Bio-
sciences (Rensselaer, USA). PRCI-11 human BAC library and
PRCI-23 mouse BAC library derived from C57BL/6] (58,59)
were purchased from Thermo Fisher Scientific. 129Sv-derived
BAC library was purchased from Sanger Institute (60). B-
lymphocytes derived from a FA patient that harbour 1030 and
650 copies of GAA repeats (GM15850) was obtained from
Coriell Institute (Camden, USA).

Mutant alleles

The control 3x G4C; (3 copies of G4C;) humanized C9orf72
allele was generated as follows. A DNA fragment that con-
tained a part of mouse exonla (chr4: 35226073-35226172
mm10) human exonla, human intron downstream of exonla,
exonlb, intron downstream of exon 1b (chr9:27573740-
27572796, hg38), and a part of mouse intron downstream
of exon 1b (chr4: 35225210-35225219 mm10) was synthe-
sized and cloned into a plasmid that contained the replica-
tion origin of Colicin E1 (ColE1) and Ampicillin drug resis-
tant gene (Supplementary Figure S1A-i). AsiSI restriction en-
zyme sites were inserted both upstream and downstream of
the 3x G4C, for the cloning processes. Similarly, Xhol and
Nhel sites were inserted between 3’ human-mouse junction. A
floxed Neomycin drug resistant cassette was inserted into the
3’ human-mouse junction by ligation (Supplementary Figure
S1A-ii). The human sequence and the drug resistant cassette
in this construct were transferred into mouse BAC (RP23-
434N2) using bacterial homologous recombination (BHR)
(61) (Supplementary Figure S1A-iii). This BAC-based target-
ing vector (Supplementary Figure S1A-iv) was used for gene
targeting in F1H4 ES cells to obtain the humanized C9orf72
with 3x G4C; following VelociGene® method (57). The
floxed Neomycin cassette was removed from the genome by
electroporating Cre recombinase mRNA (TriLink, San Diego,
USA) into the targeted ES cells. These targeted-, cassette re-
moved ES cells are referred as Corf72"3%/+ ES cells. To
generate repeat-expanded G4C, alleles, a DNA fragment that
contained 50x G4C,, and type IIS restriction enzyme sites
BsmblI and Bsal at 5" and 3’ adjacent to the repeats respec-
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tively was synthesized (Thermo Fisher Scientific), and then
cloned into a plasmid with ColE1 replication of origin and
ampicillin (Supplementary Figure S1B-i). The propagation of
all the plasmids that contained expanded G4C, repeats was
carried out in Stbl4™ E. Coli strain (Thermo Fisher Scien-
tific) at 30°C or at room temperature. The plasmid was di-
gested either by Bsmbl and Xmnl (New England Biolabs,
Ipswich, MA) that cleaved the plasmid backbone once, or
Bsal and Xmnl (Supplementary Figure S1B-ii). Two repeat-
containing fragments were ligated together to obtain a novel
plasmid that contained 100x G4C, (Supplementary Figure

S1B-iii). A Spectinomycin drug resistant cassette was then
inserted at 3’ downstream of the 100x G4C, by ligation
(Supplementary Figure S1B-iv). Since we failed to generate a
BAC-based targeting vector that contained 100x G4C; due to
the bacterial instability, instead, we generated a small plasmid-
based targeting vector using a plasmid backbone that con-
tained ColE1 replication of origin. To generate the target-
ing vector, following five DNA fragments were ligated to-
gether (Supplementary Figure S1B-v). (a) 5kb 5’ mouse ho-
mology arm and human sequence 5’ upstream of the G4C,
repeats (chr4: 35226073-35231444) that was PCR ampli-
fied from the BAC-based 3 x G4C, targeting vector described
above. (b) 100x G4C, with Spectinomycin resistant cassette.
(c) human sequence corresponding to 3’ downstream of the
G4C; repeats and 5’ part of floxed neomycin cassette. (d) 3’
part of floxed neomycin cassette and 5 kb 3’ mouse homol-
ogy arm (ch4: 35220046-35225219) amplified from the 3x
G4C, targeting vector. (e) A plasmid backbone with ColE1
replication origin and Ampicillin. All three validation meth-
ods, 3-primer RP-PCR, Sanger sequencing, and STRique anal-
ysis using nanopore sequencing reads (explained below at
Nanopore sequencing/STRique analysis sub-section below)
confirmed that the most abundant specie in the final target-
ing vector contained 92 copies of G4C, repeats (Figure 1C,
Supplementary Figure S1D, and Supplementary Figure S2).
Gene targeting was performed in the same manner with the
BAC-based 3x G4C; targeting vector. We obtained two dis-
tinct targeted clones that had either 31x G4C; or 96 x G4C,
repeats. Drug resistant cassettes were removed in the same
manner with C90rf72"*3%/+ mES cell line. As described in the
results section, 31x G4C, repeats were stable over several pas-
sages in culture (Supplementary Figure S4C). These cells were
referred as C9orf72"31%/* in the main text. G4C, repeat copy
number kept changing in the 96 x G4C; mES cells (Figure 1C
and D). Therefore, for most of the experiments in this study,
we used mES cell clones that contained 95-97 copies of G4C,
repeats as 96x G4C; mES cells (Figure 1C). These ES cells
were referred as C9orf72"*6*/* in the main text. In analysis,
we called the copy number of the most abundant G4C; repeat
species in a given sample as ‘repeat length’.

To generate larger G4C, repeat alleles in mES cells, either
WT Cas9 and C9-5" gRNA alone, or WT Cas9 and both C9-
5" and C9-3' gRNAs (dual gRNA expansion), were electropo-
rated as ribonucleoproteins (RNPs) into C9orf727*5%/* mES
cells (Figure 8A and B). After the electroporation, clones were
isolated, grown in 96-well cell culture plates, and the G4C; re-
peat length was screened by 2-primer gene-specific PCR. The
largest expansion clone that had approximately 250 copies of
G4C; repeats generated by single C9-5' gRNA introduction
was chosen for detailed analysis (C9orf72"250x/+ ES cells).
Also, the largest expansion clone generated from dual gRNA
expansion that had approximately 300 copies G4C, was
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Figure 1. Humanized C9orf72 alleles. (A) Humanized C9orf72 allele schematic. Orange: mouse; blue: human; yellow hexagons: G,C, repeats. TSS:
Transcription start site. (B) 2-primer gene-specific PCR analysis of the G4C, repeats in targeted ES cells. (C) RP-PCR analysis of the targeting vectors,
C9orf72"3/+ ES cells (passages 7 and 10), C9orf72"9/+ ES cells (passages 4 and 7). Capillary electrophoresis (CE) traces of gene-specific PCR
products shown. (D) The G,C, repeat length after a single subcloning C9orf72"3*/+ ES cells and C90rf72"9%/+ ES cells. n = 190 and n = 471 subclones

analyzed respectively. Parental repeat lengths shown as dotted lines.

subjected to further analysis (C9orf72"300x/+ ES cells). The
250 G4C; repeats in C9orf72"250x/+ mES cell clone was fur-
ther expanded by electroporating WT Cas9 and C9-3' gRNA
as RNPs. Three repeat-expanded clones were chosen: 400
copies of G4C; repeats clone (C9orf7274400x/+ ES cells), 450
copies of G4C, repeats clone (C9orf72"#450x/+ ES cells) and
550 copies of G4C; repeats clone (C9orf72"550x/+ ES cells).
The repeat expansion was confirmed by Southern blotting and
STRique analysis using nanopore sequencing reads (Figure 8C
and D). All the Cas9 cleavage sites in these repeat-expanded
clones were intact except the 3/-DSB site in C9orf72"300x/+
ES cell clone as shown in Supplementary Figure S9A and
Supplementary Figure S9B.

Msh27/= and Pifl=/~ alleles were generated by elec-
troporating four gRNAs per gene (two 5’ upstream and
two 3’ downstream gRNAs (Supplementary Figure S5C,
Supplementary Figure S7H, and Supplementary Table S1) to-
gether with WT Cas9 into C90rf72m96x/+ mES cell clone to
excise out the entire gene body; Msh2 (chrl17: 87672608-
87712856, mm10) and Pif1 (Chr9: 65586984-65596166), re-
spectively. The correctly targeted clones were selected by Tag-
man quantitative PCR assay (57). At both loci, copy num-
ber assays confirmed the removal of the entire gene using
three internal assays (probes 2, 3 and 4) without extensive
deletion outside of the gene body using two external assays
(probe 1 and 5) as shown in Supplementary Figure S5C, D
and Supplementary Figure S7H, I. Sequences of Tagman as-
say primers and probes are listed in Supplementary Table S3.

Humanized Tcf4 allele with 60 copies of CTG repeats
were generated as follows. A synthetic DNA fragment
that contained human TCF4 intron 2, its surrounding se-
quences (Chr 18:55585008-55587009, hg38), 60 copies
of CTG repeats, mouse homology arm sequences (Chr
18:69347306-69347405, and Chr18:69349426-69349525,
mm10) for BHR, was synthesized and cloned into a
plasmid with ColE1 replication of origin and Ampicillin
drug resistant gene (Supplementary Figure S5A-i). For
the cloning purpose, restriction enzyme sites Xhol and
Nhel were inserted at the human/mouse 3’ junction. Af-
ter inserting Neomycin drug resistant cassette by ligation
(Supplementary Figure S5A-ii), the human sequence and the
drug resistant cassette was transferred into a mouse BAC
(RP23-163D18) by BHR (Supplementary Figure S5A-iii). The
modified BAC (Supplementary Figure S5A-iv) was used as a
targeting vector to generate the repeat-expanded humanized
Tcf4 allele following VelociGene® method. The 60 copies of
CTG repeats in mES cells were stable during the passages we
used in this study.

Humanized Fxn allele with 400 copies of GAA repeats
was generated as follows. A DNA fragment that contained
spectinomycin drug resistant gene, a SgrDI restriction en-
zyme site, and a part of human FXN intron 1 sequence
(Chr9: 69036147-69036346, hg38) was synthesized. An-
other DNA fragment that contained human sequence down-
stream of FXN gene (Chr 9:69079178-69079377, hg38),
floxed Neomycin drug resistant cassette and an I-Ceul
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enzyme site, was synthesized. These two DNA fragments were
inserted into a human BAC (RP11-912]3) at 5 upstream
and 3’ downstream of FXN gene locus respectively by BHR
(Supplementary Figure S5B-i). A DNA fragment that con-
tained mouse Fxn 5" sequence (Chr19: 24280566-242807635,
mm10), human FXN exonl coding sequence and a part of
human FXN intron 1 (Chr9: 69035783-69036146, hg38), a
SgrDI enzyme site, Hygromycin drug resistant gene, and an I-
Ceul enzyme site, was synthesized and inserted into a mouse
BAC (bMQ-301N7) to remove Fxn coding sequence (Chr19:
24261903-24280565, mm10) (Supplementary Figure S5B-
iii). A SgrDI/I-Ceul fragment in the modified human BAC
that contained FXN gene except exonl and a part of intron
1 (Chr9: 69036147-69076646, hg38) and floxed Neomycin
cassette was ligated into the modified mouse BAC SgrDI/I-
Ceul sites (Supplementary Figure S5B-iv). This modified BAC
(Supplementary Figure S5B-v) was used as a targeting vec-
tor to generate humanized Fxn allele in mES cells follow-
ing VelociGene® method. To generate repeat-expanded hu-
manized Fxn alleles, a plasmid-based targeting vector was
generated by ligating following three DNA fragments: (a) a
650 copies of GAA repeats-containing PCR product ampli-
fied from the patient-derived cells (GM15850, Coriell Insti-
tute) using primers Fxn-1F and Fxn-1R, (b) a Puromycin re-
sistant cassette harboured by two Rox sequences, and (c) a
plasmid that contained 5" homology arm (Chr9: 69035783—
69036989, hg38), 3" homology arm (Chr9: 69036989, hg38),
a plasmid backbone that contained ColE1 replication of
origin and Ampicillin drug resistant gene (Supplementary
Figure S5B-vii). The resulting plasmid-based targeting vec-
tor (Supplementary Figure S5B-viii) was electroporated into
the humanized Fxn ES cell clone above to generate repeat-
expanded humanized Fx#n allele. None of the targeted clone
retained the full 650 copies of GAA repeats. We chose one
of the targeted clones that retained 400 copies of GAA, and
then removed the drug resistant cassettes from this allele via
Dre recombinase. This targeted and cassette-removed clone
(Supplementary Figure S5B-x) was used in this study. The 400
copies of GAA repeats in mES cells were stable during the pas-
sages we used in this study.

A Rosa26-Cas9 targeting vector was generated in the same
manner as previously described (62), except that WT Cas9
was inserted instead of dCas9-SAM.

Mice

For the intergenerational repeat instability study, FO VelociM-
ice were created from C9orf72"u400x/+ and C9orf72hu530x/+ ES
cell clones. These FO mice were crossed with C57BL/6NTac
WT mouse to obtain F1 generation. Generations were re-
ferred as filial generation. For each line (400x G4C; line
and 550x G4C; line), resulting F1 mice were inter-crossed
to establish separate colonies. Additional lines were ob-
tained from spontaneous repeat contractions during the
colony maintenance. A repeat-contracted male mouse that
had approximately 250 copies of G4C; repeats (heterozygous,
C9orf72M250x/+) and a repeat-contracted female mouse that
had approximately 300 copies of G4C; repeat (heterozygous,
C9orf72Mu300x/+) wwere isolated from the 400x G4C, line.
Two repeat-contracted female mice that had approximately
250 copies of G4C, (homozygous, COorf72m250x/hu250x) were
isolated from the 550x line. For testing intergenerational
repeat instability, following breeding pairs were set up
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and the repeat length in the resulting offspring tails was
analyzed. 96x G4C, line: FO C9orf72M96x/+ mice (three
male and three female) generated by IVF were intercrossed
with C9orf72*/* mice. 250x-300x G4C, line: One F4
C90rf72M250x/+ male mouse, two F4 C9orf72hu250x/hu2s0x
female mice, and one F4 C90rf72M300x/+ female mouse
described above as ‘repeat-contracted’ mice were inter-
crossed with C9orf72*/* mice. 400x G4C, line: Four F4
C90rf72Mu400x/+ male and three F4 female C9orf72m400x/+
mice were intercrossed with C9orf72*/* mice. 550x G4C,
line: One male and two female F4 C90rf72"55%%/* mice, and
one F4 female C9orf72hus50x/huss0+ mjce were intercrossed
with C9orf72*/* mice.

100% ES derived FO C9orf72M96x/+ : Msh2~/~ mice were
generated from the corresponding mES cells. COorf72m96x/+ ;
Msh27/~ tissues were collected at 2 months of age. All animals
were housed under a 14-h light/10-h dark cycle (light from
05:00 to 19:00) with ad libitum access to food and water. All
the procedures were conducted in compliance with protocols
approved by the Institutional Animal Care and Use Commit-
tee of Regeneron Pharmaceuticals.

VelociMouse® method (63) was used to generate 100% ES-
derived FO mice. For Cas9-D10A nickase one-cell embryo in-
jection experiments, C57BL/6NTac female mice were super-
ovulated by the intraperitoneal administration of 5 IU of
PMGS (ProSpec Protein Specialists, Rehovot, Israel), followed
by the intraperitoneal administration of 5 IU hCG (ProSpec
Protein Specialists) 48 hour later. The cumulus—oocyte com-
plexes were collected in Cook’s MEDIUM® (COOK Medical
LLC, Bloomington, USA), preincubated in FERTIUP® Mouse
Sperm Preincubation Medium (Cosmo Bio USA, Carlsbad,
USA), inseminated with C9orf72"*¢*/* sperm for about 1 h,
and then incubated at 37°C in 5% CO; and 5% O, with hu-
midified air. After 4 h of incubation, the inseminated oocytes
were rinsed with G1 Plus medium (Vitrolife, Vastra Frolunda,
Sweden). The generated fertilized oocytes were used for elec-
troporation. Zygotes were rinsed with Opti-MEM medium
(Thermo Fisher Scientific) and then placed 1-mm electro-
poration cuvette (P/N 45-0124, Harvard Apparatus, Hol-
liston, USA) filled with 20 ul of Opti-MEM solution con-
taining 600ng/ul Cas9 protein and 600ng/ul gRNA, or 600
ng/ul gRNA alone as mock injection. Electroporation was
performed in a Square Wave Electroporation system (BTX,
Harvard Apparatus, Holliston, USA) using 30 V, with 1-ms
pulse duration and eight pulses separated by 100-ms pulse in-
terval. The zygotes were rinsed with M2 medium (CytoSpring
LLC, Mountain View, USA) and cultured in G1 Plus medium
(Vitrolife) at 37°Cin 5% CO; and 5% O, with humidified air
overnight. Surviving two-cell embryos were transferred to the
oviducts of pseudo-pregnant Swiss Webster female mice. From
the resulting mice, tail and tissue biopsies were collected at
postnatal day 7 (P7) and at 2 months of age, then the C90rf72
G4C, repeat length in those samples was analyzed.

Polymerase chain reaction (PCR)

All the primers used in this study are listed in Supplementary
Table S2. (i) To analyze the repeat locus via agarose gel elec-
trophoresis, a 2-primer gene-specific PCR, using primers C9-
F1 and C9-R1, was carried out using AmplideX PCR/CE
C9orf72 kit following manufacturer’s instructions (Asuragen,
Inc, Austin, USA) (64). In the current study, these 2-primer
PCR products were referred as 2-primer gene-specific PCR
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products’ to differentiate them from the 3-primer repeat-
primed (RP) PCR products as described below. (ii) To analyze
the precise base composition at the repeat locus via Sanger se-
quencing, we used the 2-primer PCR but with primers C9-F2,
and C9-R2. Alternative forward primer C9-F3 located 5" up-
stream of C9-F2 (sequence not disclosed) was used to analyze
the PCR products when C9-F2 did not resolve the sequence.
These reactions were carried out following the protocol estab-
lished by Cleary et al. (65) with modifications including the
use of 0.8 mM dGTP/dCTP and DreamTaq DNA Polymerase
(Thermo Fisher Scientific). (iii) To analyze the Cas9 cleavage
site in alleles carrying >150 copies of G4C, repeat, we created
a 2-primer RP-PCR. In this PCR reaction, one of the primer
pair was designed to anneal within the G4C; repeat; C9-F5
and C9-R3 primer pair was used to analyze the 5’-DSB (or §'-
SSB) WT Cas9 (or Cas9 nickase) cleavage site. C9-F6 and C9-
R4 primer pair was used to analyze the 3'-DSB Cas9 cleavage
site. This PCR was performed following the protocol estab-
lished by Cleary et al. as described in (ii). (iv) To analyze the
G4C; repeat copy number below 150 copies, we used 3-primer
RP-PCR with capillary electrophoresis (CE) resolution. Three
primers, C9-F1, C9-R1 and C9-F4, were used in a single reac-
tion. The C9-R1 reverse primer was FAM-labelled to allow for
analysis of the RP-PCR amplicons via CE. Typical 3-primer
PCR products consist of ‘gene-specific PCR products’ ampli-
fied by primers that anneal to the specific sequences outside
of the G4C; repeat (C9-F1 and C9-R1), as well as multiple
‘RP-PCR products’ amplified by the forward internal repeat-
primer C9-F4 and the FAM-labelled reverse primer C9-R1 as
indicated in Figure 3D, parental panel. This PCR reaction was
carried out using AmplideX PCR/CE C9orf72 kit following
manufacturer’s instructions. Resulting data was analyzed us-
ing GeneMapper software (Thermo Fisher Scientific).

(v) To analyze the Tcf4 CTG repeats, the corresponding re-
gion was amplified using primers located outside of the repeat
(Tcf4-F1 and Tcf4-R1) following a modified LA Taq Protocol
using 15 uM of each oligo. Samples were characterized us-
ing agarose gel electrophoresis and GC-rich template Sanger
sequencing. (vi) To analyze Fxn GAA repeats, the correspond-
ing region was amplified using primers located outside of the
repeat (Fxn-F1 and Fxn-R1) and following a published pro-
tocol (66). Samples were characterized using agarose gel elec-
trophoresis and STRique as described below.

Sanger sequencing

For PCR products that contained fewer than 50 copies of the
C90rf72 G4C; repeats and the Tcf4 CTG repeats, sequenc-
ing was completed using a standard GC-rich Sanger sequenc-
ing protocol. Briefly, PCR products were purified with Qi-
aquick PCR purification kit (Qiagen, Hilden, Germany) and
sequenced on an 3730x] DNA Analyzer (Thermo Fisher Sci-
entific), which was ran for 50 PCR cycles after the addition of
3.0 ul SM betaine (Sigma-Aldrich) and 1.5 ul PCRX Enhancer
(Thermo Fisher Scientific). For the 5’-DSB/SSB samples, the
amplicons were purified, and Sanger sequenced using C9-F5
as a sequencing primer. 3'-DSB samples were processed sim-
ilarly, and were Sanger sequenced using C9-R4 as a primer.
For PCR products that contained larger than 50 copies of
G4C; repeats, samples were sequenced using a modified proto-
col for high GC-content. Briefly, after the column purification,
samples were prepared for sequencing using Hairpin DNA &
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GC-Rich Sequencing pre-mix (MCLAB, South San Francisco,
USA) per the manufacturer’s instructions and sequenced on
an 3730xl DNA Analyzer. BigDye Terminator v3.1 (Thermo
Fisher Scientific) and PCRX Enhancer were added to all sam-
ples, as well as additional Hairpin DNA & GC-Rich Sequenc-
ing premix after denaturation. All Sanger sequencing results
were analyzed using Sequencher software (Gene Codes Cor-
poration, Ann Arbor, USA).

CE G4C, repeat length analysis

To measure G4C, repeat length, 3-primer RP-PCR ampli-
cons were resolved via capillary electrophoresis (CE) using
an 3730x]I DNA Analyzer (Applied Biosystems) and Rox1000
ladder (Gel Company Inc., San Francisco, USA) following
manufacturers’ instructions. Resulting data was analyzed us-
ing GeneMapper software (Thermo Fisher Scientific). For the
5-DSB/SSB samples, the repeat length was calculated from
the size of the most abundant gene-specific PCR product.
Since the PCR products have close to 100% GC content,
they move through agarose gels differently from the standard
size markers. Therefore, following the manufacturer’s instruc-
tion, calculated values were adjusted using a migration factor
which was determine using samples with known G4C; repeat
length. The repeat length was calculated as follows: (G4C; re-
peat length) = {(the most abundant gene-specific PCR product
size determined by capillary electrophoresis)/(migration fac-
tor 0.95) — (non-G4C, sequence size 175bp)}/6. For 3'-DSB
samples, the repeat length was calculated using the size dif-
ference between the most abundant gene-specific PCR prod-
uct and the smallest repeat-primed PCR product as follows:
(G4C;, repeat length) = [{(the most abundant gene-specific
PCR product size determined by capillary electrophoresis)
— (the smallest repeat-primed PCR product size determined
by capillary electrophoresis)}/(migration factor 0.95) — (non-
G4C, sequence size 175 bp)]/6. For visualizing CE traces, the
highest fluorescent signal within indicated size range was de-
fined as 1, and relative signal intensity was shown. The am-
plicon size indicated in the CE electropherograms was not
adjusted by migration factor. To quantify minor peaks in
C9orf72M96x/+ + Msh2+/* and C9orf72h96x/+ ; Msh2~/~ tis-
sues, the number of peaks in CE traces corresponding to the
amplicons smaller and larger than that of the highest peak
was counted. The signal <20% of the highest signal inten-
sity peak was considered as background and removed from
quantification. The repeat length of samples that had >150
copies of G4C; repeats was determined by Southern blotting
and STRique analysis using nanopore sequencing reads. Tcf4
CTG repeat length was determined by Sanger sequencing re-
sults. The expanded Fxn GAA repeat length was determined
by STRique analysis using nanopore sequencing reads as de-
scribed below.

Repeat instability analysis

Following criteria was used to determine the consequence of
repeat instability. For the C90rf72M96x/+ mES cell line, those
clones that had 105 copies of G4C, repeats (more than ad-
ditional 10 copies G4C; repeats) and above were defined as
‘expanded’ clones. Those clones that had 90-104 copies of
G4C, were defined as ‘retained’ clones. Those clones that
had fewer than 90 copies of G4C, were defined as ‘con-
tracted’ clones. The rearranged clones that lost 5’ PCR prim-
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ing site corresponding to C9-F1 sequence, or 3’ PCR prim-
ing site corresponding to C9-R1 sequence, were defined as
‘large deletion’ clones. In those samples with mosaicism, each
G4C, repeat species was counted as an independent allele.
For Tcf4h69x/+ mES cell line, the 2-primer PCR amplicons
larger and smaller than the parental (CTG)g-containing am-
plicon on agarose gels were preliminary called ‘expanded’ and
‘contracted’ clones respectively. The repeat expansions and
contractions were confirmed by Sanger sequencing. In those
clones with mosaicism, each CTG repeat species was counted
as an independent allele. For the Fxn"*#00%/+ mES cell line,
2-primer PCR amplicons larger than the control (GAA)400-
containing amplicon on agarose gels were preliminary called
‘expanded’ and ‘contracted’ clones respectively. The repeat ex-
pansions were confirmed by STRique analysis using nanopore
sequencing reads. In those clones with mosaicism, each GAA
repeat species was counted as an independent allele.

For intergenerational repeat instability, the G4C, repeat
length was estimated by the mobility on agarose gels visual-
ized by Southern blotting except 96x G4C, line. The copy
number in 96 x G4C; line was determined by 3-primer RP-
PCR. The consequence of the repeat instability was defined as
follows. Expansion, the repeat length 1.5-fold or more com-
pared to the parental one. Contraction, the repeat length 0.5-
fold or less compared to the parental one. Retention, the re-
peat length is in between 0.5-fold and 1.5-fold compared to
the parental one.

Nanopore sequencing/STRique analysis

To count the copy number of the G4C; repeats in the tar-
geting vector, the DNA library was prepared from 400 ng
of the targeting vector using Rapid Sequencing Kit (SQK-
RADO004, Oxford Nanopore Technology, Oxford, UK) fol-
lowing the manufacturer’s protocol. The sequencing was
performed using a Flo-Min106 flowcell on GridION (Ox-
ford Nanopore Technology). The G4C, repeat copies were
counted by STRique program (67) using the nanopore se-
quencing reads. 150 bp immediately upstream and down-
stream of the G4C, repeats were used as Prefix and Suffix
sequences respectively. Score (>4.0) for both Prefix and Suf-
fix was used. To count the copy number of the G4C, repeats
in mES cells, genomic DNA from following ES cells were
collected; COorf72M96x/+  Corf72m250x/+ = CYopf72hu300x/+
C9orf72M400x/+ | COorf72M450x/+ and C9orf72M350x/+ ES cells.
The libraries were prepared from genomic DNA samples
(5-10 ug each) using Cas9 Sequencing kit (SQK-CS9109,
Oxford Nanopore Technology), WT Cas9 (IDT), and gR-
NAs (C9-ONT-1, C9-ONT-2, C9-ONT-3, and C9-ONT-4 in
Supplementary Table S1). The sequencing was performed us-
ing a Flo-Min106D flow cell on GridION, and STRique pro-
gram with the same criteria above was used to count the copy
number of the G4C, repeats in each clone. The copy num-
ber of GAA repeats was counted as follows. The FXN GAA
repeats in humanized Fxn ES cell clones were amplified by
PCR. Amplicons were purified and ONT sequencing adaptors
were ligated using Ligation Sequencing Kit. The sequencing
was performed using a Flo-Min106D flow cell on GridION.
STRique program was used to count the copy number of the
GAA repeats. 150 bp immediately upstream and downstream
of the GAA repeats were used as Prefix and Suffix sequences
respectively. Score (>4.0) for both Prefix and Suffix was
used.
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Southern blotting

Southern blotting was performed following a standard pro-
tocol. Briefly, 5-10 pg of total genomic DNA extracted from
mES cells or mouse tissues were digested with Sspl and Xhol.
The digested genomic DNA fragments were separated in 1%
agarose gel, transferred to Hybond-N+ hybridization mem-
brane (Sigma-Aldrich), and then hybridized with P32-labeled
probe that contained mouse (Chr 4: 35226703-35226428)
and human (Chr 9: 27573563-27573740) sequences. The
probe was designed to recognize both mouse WT and human-
ized C90rf72 as seen in Figure 8C. After washing the mem-
brane with SSC buffer, the P3? signal was visualized using
Phosphor imager (Perkin Elmer, Waltham, USA).

Cell culture

Mouse ES cells were cultured in DMEM containing 15%
FBS, 100 units/ml of penicillin, 100 pug/ml of streptomycin,
1x non-essential amino acid, 1x GlutaMax and 0.1 mM 2-
mercaptoethanol, and 2000 U/ml LIF (all from Thermo Fisher
Scientific) with following modifications. 3000 and 2200 mg/I
of NaCl and NaHCOj; were used in DMEM to adjust osmo-
lality to 200 mOsm/kg from original 340 mOsm/kg. Passage
numbers refer to the passage after each gene editing/targeting
electroporation. When additional genome modification was
made, the passage number was reset to passage 1 again. For
H,O; treatment, cells were trypsinized and incubated with
vehicle or 5 mM H,0; (Sigma-Aldrich) in culture media for
15 min, neutralized by washing with culture media twice and
plated on feeder layer on day 1. On day 35, cells were re-
plated on gelatin coated plates and colonies were isolated 10
days later. To characterize the C90rf72 G4C, repeats over pas-
sages, frozen mES cells were thawed, cultured 48 h per pas-
sage on cell culture plates. Genomic DNA was collected after
trypsinization and neutralization. For DSB/SSB introduction
experiments, unless otherwise noted, frozen mES cells were
thawed and plated on day 1, replated on day 3, electroporated
after trypsinization and plated on feeder cells on day 5. On day
7, cells were trypsinized and replated on gelatin-coated plates.
Colonies were isolated 10 days after the electroporation. Elec-
troporation was performed by 4D-Nucleofector X Unit in 100
ul Nucleocuvette Vessel on program CP-105 (LONZA, Basel,
Switzerland). The subclones were grown in 96 well plate until
confluency for downstream processes. For subcloning experi-
ments, the same procedure was applied except that these cells
did not receive electroporation. For the introduction of DSBs
or SSBs, 122 pmol of WT Cas9, or Cas9-D10A nickase, was
pre-incubated with 230 pmol of sgRNA (IDT), and electro-
porated into 2 x 10° cells on day $ in our standard protocol
described above. For siRNA treatment, frozen mES cells were
thawed and plated on day 1, replated on day 3, 30 pmol of
Rad51 siRNA, 100 pmol of Pold3 siRNA, or control siRNA
(30 pmol for Rad51 siRNA experiments and 100 pmol for
Pold3 siRNA experiments) was electroporated into 2 x 10°
cells and plated on feeder layer on day 5, Cas9 and gRNA with
Rad51 siRNA or with control siRNA were electroporated and
plated on feeder layer on day 6. Cells were replated on gelatine
coated plates on day 7. Colonies were isolated 10 days after
the last electroporation. The subclones were cultured in 96
well plate until confluency. For knockdown experiments, WT
Cas9 and gRNA were introduced into C90rf72M96x/+ that re-
ceived either Rad51 siRNA, Pold3 siRNA, or control scram-
ble siRNA. Alternatively, Cas9-D10A nickase and gRNA were
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introduced into C9orf72M96x/+ that received either Rad51
siRNA, Pold3 siRNA, or control scramble siRNA. Frequen-
cies of the indicated types of rearrangement was calculated
from each experiment.

Statistical analyses

Student’s #-test was performed (paired, two-tailed) to ana-
lyze the Rad51 knockdown, Pold3 knockdown, or Pifl1 KO
experiments.

Western blotting

Cells were lysed in RIPA buffer containing Halt™ proteinase
inhibitor cocktail (both from Thermo Fisher Scientific). 300 ng
of total lysates were subjected to western blotting using Wes
(ProteinSimple), using 12-230 kDa separation module follow-
ing the manufacturer’s instruction. Anti-Msh2, anti-Rad51,
anti-Pold3 and anti-b-actin were used as 1:25 dilution. The
data was analyzed using Compass for SW software (Protein
Simple).

Quantitative PCR

For analyzing transcript level, total RNA was extracted with
Zymo Quick RNA 96 kit (Zymo Research, Irvine, CA) and
samples were adjusted to 10 ng/ml. Gene expression analysis
was performed by multiplex TagMan qRT-PCR using Quanti-
Nova RT-PCR kit (Qiagen) in 384-well PCR plates run on
QuantStudio thermocyclers (Thermo Fisher). Probes for Pold3
(MmO00713051_m1) and Drosha (Mm01310009_m1) were
purchased from Thermo Fisher. Gene KO in mES cells were
confirmed by Tagman qPCR as previously described (57).
Probes and primer sequences for Msh2 KO and Pif1 KO are
listed in Supplementary Table S3.

Results

Generation of humanized C9orf72 alleles

Several mouse models have been created to study ALS/FTD
associated with the C90rf72 G4C, repeat expansion (49-52).
These transgenic mice were generated using BACs derived
from human patient DNA. Since these BACs were inserted
into the mouse genome by random integration, these trans-
genes may be influenced by chromosomal position effects,
and the resulting phenotype may vary among lines. To avoid
these concerns, we generated knock-in alleles at the endoge-
nous mouse C90rf72 locus. The human C90rf72 gene has two
transcription start sites (TSSs) located in two distinct exons,
referred to as exon 1a and exon 1b, and the G4C; repeats
are located in between these two exons (Figure 1A). Since
mouse C90rf72 does not have a G4C, repeat at the corre-
sponding intron, we replaced this intron and its surround-
ing sequences, a part of exonla, exonlb, and a part of the
intron downstream of exonl1b, with the human counterpart
(humanized C90rf72 allele) via homologous recombination in
mES cells (57). We successfully inserted 96 copies of G4C; re-
peats (C9orf72M96%/+) that is three-fold larger than the disease
threshold (Figure 1B). As a control allele, we inserted 3 copies
of G4C, repeats (C9orf72M3%/+) (See detailed alleles descrip-
tion in Materials and Methods).
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C90rf72 G4C, repeat instability in vitro and in vivo

First, we asked if G4C, repeats in the humanized allele ex-
hibit instability in targeted mES cells. In contrast to the stable
G4C, repeats in C9orf72M3%/+ mES cells, the copy number
of the most abundant G4C; repeat species (referred to as re-
peat length of a given sample hereinafter) in C9orf72"u96x/+
mES cells slowly increased during in vitro passage (Figure
1C), as measured by repeat-primed PCR (RP-PCR) followed
by capillary electrophoresis (CE; see Materials and Meth-
ods for detailed description). Indeed, the repeat length in the
C9o0rf72Mu96x/+ mES cell line at passage 4 after initial target-
ing was already larger than the targeting vector and continued
to expand over passages. The modest increase in repeat length
was also confirmed after a single subcloning in C9orf72m96x/+
mES cells but not in C90rf72M3/+ mES cells (Figure 1D).
These results demonstrate a greater degree of repeat instabil-
ity in the pathogenic length C90rf72 G4C, repeats compared
to the control.

We subsequently generated mice from C9orf72M%6x/+ mES
cells. Consistent with the observation in cultured mES cells,
C90rf72M%6x/+ mice accumulated additional copies of G4C,
repeats in their tissues by 6 months of age, showing so-
matic repeat instability (Figure 2A—C). As seen in other RED
models, the degree of instability was tissue type-dependent
(5,23,25,28,32,68). The G4C, repeats in tissues such as tail
or skeletal muscle were relatively stable, enabling us to geno-
type animals using tail biopsies. In some tissues, such as whole
brain, spinal cord or spleen, the highest peak in CE traces
shifted toward a larger size and the distribution of the peaks
became broader, showing an overall trend toward repeat ex-
pansion. In other tissues such as liver, the number of minor
peaks increased dramatically and exhibited high heterogene-
ity. These results confirmed the C90rf72 G4C, somatic repeat
instability in this model.

We next looked at intergenerational instability in
C90rf72Mu96x/+ mice. The G4C, repeat length in the tails
of P7 neonates derived from C9orf72M96x/+ mice (95-97
copies of G4C, repeats, intercrossed with C9orf72*/* mice)
was between 92-103 copies, in the range between 0.95- and
1.06-fold of parental repeat length (Figure 2D). Even though
we observed this minor instability, we did not detect large
(>1.5-fold increase) intergenerational repeat expansions.
We chose this threshold because >1.5-fold change between
generations is common among disease-causing STRs but
quite rare in other RED mouse models (2,14,19,69,70)

The absence of major repeat instability in our humanized
C90rf72Mu96x/+ 3llele prompted us to further dissect the molec-
ular mechanisms of these apparently distinct types of repeat
instability.

Repeat expansion and contraction triggered by
DNA DSB and SSB

To gain insight into major repeat instability, we looked for
factors that can induce large-scale repeat expansions in the
mouse genome. Since DNA damage is a known factor affect-
ing genome stability (71,72), we tested if global DNA dam-
age, induced by H,O,, could trigger large repeat expansions
at our humanized G4C, repeat locus in cultured mES cells.
H,0, treatment of C9orf72M96x/+ cells resulted in a minor
shift in G4C; repeat length distribution after subcloning: up
to nine additional copies of G4C; by H, O, treatment, a slight
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Figure 2. Somatic and intergenerational repeat instability in C9orf72/%/* mice. (A) Representative 3-primer RP-PCR CE traces from 6 months-old
C9orf72M96%/+ tissues. The G4C, repeat length (the G4C, repeat copy number corresponding to the highest peak in the CE traces) is indicated in the
graphs. Sk muscle: skeletal muscle. (B) The G4C; repeat length in tissues. Each circle, triangle and square represents an individual sample. White bars
indicate mean values. n = 3 mice analyzed. (C) Quantification of the minor G4C, repeat species. The number of peaks larger (white background), and
smaller (grey background) than the highest peak in indicated tissues is shown. Each circle, triangle, and square represents an individual sample. White
bars indicate mean values. n = 3 mice analyzed. (D) Intergenerational repeat instability. The repeat length in the offspring from C9orf72Mu96x/+
heterozygous mice bred with WT. n = 72 and n = 62 mice analyzed from paternal and maternal inheritance respectively.

increase from up to seven additional copies by vehicle-
treatment (Figure 3A).

We speculated that introducing DNA DSBs specifically at
the C90rf72 G4C; repeats could have a greater impact on
repeat instability rather than stochastic genome-wide H,O;-
induced damage. We therefore took advantage of the speci-
ficity of the CRISPR-Cas9 system to introduce a DSB adja-
cent to the 5" end of the G4C, repeats in C9orf72"#96x/+ mES
cells (Figure 3B), followed by subcloning and repeat length
analysis (via 2-primer PCR and 3-primer RP-PCR, and re-
spective agarose and CE visualization). 81.5% of subclones
yielded 2-primer gene-specific PCR products. Among these,
18.3% showed a significant increase in repeat length (more
than 10 copies of G4C; added, examples shown in Figure
3C lanes 6 and 7, Figure 3D ‘Expanded’ panels, and sum-
marized in Table 1) compared with the parental clone. This
increase exceeded the largest spontaneous shift (7 copies of
G4C, added) observed after a single subcloning (Figure 1D).
Subclones in this category had non-interrupted G4C, repeats
when analyzed by Sanger sequencing (examples shown in
Supplementary Figure S3). 42.7% of subclones had a simi-

lar length of the repeats to the parental clone (90-104 copies
of G4C,, examples shown in Figure 3C, lanes 4 and 35, Figure
3D, ‘retained’ panels), and 21.8 % of subclones contained con-
tracted G4C; repeats (fewer than 90 copies of G4C,, examples
shown in Figure 3C lanes 2 and 3, Figure 3D, ‘contracted’ pan-
els). 18.5% of subclones did not yield a 2-primer gene-specific
PCR product (examples shown in Figure 3C, lanes 8 and 9),
but they did show RP-PCR products (Figure 3D, large dele-
tion panels), suggesting the 5" primer binding site was deleted
by end-processing at the site of the DNA DSB.

To determine whether the expansion was specific to a DSB
at the 5" end of the repeats, we conducted the same experi-
ment using C9-3’ gRNA, which generates a DSB adjacent to
the 3’ end of the G4C, repeats, in C9orf72"*6x/+ mES cells
(Figure 3B). We observed the same types of expansions and
contractions following a 3’-DSB as we did with a 5’-DSB (Fig-
ure 3E and F). Since C9-R1 reverse primer was FAM-labelled
for CE, unlike the 5’-DSB results we did not detect any sig-
nal by 3-primer RP-PCR when 2-primer PCR did not yield
any amplicons (Figure 3E, lanes 8 and 9, and Figure 3F, large
deletion panels). Sanger sequencing of the cleavage sites in
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Figure 3. G4C, repeat expansions induced by a DNA DSB or SSB in mES cells. (A) G4C, repeat length changes by H,0, treatment. C9orf72"96x/+ ES
cells were treated with H,O, or vehicle for 15 min and the repeat length was analyzed after subcloning. Parental repeat length shown as dotted line. (B)
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length after introducing indicated DNA lesions in mES cells. Representative data from a 96-well plate analysis shown. Dotted lines indicate the G4C,
repeat length in the parental clone (96 copies of G4C, repeats). Due to the assay detection limit, those clones with >145 copies of G,C, repeats were
grouped in the graphs.
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Table 1. Analysis of the repeat instability in mES cells
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Gene C9orf72  C9orf72  C9orf72  C90rf72  C9orf72  C9o0rf72  Corf72 Corf72 Tcf4 Tcf4 Fxn Fxn
STR sequence G4C2 G4 C2 G4 Cz G4 Cz G4C2 G4 Cz G4 Cz G4 C;_ CTG CTG GAA GAA
Additional modification None None None None None None Msh2=/= Msh2=/~ None None None None
gRNA location 5 5 N 3 3 3 5 N 5 5 3 3
Parental repeat length 31x 96 x 96 x 31x 96 x 250 97 x 97 x 60x 60x 400x 400x
Cas9 WT WT NickP10A W WT WT WT NickP10A  WT NickP10A W NickP10A
# of samples analyzed 100 250 300 97 89 113 195 106 107 195 89 188
Large deletion (%) 32.0 18.5 0 22.7 27.0 3.5 15.9 0 0.9* 0 4.5* 0
Contraction (%) 11.0 21.8 1.3 55.7 40.4 40.7 22.6 0.9 8.4 4.1 0 0
Retention (%) 51.0 42.7 92.3 21.6 29.2 42.5 46.2 92.5 84.1 95.9 92.1 100
Expansion (%) 6.0 18.3 6.3 0 3.4 13.3 15.4 6.6 6.5 0 3.4 0
Expansion/contraction 0.55 0.84 4.85 0 0.08 0.33 0.68 7.33 0.78 NA NA NA
ratio

Expansion/retention ratio  0.12 0.41 0.07 0 0.12 0.31 0.33 0.07 0.08 0 0.04 0
Contraction/retention ratio  0.22 0.51 0.01 2.58 1.38 0.96 0.49 0.01 0.10 0.04 0 0
Max repeat length 53x 250x% 132x NA 145x 550 >145x% >145x 87x NA 639x NA
Indel (%) [# of sample 96.4 28] 87.1[31] 0[31] 94.4[25] 96.0[18] ND ND ND ND ND ND NA
sequenced]

NickP10A; Cas9 nickase-D10A. NA: not applicable. ND: not determined.
“No amplification by PCR. No detailed deletion analysis performed.

individual clones revealed characteristic small insertions
and/or deletions (indels) in >85% of clones, regardless of the
type of the repeat alteration (Table 1).

In our efforts to generate repeat-expanded humanized
C90rf72 allele in mES cells, in addition to the C9orf72hu96x/+
mES cell clone, we also obtained a clone with 31 copies of
repeats (C9orf72M31%/+ cells, Supplementary Figures S3C and
S4B). After confirming that these 31 copies of G4C, repeats
were stable over several passages in mES cells (Supplementary
Figure S4C), we tested the impact of DSB in this clone to deter-
mine if starting repeat length affects rearrangement outcome.
When a §'- or 3-DSB was introduced into C9orf72hu31x/+
cells, we observed the same types of rearrangements as seen in
C9orf72"96x/+ cells except that 3'-DSB failed to expand the
repeats (Table 1). We observed that larger repeats expanded
more frequently; 31x (6.0%),96x (18.3%) by 5'-DSB, as well
as 31x (0%) and 96 x (3.4%) by 3'-DSB. On the other hand,
we did not find a clear trend for contractions. Collectively, the
expansions/contractions ratio positively correlated with start-
ing repeat length (31x [0.55] and 96x [0.84] by 5'-DSB and
31x [0] and 96 x [0.08], by 3'-DSB), suggesting that starting
repeat length impacts the direction of change as either expan-
sions or contractions.

While DSBs clearly had a pronounced effect on G4C; re-
peat length in cultured ES cells, single strand breaks (SSBs)
occur far more frequently in mammalian cells (73) and are
therefore more physiologically relevant to RED patient alle-
les. To determine whether a SSB can also cause repeat ex-
pansions, we introduced a 5’-SSB into C9orf72M96x/+ ES cells
using Cas9-D10A nickase and C9-5" gRNA. A 5'-SSB cre-
ated by this nickase resulted in both expansions and contrac-
tions of the repeats in C9orf72M9¢%/* cells (Figure 3G and
H), but SSB-induced repeat instability exhibited some differ-
ent characteristics. For example, SSB did not generate any in-
dels regardless of the repeat length alterations (Table 1 and
examples shown in Supplementary Figure S4A). Accordingly,
none of the subclones showed large deletion mutations (Ta-
ble 1). Following nickase treatment, many of the rearranged
clones exhibited a higher frequency of mosaicism compared
with WT Cas9-treated clones (Figure 3G and H). Another dif-
ference was the expansions/contractions ratio. While 5'-DSB
into 96 copies of G4C; repeats generated more contractions
than expansions (expansion/contraction ratio was 0.84, Ta-

ble 1), 5’-SSB generated more expansions than contractions
(expansion/contraction ratio was 4.85, Table 1). Despite these
differences, both DSB and SSB were capable of inducing ex-
pansion of C90rf72 repeats.

Repeat expansion by DSB and SSB at other
disease-causing STRs

Since DSB introduction on either the 5" or 3’ side of C90rf72
G4C; repeats could induce repeat expansions, we asked if in-
troducing DSB at other disease-causing STRs could also trig-
ger large repeat expansions. To answer this, we created two
novel RED models in which we humanized the respective
murine gene and inserted pathogenic length repeats.

Fuchs’ corneal dystrophy (FCD) is an eye disease that
causes gradual vision loss due to the disfunction of corneal
endothelial cells. The most common cause of FCD is CTG
triplet repeat expansion in an intron of TCF4 (74,75). We hu-
manized the Tcf4 allele by gene targeting in mouse ES cells
using a BAC-based targeting vector that replaced mouse Tcf4
intron 2, exon 3 and part of intron 3 with the human coun-
terpart including pathogenic 60 copies of CTG repeats (Fig-
ure 4A, Supplementary Figure S5A, and Materials and Meth-
ods). We designed a gRNA (TCF4-5) to help induce a DSB
14 bp upstream of the 5’ end of the CTG repeats when deliv-
ered together with WT Cas9. This gRNA was electroporated
into Tcf4"60x/+ mES cells with Cas9 protein and the CTG
repeat length of resulting subclones were analyzed. Screen-
ing of subclones identified repeat-expanded (6.5%) as well
as repeat-contracted subclones (8.4%), as seen in humanized
C90rf72 G4C; repeats. The expansion/contraction ratio in
this clone was 0.78. The Tcf4 CTG repeats appeared more
stable than C9orf72 repeats after 5'-DSB as 84.1% of sub-
clones retained 60 x repeats, compared to 42.7% and 51.0%
in C9orf72M96x/+ and C9orf72M31x/+ subclones respectively
after 5’-DSB. The two most expanded subclones are shown
in Figure 4B, lanes 2 and 3. Sanger sequencing of these am-
plicons confirmed that the two expanded subclones obtained
additional 16 and 17 copies of CTG, resulting in 86 and 87
copies of CTG, respectively (Supplementary Figure S6). We
also tested the impact of a 5'-SSB by electroporating Cas9-
D10A nickase and TCF4-5' gRNA. Unlike the case of 96
copies of C90rf72 G4C; repeats, 5'-SSB did not induce repeat
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Figure 4. Repeat expansions by a DNA DSB at the Tcf4 CTG repeats and the Fxn GAA repeats in mES cells. (A) Humanized Tcf4 allele schematic. gRNA
sequence and Cas9 cleavage site are shown in the bottom. (B) The Tcf4 CTG repeat expansions by 5'-DSB in mES cells. 2-primer gene-specific PCR
amplicons from two largest repeat expanded clones shown. A dotted line indicates parental repeat length (60 copies of CTG). (C) Humanized Fxn allele
schematic. gRNA sequence and Cas9 cleavage site are shown in the bottom. (D) The Fxn GAA repeat expansions by 3'-DSB in mES cells. 2-primer
gene-specific PCR amplicons from repeat expanded clones shown. A dotted line indicates parental repeat length (400 copies of GAA). (E) Nanopore
sequencing/STRique repeat analysis. Most frequently called repeat length(s) shown as horizontal bars and numbers. The numbers on X-axis correspond
to the lane numbers in (D). The number of nanopore sequence reads used for STRique analysis were, 2 (n = 763), 3 (n = 693) and 4 (n = 899),
respectively. Orange: mouse; blue: human; yellow hexagons: gene-specific repeats. TSS: transcription start site.

expansions whereas repeat contractions were still observed
(4.1%, see Table 1).

We then examined a third STR, GAA triplet repeats in
FXN intron 1 that is known to cause FA, the most fre-
quent hereditary ataxia (76). A novel repeat-expanded, hu-
manized Fxn allele was generated by two successive gene tar-
geting events in mES cells. First, the entire mouse Fxn cod-
ing sequences and introns were replaced by those of hu-
man FXN using a BAC-based targeting vector (see scheme
in Supplementary Figure S5Bi-v). A second targeting vec-
tor which contained 650 copies of GAA repeats was con-
structed and electroporated into WT humanized Fx#n ES cells
(Supplementary Figure S5Bvii-ix). 650 copies of GAA repeats
in the targeting vector collapsed down to 400 copies during
gene targeting. Using this humanized Fxn cell line with 400
copies of GAA repeats (Humanized Fxn"40%/+ mES cells), we
tested for repeat expansions. A gRNA (Fxn-3') was designed
to introduce a DSB 13 bp downstream of GAA repeats (Figure
4C). Introduction of a 3’-DSB using WT Cas9 and the gRNA
produced repeat-expanded subclones (3.4%) as identified via
2-primer PCR amplification (Figure 4D). Unexpectedly, we
did not identify any repeat-contracted subclones in this ex-
periment. Similar to the case of Tcf4 CTG repeats, Fxn GAA
repeats were relatively stable compared to C90rf72 G4C; re-
peats, as the vast majority of subclones (92.1%) retained the

repeat length after a DSB introduction. Further characteriza-
tion of repeat-expanded subclones using nanopore sequencing
and STRique analysis (67) showed this manipulation added
100-240 copies of GAA repeats, resulting in 500-640 copies
of GAA repeats in these subclones (Figure 4E). When 3'-
SSB was introduced into humanized Fx#"400%/+ mES cells by
Cas9-D10A nickase, we failed to detect any expansions, con-
tractions, or large deletions (Table 1).

Large repeat expansion resulting from DNA
DSB/SSB is HDR-dependent

A large number of studies demonstrated that proteins in the
DNA MMR pathway, including Msh2, play important roles in
somatic repeat instability (2,21,23,24,26,28,29,31,77). Msh2
is a component of the MutS complex that recognizes DNA
mismatches and stimulates downstream reactions. Loss of
Msh2 prevents somatic repeat instability in several RED mod-
els including HD, DM1 or FXS (2,21,22). Therefore, we
deleted the Msh2 gene in C90rf72%¢/+ mES cells to test
its contribution to the C90rf72 G4C, repeat instability (Fig-
ure SA and Supplementary Figure S5C, D). When we com-
pared the CE traces between C9orf72M96x/+ ; Msh2+/+ and
Corf72M96x/+ - Msh2~/= ES cells in the unperturbed condi-
tion, minor peaks beyond 97x were no longer observed in
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C9orf72M96x/+ + Msh2= / — ES cells (Figure 5B). In con-
trast to Corf72M96x/+ + Msh2+/* mES cells, the repeats in
C9orf72M96x/+ - Msh2~/- cells were stable during iz vitro pas-
sage (compare Figures 1C and 5C). The C90rf72 G4C, repeats
were also stable after subcloning in Msh2 null cells (compare
Figure 1D and 5D): 1.0% of subclones had one additional
copy compared to the parental 97 copies (98 copies of G4C,).
9.9% of subclones had one copy fewer (96 copies of G4C;)
and 1.0% of subclones had two copies fewer (95 copies of
G4C)). These data confirmed Msh2 contributes to G4C; re-
peat instability in the unperturbed condition. However, when
a 5'-DSB was introduced into C9orf72Mu96x/+ ; Msh2~/~ ES
cells, this DSB introduction led to repeat expansions (>10 ad-
ditional copies of G4C,) (Figure SE), similar to our observa-
tions in COorf72M96x/+ ; Msh2+/* cells (compare the distribu-
tion pattern in Figure 31 5’-DSB panel and Figure SE 5'-DSB
panel, and Table 1), indicating that the large-scale repeat ex-
pansions associated with a DNA DSB does not require Msh2.

From the observation that a single electroporation of WT
Cas9 and gRNA increased G4C; repeat length >2-fold (Ta-
ble 1 and Figure 8C), we speculated that the extra G4C, re-
peats may arise through HDR pathway. To test this hypothe-
sis, we knocked down Rad51, a central factor of HDR (Fig-
ure 5F), and assayed the frequency of large repeat expansions.
As a positive control for the inhibition of HDR by the Rad51
siRNA, we electroporated aliquots of Rad51 siRNA- and con-
trol siRNA-treated cells with a BAC-based construct targeting
Rosa26. As expected, Rad51 knockdown inhibited Rosa26
targeting (Supplementary Figures S7A and S7B). When a DSB
was introduced into C9orf72M%¢x/+ ES cells by WT Cas9 and
C9-5 gRNA, the Rad51 siRNA treatment significantly re-
duced the frequency of repeat expansions compared to the
control siRNA (Figure 5G). Interestingly, the frequency of the
events, repeat retention or contractions, was unaffected by
Rad51 knockdown, whereas that of large deletions was sig-
nificantly higher.

Since repeat expansions by a SSB occurred also in the ab-
sence of Msh2 (Figure SE, 5’-SSB panel and Table 1), we
tested if inhibiting the HDR pathway produces similar re-
sults. We delivered Rad51 siRNA and control siRNA into
the C9orf72"96x/+ ES cells and introduced a 5'-SSB by Cas9-
D10A nickase and C9-5 gRNA. Similar to the case of WT
Cas9, Rad51 knockdown by siRNA consistently inhibited, but
did not abrogate, major repeat expansions induced by a 5'-
SSB, whereas the frequency of contractions and retention were
not altered (Figure SH), suggesting the expansions triggered
by a DSB and a SSB were both HDR-dependent.

Despite the shared Rad51 dependency, given the different
dynamics at broken DNA ends caused by DSB and SSB, we
suspected that repeat expansions induced by these lesions can
be achieved through different HDR pathways. A DSB gener-
ates two DNA ends (two-ended DSB), and when repaired by
HDR, this is mainly achieved by error-free HDR pathways, ei-
ther synthesis-dependent strand-annealing (SDSA) or canoni-
cal double-strand break repair (DSBR) with formation of dou-
ble Holliday junctions (78). On the contrary, a SSB during
DNA replication in S phase, unless rescued by a proximal in-
coming replication fork, can become a one-ended DSB that
is repaired by BIR, which is an error-prone HDR pathway
(78-80). Hence, we hypothesized that SSB-induced repeat ex-
pansions, but not DSB-induced repeat expansions, were medi-
ated by BIR. BIR exhibits substantially higher mutation rates
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in yeast and human (81,82). Kononenko et al. reported el-
evated levels of mutation associated with FMR1 CGG re-
peat instability outside of the repeats, attributed to BIR, in
a murine cancer cell line (40). Therefore, we analyzed the se-
quences near the Cas9-D10A nickase cleavage site in those
SSB-induced G4C; repeat-expanded clones expecting to detect
such mutations associated with BIR, but failed to find any mu-
tation outside of the G4C, repeats within approximately 1 kb
5" upstream or 3’ downstream from the Cas9-D10A cleavage
site in those repeat-expanded clones examined (7 = 6, exam-
ple shown in Supplementary Figure S10). Though BIR has
higher mutation rates, the frequency of mutation by BIR may
be far lower than we can capture in mES cells. Therefore, we
approached this hypothesis by suppressing Pold3 or remov-
ing Pif1, both of which are reportedly key proteins involved
in mammalian BIR (40,41,83-85). Knocking down Pold3 or
knocking out Pifl in C90rf72m/%¢x cells did not significantly
alter the G4C; repeat length distribution in the absence of ex-
ogenous DSB/SSB introduction (Supplementary Figures S7C-
E and S7H-J). Unexpectedly, even when a 5’-DSB or a 5'-SSB
was introduced in Pold3-knocked-down C9orf72h%/96x cells
or C9orf72Mu/96x; Pif1=/= cells, we did not observe signifi-
cant changes in frequencies of repeat expansions compared
to the respective controls (Supplementary Figures S7F, G and
S7K, L). These results did not support our hypothesis that
SSB-induced repeat expansions were BIR-dependent, and at
this point, we could not differentiate between DSB- and SSB-
induced repeat expansions.

Taken together, our in vitro analyses revealed that there
were at least two distinct modes of STR expansion; one mode
was dependent on Msh2, a protein in the MMR pathway,
and contributed to small continuous repeat expansion. An-
other mode was dependent on HDR, induced by artificially
generated DSB/SSB, that partly contributed to large repeat
expansion.

C90rf72 G4C, repeat instability in vivo

Next, we asked if these two modes of repeat expansion ex-
ist in vivo. To test the Msh2-dependent pathway, we ana-
lyzed selected tissues in two-month-old mice generated from
C9orf72M96x/+ + Msh2*/* or C9orf72M9¢%/* ; Msh2~/~ mES
clones; liver as the most heterogenous tissue, spinal cord as the
most disease-relevant tissue, and tail as one of the most stable
tissues. Consistent with the CE traces from C9orf72hu96x/+ ;
Msh2~/~ mES cells, the minor peaks beyond the highest peak
were barely detectable in the Msh2~/~ background (Figure 6A
and C). In addition, the increased heterogeneity in liver as well
as overall change in repeat length in spinal cord in the Msh2*/*
background was not observed in Msh2~/~ background (Fig-
ure 6A-C). These data indicated that the C90rf72 G4C; so-
matic repeat expansion requires Msh2.

Since the deletion of Rad51 leads to embryonic lethality in
mice (86), we were unable to study iz vivo HDR-dependent
large repeat expansions as performed in cultured mES cells.
Instead, we asked if a DNA DSB/SSB could induce large re-
peat expansions iz vivo. When evaluating the CE traces from
C9orf72M96x/+: Msh2~ / = tissues (Figure 6A), we were un-
able to detect any evidence of large-scale repeat expansions.
We speculated that this was due to either a low frequency
of spontaneous DSBs/SSBs or a high efficiency of DNA re-
pair in somatic tissues. Therefore, to test if a DNA DSB/SSB
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Figure 6. G;C, somatic repeat instability in C9orf72"%x/* - Msh2-/~ mice. (A) Representative 3-primer RP-PCR CE traces from 2 months-old
C9orf72M98x/+ - Msh2*/* and C9orf72"98/* - Msh2~/~ tissues. The G4C, repeat length (the G4C, repeat copy number of the most abundant species
corresponding to the highest peak in CE) is indicated in the graphs. Dotted lines represent the repeat length (97 copies of G4C, repeats) in the
C9orf72hu96x/+ - Msh2~/~ mES cells. (B) The G4C, repeat length in C9orf72M9X/* - Msh2+/+ and C9orf72M%x/+ - Msh2~/~ tissues. Each symbol
represents individual sample. Vertical bars indicate mean values. (C) Quantification of the minor G4C, repeat species. The number of peaks larger (white
background), and smaller (grey background) than the highest peak shown. Same symbols in (B) and (C) (within the same group) represent samples

derived from the same animal.

also induces large repeat expansions iz vivo, we introduced a
5'-SSB at the G4C, repeats into one-cell C9orf72M%6x/+ em-
bryos, transferred them into surrogate females, and analyzed
the resulting mice (Figure 7A). We introduced a SSB instead
of a DSB to avoid deleterious effects of DSBs in vivo. Analo-
gous to what we observed in mES cells, we detected large re-
peat expansions and contractions in tails from C9orf72m96x/+
mice derived from these targeted embryos (Figure 7B and
C). Interestingly, mice exhibited a high degree of mosaicism,
with up to five distinct G4C, repeat species in a single tail
(Supplementary Figure S8A). This mosaicism resulted in 114
distinct G4C, repeat species in the 44 tails analyzed in the
nickase-treated group, whereas no mosaicism was confirmed
in mock-treated group (Supplementary Figure S8B). Consis-
tent with the mES cell experiments, Cas9-D10A-nickase cleav-
age sites were seamlessly repaired (Supplementary Figure
S8C). These changes, first interrogated at P7, persisted in mul-
tiple tissues at two months of age (examples shown in Figure
7D). Thus, a DNA SSB generated proximal to a repeat can
induce G4C, repeat expansions i vivo.

Generation of larger G4C; repeat alleles and
intergenerational instability

Though quite rare, large intergenerational repeat expansions
in mouse RED models have been noted, including the C9orf72
G4C, repeats (19,70,87,88). These are sporadic events, and
it is not clear what factors cause large intergenerational re-
peat expansions. Expanded STRs accumulate DNA DSBs in
a length-dependent manner both in yeast and mammalian
genomes (89,90). If this holds true for the C90rf72 G4C; re-
peats, then we could recapitulate dynamic intergenerational
repeat instability using larger C90rf72 G4C, repeat alleles. Be-
cause we were unable to find spontaneously repeat-expanded
alleles by breeding C9orf72"96x/+ mice (Figure 2D), we in-
duced large-scale expansions via DNA DSBs (Figure 3) and
searched for mES cell clones that contain even larger repeat
alleles with which to further characterize C90rf72 G4C, inter-

generational repeat expansions (Figure 8A). We explored the
consequence of single 5'-DSB and dual DSBs (both 5" and 3’)
on the C90rf72M96x/+ mES cells (schematized in Figure 8B).
Screening of ES cells that received 5'-DSB by Cas9 and C9-5'
identified a clone with approximately 250 copies of the G4C,
repeats (C9orf72M250%/+) From the dual DSB experiment, we
obtained a clone that had even larger copy numbers of the
repeat, approximately 300 copies of G4C, (C9orf72hu300x/+)
but this clone showed one base pair deletion at the 3’-DSB
(Supplementary Figure S9B). Since the 5’ Cas9 cleavage site
was intact in the newly identified C90rf72Pu250%/+ clone, we
expanded the G4C, repeats in this clone further by intro-
ducing a 3’-DSB at the repeats (Figure 8B). We found three
additional clones from the second round of DSB introduc-
tion with approximately 400, 450 and 550 copies of G4C,
(C9orf72hu400x/+, C9Off72hU450X/+, and C901,](’72hu550x/+) as
confirmed by Southern blotting (Figure 8C). The repeat length
estimation by STRique analysis using nanopore sequencing
reads was similar to the estimation by Southern blotting
(Figure 8D). 3/-DSB-induced expansion frequency from 250
copies of G4C; (13.3%) was higher than that from 96 copies
(3.4%) or 31 copies (0%), further supporting the notion that
expansion frequency and starting repeat length are positively
correlated at this locus (Table 1). We then generated and
bred mice derived from C9orf72M400x/+ and C9orf72350x/+
clones (400x line and 550x line, respectively, Figure 8B) to
test intergenerational repeat instability. Unlike the case of
C90rf72M96x/+ mice, both of the newly generated lines were
less stable and thereby produced progeny harbouring alleles
with fewer copies of the G4C; repeats. We subsequently exam-
ined the intergenerational stability of the entire allelic series
(96, 250, 300x, 400x and 550x lines) by analyzing the
G4C; repeat length in the tail biopsies from the neonates. Us-
ing Southern blotting analysis, we categorized rearrangements
conservatively into three types: (A) contraction; the G4C; re-
peat length is 0.5-fold or less than the parental one; (B) ex-
pansion: 1.5-fold or more than the parental one and (C) reten-
tion: between 0.5- and 1.5-fold of the parental one. The G4C,
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Figure 7. Repeat expansions by DNA SSB in one-cell embryos. (A) One-cell embryo Cas9-D10A nickase and gRNA injection workflow. In vitro fertilized
embryos received Cas9-D10A nickase and C9-5' gRNA by electroporation. Embryos were cultured overnight and transferred into pseudo-pregnant
females. Tails and other tissues from resulting mice were analyzed at P7 (tails) and at 2 months of age (tissues). IVF, in vitro fertilization. Grey mice,
surrogate mother. Brown mice, VelociMice (100% ES cell-derived FO mice). (B) Gene-specific 2-primer PCR products following Cas9-D10A nickase and
gRNA one-cell embryo injection. Gel electrophoresis of amplicons from representative P7 tail genomic DNA samples shown. Dotted line indicates the
G4C, repeat length in sperm donor (95 copies of G4C,). (C) The G4C, repeat species in tails from mice generated by mock (top) or Cas9-D10A nickase
(bottom) one-cell embryo injection. 114 G,C, repeat species detected from total of 44 mice analyzed in nickase injection group. No mosaicism was
observed in mock injection group. See Supplementary Figure S8 for detailed characterization in individual mouse. Dotted line indicates the G4C, repeat
length in sperm donor (95 copies of G4C,). (D) RP-PCR CE traces from C9orf72"96x/+ P7 tails and 2-month-old C9orf72M9%*/+ tissues that received
Cas9-D10A and gRNA at one-cell embryo stage. The numbers on top of each column correspond to the lanes in (B). The dotted lines correspond to the

peaks detected in P7 tail samples.

repeats in mice up to 300 copies were relatively stable, with
only minor intergenerational changes (Table 2). However, in
mice with >400 copies of the G4C, repeats at the humanized
C9orf72 locus, the repeats became less stable, with 3.4-6.3%
of offspring showing contracted repeat lengths, regardless of
the parental sex (Table 2). Notably, one mouse showed a clear
expansion from the parental 400 copies to approximately 700
copies (Figure 8E). Thus, we demonstrated in mice that larger
G4C; repeats exhibited greater intergenerational repeat insta-
bility, trending toward contraction, even without exogenously
introducing DNA DSB or SSB.

Discussion

Disease-causing STRs exhibit somatic instability as well as in-
tergenerational instability. Multiple studies have shown the
significant contribution of proteins in MMR pathway to so-
matic instability, while the molecular mechanism of intergen-
erational instability, especially those that accompany major

changes in STR length, is largely unknown. In this study, we
generated novel humanized C9o0rf72 alleles, a model for fa-
milial ALS/FTD associated with the G4C, repeat expansion,
and studied both types of repeat instability. We found that a
DNA DSB or SSB could serve as a trigger for large-scale repeat
expansion, which provided us an important molecular clue for
the understanding of STR instability.

We used gene targeting to create our humanized C9o0rf72
alleles, by inserting human C9orf72 intron 1 and expanded
G4C, repeats in the mouse ortholog. Unlike other BAC
transgene-based humanized C90rf72 models (49-52), insert-
ing the expanded repeats into the native locus should remove
any positional effects from random integrations or overex-
pression due to multi-copy inserts. Because of these advan-
tages, our model may better recapitulate the behaviour of hu-
man G4C, repeats, and possibly ALS/FTD-like disease phe-
notypes as well.

Our analysis of the G4C, repeats in mES cells and tis-
sues in unperturbed conditions revealed that these repeats
exhibited minor but continuous small-scale expansions that
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Figure 8. Generating larger C9orf72 repeat alleles. (A, B) Workflow to generate larger C9orf72 G,C, repeat alleles in ES cells and mice. 96 copies of
G4C, repeats in Corf72M96%/+ mES cell clone was expanded by WT Cas9 and gRNAs. The repeat expansions were screened by 2-primer gene specific
PCR, and selected clones were subjected to the second round of repeat expansion (A). C9orf72"4250%/+ and C9orf72"30%%/+ mES clones were obtained
from C9orf72"98x/+ mES cell clone, and C9orf72M400x/+  C9orf720M450/+ and C9orf72"59%/+ mES cell clones were obtained from C9orf72"25%%/+ mES
cell clone. In mice, during colony maintenance, novel 250x and 300x lines were generated from 400x and 550x lines (B). (C) Southern blotting analysis
of the repeat length of humanized C9orf72 allelic series in mES cells. Estimated G,C, repeat length indicated. Note the Southern blotting probe was
designed to recognize both WT and humanized alleles. (D) STRigue analysis of the humanized C9orf72 allelic series in mES cells using nanopore
sequencing reads. Most frequently called repeat length shown as horizontal bars and numbers. Number of nanopore sequence reads used for the
STRique analysis were, C9orf72M9x/+ (n = 79), C9orf72M250x/+ (n = 50), Corf72"300%/+ (n = 44), C9orf72Mu400/+ (n = 33), Corf72M45%%/+ (n = 143) and
C9orf72"550x/+ (n = 50). (E) A representative C9orf72 repeat length analysis using tail biopsies by Southern blotting. A litter of offspring from breeding
pair C9orf72M400%/+ male and WT female mice were analyzed. One of the offspring had approximately 700 copies of G4C, repeats (red arrow).

Table 2. Intergenerational repeat instability in humanized C9orf72 mice

Parental # of offspring Offspring repeat Retention (>0.5-fold, Contraction Expansion
Parental repeat length sex mice analyzed length <1.5-fold) (<0.5-fold) (>1.5-fold)
95% Male 21 94x-100x 21 (100%) 0 (0%) 0 (0%)
(Sperm)
95x-97x Male 72 93x-102x 72 (100%) 0 (0%) 0 (0%)
95 x-97 % Female 62 92x-100x 62 (100%) 0 (0%) 0 (0%)
95% + Cas9-D10A Male 44 11x-150x 42 (95.5%)* 5 (11.4%)* 6 (13.6%)*
(Sperm)
250% Male 36 200x-300x 36 (100%) 0 (0%) 0 (0%)
250x Female 41 200x-300x 41 (100%) 0 (0%) 0(0%)
300x Female 16 250x-350x 16 (100%) 0(0%) 0(0%)
400x Male 91 100x-700x 85 (93.4%) 5(5.5%) 1(1.1%)
400x Female 48 100x—450% 45 (93.7%) 3(6.3%) 0 (0%)
550% Male 87 100x—650% 84 (96.5%) 3(3.4%) 0 (0%)
550 Female 71 100x—650x 68 (92.9%) 3(4.2%) 0 (0%)

“The number (percentage) of mice with indicated type of instability. Sum of these numbers (percentages) exceeded total number of mice analyzed due to the
mosaicism.
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accumulated in the genome. These expansions were highly
variable among tissues and dependent on Msh2, a protein in
the MMR pathway shown to be involved in the somatic repeat
expansions in other RED mouse models (Figures 1C-D, 2A-C,
5SA-D and 6A-C) (23,25,26,32). Disease-causing STRs in pub-
lished RED mouse models, including CTG repeats in DM1,
CGG repeats in FXS, and CAG repeats in HD, consistently ex-
panded during the mouse lifetime in a tissue-dependent man-
ner, and these expansions were associated with a subset of pro-
teins in the MMR pathway (21,23,25-27,32,91,92). Hence, it
is possible that not only Msh2, but also a subset of proteins
in the MMR pathway, contribute to somatic repeat expan-
sions of C90rf72 G4C, repeats as well. In our mouse model,
the G4C, repeats expanded up to approximately 125% of
estimated inherited repeat length in liver, the least stable tis-
sue, by the age of 6 months (Figure 2A-C). Interestingly, the
same magnitude of expansions (10-40% increase) was ob-
served in the livers at 6-12 month of age among other RED
models when approximately 100 copies of repeats were in-
serted (32,91,92). If these STRs in the human genome expand
at a similar speed as in mouse cells, then, because of human’s
longer life span, these continuous small expansions may still
give rise to pathogenic larger repeat alleles. Human genetic
studies revealed the association of somatic repeat expansions
and disease onset in HD and DM1 (36,37). These data suggest
that somatic repeat expansions might be a common contribu-
tor to RED pathogenesis in humans.

In some ALS/FTD patients, the C90rf72 repeats were ro-
bustly expanded in CNS but not in peripheral tissues, which
raised the possibility that somatic repeat expansions also play
a critical role in ALS/FTD pathogenesis (45-47). However,
the CNS-specific repeat expansion is not a common feature
among patients, which makes it difficult to assess the contri-
bution of somatic repeat expansion. As genotype-phenotype
relationship is further characterized, our novel ALS/FTD
mouse model will become a useful tool to molecularly dis-
sect the role of the somatic expansions on disease pathogenesis
(manuscript in preparation).

To date, because of the technical hurdles measuring accu-
rate repeat length, reliable prediction of the repeat length in
CNS, by collecting and analyzing samples from typical col-
lection sites such as blood or saliva has not been established
(45-47,93-97). In our mouse models, the degree of instability
was different between whole brain/spinal cord and peripheral
tissues (Figure 2A-C), which confirmed the need for tissue-
specific characterization of the somatic repeat instability. Sys-
tematic characterization of the G4C, repeat somatic instabil-
ity in our humanized C90rf72 allelic series, across tissues and
in longitudinal analyses using various starting repeat lengths,
will enable deeper understanding of the behavior of the G4C,
repeats. Also, a comprehensive study which captures repeat in-
stability and its corresponding molecular phenotypes in mice
should be informative for translational research.

The major repeat expansions induced by DNA DSB/SSB
and their application for disease modelling (Figures 3 and
8) represents a new paradigm to create RED models in a
genetically-tractable mammalian system. The magnitude of re-
peat expansion seen in humans is difficult to reproduce in the
mouse models with some exceptions (19,70,87,88). Hence, it
has been difficult to generate RED mouse models containing
large STRs. In our effort to identify factors that could trigger
a major change in repeat length in the mammalian genome,

we found that a DNA DSB and a SSB, introduced by WT
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Cas9 and Cas9-D10A nickase respectively, proximal to the
disease-causing STRs was able to induce a significant (more
than 1.5-fold) magnitude of repeat expansions (Figure 3). Us-
ing this procedure, we can now introduce large repeat alleles in
the mammalian genome that were difficult to achieve by con-
ventional targeting vector-based approaches. The allelic series
generated in this manner (Figure 8) might be one of the best
sample sets with which to study the impact of the STR length
in an i vivo disease model, because the only genetic differ-
ence among resulting mice bred from these clones is the re-
peat length. We cannot rule out the possibility of mutations
generated by Cas9 off-targeting effects, but these mutations
can be segregated by breeding. We are currently analyzing
phenotypes of the mouse models generated in this study to
better characterize genotype-phenotype relationships of REDs
including ALS/FTD associated with expansion of C9orf72
G4C,, TCF4 CTG and FXN GAA repeats.

One longstanding question is if a mechanism exists that
can achieve major repeat expansions as a single event, dis-
tinct from the mechanism of minor repeat expansions that
add only small increase in repeat length per event (2,4). In
our study, introduction of a DSB or a SSB resulted in a ma-
jor change in C90rf72 G4C, repeat length, up to 2.5-fold,
in a Msh2-independent, and Rad51-dependent manner, pre-
sumably via HDR pathway (Figures 3, 5, 8, and Table 1). We
also observed that Msh2-dependent C90rf72 G4C, repeat ex-
pansion, which continuously induced minor changes in repeat
length that accumulated in the genome, was the major driver
of somatic repeat expansion in mouse tissues in unperturbed
condition (Figures 2 and 6). As discussed above, the common
contribution of a subset of MMR pathway proteins to somatic
repeat expansions observed in multiple RED models suggests
that this may also be the case for C90rf72 G4C, repeats.
Collectively, we speculate that there are two distinct modes
of C90rf72 G4C; repeat expansion; one is DSB/SSB-induced
HDR-dependent expansion that could cause major changes
in repeat length per expansion event, and the other is an ex-
pansion dependent on a subset of proteins in the MMR path-
way that exert minor changes in repeat length per expansion
event. Using a yeast model, Kim et al. showed that the large
CAG repeat expansions occurred via BIR, a Rad51-dependent
error-prone HDR pathway that repairs one-ended DSB (39).
These experimental systems, the engineered yeast genome, or
exogenous Cas9 delivery into the engineered mouse genome
by us, may not be relevant to pathophysiological conditions,
and therefore, whether the large repeat expansions occur sim-
ilarly in the human genome requires further investigations.
Nevertheless, these observations point to the existence of the
large-scale repeat expansions achieved via HDR-dependent
pathway, which is distinct from continuous small repeat ex-
pansions dependent on proteins in MMR pathway. Biological
relevance is an important aspect of our future studies.

It is tempting to speculate that DSB/SSB contribute to large-
scale repeat expansions as well as contractions seen in hu-
man pedigrees. We observed length-dependent intergenera-
tional repeat instability (Table 2): the G4C, repeats above 400
copies trended toward contraction; while, through extensive
breeding, we confirmed a case of large-scale expansion from
400 copies in the male parent to 700 copies in an offspring
(Figure 8E). Recently, two additional cases of large-scale ex-
pansions were found during colony maintenance. STRs are
known as ‘difficult to replicate’ regions (98,99). Non-B struc-
ture DNA, such as hairpin or G-quadruplex, formed at the
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Figure 9. Model of the repeat expansions and contractions by a DNA DSB or SSB. Following a DSB introduction adjacent to the G,C, repeats (repeats
shown in red), a broken DNA end with G,C, repeat sequence, after end-processing, invades into the sister-chromatid but can misalign within the G4C,
repeats at ‘out-of-register’ position, which could result in the repeat expansion. A SSB during S phase can generate one-ended or two-ended DSB (one
of the ends shown in light grey lines indicating possibilities of both one-ended and two-ended DSB). Misalignment during HDR could also explain
SSB-induced expansions. These SSB-induced expansions, as well as DSB-induced expansions, occurred in a Pold3- or Pif1-independent manner. DSB
and SSB also induced repeat contractions, but they occurred mainly via non-HDR pathways.

repetitive sequence can stall the DNA replication fork which,
if not resolved immediately, can lead to a DNA fork collapse
and thereby generate DNA DSBs (100,101). Indeed, studies
indicate that large STRs are the sites of DSB iz vivo in yeast
as well as mammalian models (89,90). In addition, reactive
oxygen species (ROS), a cellular stress marker, or y-H2AX,
a DNA damage marker, were elevated in C90rf72 repeat-
expanded ALS patient tissues as well as in patient-derived iPS
cells when cultured for a prolonged time (102,103). The in-
tergenerational repeat instability we observed in our mouse
model is consistent with the hypothesis; DSB/SSB occurred in
larger repeats more frequently compared with shorter repeats,
which triggered repeat length dependent instability. However,
we do not have direct evidence of spontaneous DSB/SSB-
induced repeat expansions via HDR pathway in either cul-
tured cells or in mice, representing an important hypothesis
to test in future work.

Another unanswered question is why the frequency or
the magnitude of repeat expansions, during intergenerational
transmission, is different between human and mouse. For ex-
ample, >80 copies of CTG repeats exhibit strong bias toward
further expansions through maternal transmission that could
result in a major increase in repeat length. DM 1 mouse mod-
els do not show the same magnitude of expansions even when
they have >300 copies of repeats in female animals, even
though high frequency of repeat expansions were observed
(14-16,19). If DSB/SSB-induced repeat expansion contributes
to the repeat expansions in human pedigree, does it explain
the difference in these two species? As shown in Table 1, the
frequency of repeat expansions after DSB was positively corre-
lated with the starting G4C; repeat length in mES cells. Since
HDR was a key driver for the large-scale repeat expansions
(Figure SF-H), the difference in repairing large repeats be-

tween human and mouse such as choice of DNA repair path-
ways, may explain the difference in intergenerational repeat
instability. We are currently generating mouse and human cell
lines with similar G4C, repeat lengths to compare DNA repair
mechanisms between species after DSB/SSB.

Inhibition of Rad51 significantly decreased the frequency
of DSB-induced C90rf72 G4C; repeat expansions (Figure SF-
H), suggesting these expansions were HDR-dependent. When
a DSB with two broken ends is repaired by the HDR path-
way, it is preferentially achieved by error-free HDR pathways,
SDSA or DSBR (78,104). In these pathways, broken DNA
ends are resected, coated by Rad51, and ssDNA-Rad51 nucle-
ofilament searches for and invades a donor template, typically
the sister chromatid, forming a D-loop where strand synthe-
sis initiates (78,105). When a DSB is introduced adjacent to
CYorf72 G4C, repeats and repaired by HDR, the processed
DNA-end with G4C, repetitive sequence, after strand inva-
sion, may mis-align ‘out-of-register’ to an incorrect position
within the stretch of G4C; repeats in the sister chromatid. Ini-
tiation of strand synthesis from the mis-aligned position may
then cause repeat expansion (Figure 9). A SSB during S phase,
if it encounters replication fork, can generate either one-ended
or two-ended DSB depending on the locations of replication
origins (79,106) (Figure 9). Since inhibition of Rad51 also sig-
nificantly reduced the frequency of SSB-induced repeat expan-
sions, the same mis-alignment within the G4C, repeats dis-
cussed above can also explain SSB-induced expansions. An
error-prone HDR pathway BIR can repair one-ended DSB
induced by SSB, as well as two-ended DSB when coordina-
tion of two broken ends fails (78,104). Suppression of Pold3
by siRNA or knocking out Pifl, both of which are report-
edly involved in BIR (40,41,83-85), did not alter the fre-
quency of DSB-induced nor SSB-induced repeat expansions
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(Supplementary Figure S7C-L), suggesting these repeat ex-
pansions were BIR-independent events. However, mammalian
BIR has not been fully characterized and hence alternative
pathways might exist. Since it is difficult to knock down
Rad51 completely during the long process of DNA DSB repair
by recombination (107), it is reasonable to observe partial in-
hibition of the repeat expansions (Figure SF-H). However, at
this point, we cannot exclude the involvement of other Rad51-
independent mechanisms, such as microhomology-mediated
BIR (MMBIR), Rad51-independent mitotic DNA synthesis,
or strand slippage (6,38,84), to explain the large repeat expan-
sions resulting from a DSB/SSB. In contrast to repeat expan-
sions, repeat contractions after a DSB/SSB should be achieved
mainly by non-HDR pathways as Rad51 knock-down did
not alter the frequency of repeat contractions (Figures SF-H
and 9).

At C90rf72 G4C; repeats, in both mES cells and in one-cell
embryos, Cas9-D10A nickase did not produce indels at the
cleavage site even when repeats were expanded or contracted
(examples shown in Supplementary Figures S4A and S8C). In
these rearranged clones, because gRNA recognition sequences
were intact, the nickase could act on DNA repeatedly, and that
might have produced a high degree of mosaicism during cell
divisions in culture or embryogenesis. Somatic repeat length
mosaicism is commonly seen in ALS/FTD patients (44). The
contribution of naturally occurring SSBs, during early devel-
opment, to mosaicism presents an interesting subject for our
future studies.

At C9orf72 G4C, repeats in our model, frequency of ex-
pansions and contractions following DSB/SSB introduction
varied depending on the starting repeat length as well as loca-
tion of the DNA lesions (Figure 3 and Table 1). At T¢f4 CTG
or Fxn GAA repeats, 5'-DSB or 3/-DSB respectively induced
repeat expansions, but corresponding SSB did not (Figure 4
and Table 1). The frequency of repeat contractions after DSB
or SSB was also different among these repeats. Since G4C,
CTG, and GAA repeats are predicted to have different sec-
ondary structures (G-quadruplex, hairpins, or H-DNA respec-
tively (2,108,109)), these secondary structures might impose
different challenges on DNA repair after strand breakage, and
therefore, might lead to locus-dependent outcome. Because of
the variations in frequency or pattern of repeat length alter-
ations, at this point, we do not have a general model that can
predict the consequence of the genome rearrangements after
DSB/SSB across disease causing STRs. Further investigation is
required for the comprehensive understanding of the behavior
of expanded STRs.

Some REDs including DM1 or HD, where repeat length is
strongly correlated with disease onset/severity, exhibit genetic
anticipation, a biological phenomenon in which disease onset
becomes earlier, and disease severity becomes stronger, than
in the previous generation (2,3). To date, it is not yet clear
whether genetic anticipation also plays a role in the C90rf72
ALS/FTD, partly due to difficulties characterizing this STR
(44,47). However, our current understanding from human ge-
netic studies suggests that larger C90rf72 G4C; repeats tend to
contract rather than expand between generations (44,95,97).
Consistent with this notion, our experiments also demonstrate
that alleles which contain more than 400 copies of C9orf72
G4C; repeats tend to contract more frequently than they ex-
pand (Table 2). Though we need further investigation regard-
ing the species differences between human and mice, our hu-
manized RED models including C907f72 G4C,, Tcf4 CTG and

5751

Fxn GAA models, may help us obtaining further insights into
the variation of genetic anticipation among REDs.

With emerging techniques to engineer genomic DNA us-
ing programable RNAs and endonucleases, multiple novel ap-
proaches were proposed to treat human diseases including
REDs. One of these proposals is excision of the expanded in-
tronic STRs by introducing DSBs at both sides of the STRs
(110,111). Studies showed that introducing DSBs by WT Cas9
caused large deletion at any given locus, although this was not
major outcome (112,113). In our hands, when DSB was intro-
duced in repeat expanded humanized C90rf72 mES cells, large
deletions were observed consistently (Figure 3 and Table 1).
These observations suggested that the Crispr-based excision
approach might remove not only intronic STRs but also addi-
tional sequences around the STR, and potentially altering the
sequence near the surrounding exons. Also, DSBs induced by
Cas9 could expand the intronic STRs as we observed in this
study (Figures 3 and 4, and Table 1), which could potentially
further worsen disease severity. Since DSB-induced repeat ex-
pansions were dependent on HDR (Figure SF-H) that is not
highly active in post-mitotic cells such as mature neurons, the
most vulnerable cell type of many REDs, it is less likely that
DSBs induce repeat expansions in this cell type. Nevertheless,
a careful evaluation may be required for this type of therapeu-
tic application.

In summary, we demonstrated the C90rf72 G4C, repeats
exhibited repeat instability both somatically and intergenera-
tionally using a novel mouse ALS model. We presented evi-
dence that DNA DSB/SSB have a profound impact on repeat
instability. These findings provide molecular clues to better
understand the dynamic behaviour of STRs in the mammalian
genome.
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