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Abstract

Fragile X syndrome (FXS) is a leading monogenic cause of intellectual disability and autism spectrum disor-
ders, spurring decades of intense research and a multitude of mouse models. So far, these models do not re-
capitulate the genetic underpinning of classical FXS—CGG repeat-induced methylation of the Fmr7 locus—and
their findings have failed to translate into the clinic. We sought to answer whether this disparity was because
of low repeat length and generated a novel mouse line with 341 repeats, Fmr1"$3*’ which is the largest allele
in mice reported to date. This repeat length is significantly longer than the 200 repeats generally required for
methylation of the repeat tract and promoter region in FXS patients, which leads to silencing of the FMR1
gene. Bisulfite sequencing fails to detect the robust methylation expected of FXS in Fmr1"$3*" mice.
Quantitative real-time PCR and Western blotting results also do not resemble FXS and instead produce a bio-
chemical profile consistent with the fragile X-associated premutation disorders. These findings suggest that re-
peat length is unlikely to be the core determinant preventing methylation in mice, and other organisms
phylogenetically closer to humans may be required to effectively model FXS.

(s )

It is critical for the study of disease, and the translatability of findings into the clinic, that the model used ex-
hibits close homology to the human condition. There remains uncertainty whether knock-in mouse models
can replicate the core etiology of fragile X syndrome (FXS) and methylate the Fmr1 gene. We therefore gen-
erated a new mouse line with a repeat size that far exceeds the established boundary for human methyla-
tion, and we report the continued absence of methylation. Our characterization of this line affirms that
alternative models may be required for the comprehensive study of FXS, while these new mice may offer a
\valuable tool for the study of unmethylated fragile X-associated disorders. /

ignificance Statement

Introduction

Fragile X syndrome (FXS) is the most commonly inher-
ited form of intellectual disability and leading monogenic
cause of autism spectrum disorders (Hagerman et al.,
2010; Lubs et al., 2012; Duy and Budimirovic, 2017), rep-
resenting between 2-6% and 5-10% of all cases, respec-
tively (Darnell and Klann, 2013). The affected gene, FMR1,
has a CGG trinucleotide repeat in its 5’ untranslated
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region that is susceptible to expansions and contractions
(Oberlé et al., 1991). While unaffected individuals typically
harbor ~30 repeats (De Rubeis et al., 2012), individuals
with FXS are generally found to possess >200 repeats.
At this size, the CpG-heavy sequence and its surrounding
regions methylate (Maddalena et al., 2001), effectively
silencing FMR1 gene expression and eliminating the pro-
tein product FMRP (fragile X mental retardation protein;
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Oberlé et al., 1991). Curiously, a distinct clinical outcome
emerges in the premutation range between 55 and 200 re-
peats: fragile X-related primary ovarian insufficiency
(FXPOI) and/or the neurodegenerative fragile X-associ-
ated tremor/ataxia syndrome (FXTAS; Willemsen et al.,
2011). Because of the presence of FMR1 on the X-chro-
mosome, FXS and FXTAS are disproportionately more
prevalent in males (Crawford et al., 2001), with nearly all
FXS males diagnosed with mild to severe intellectual dis-
ability (Hagerman et al., 2017).

Despite its disease burden, much remains unknown
about FMR1. (1) It is still unclear precisely when or how
the repeat tract expands, although it is established that
the expansion occurs with the female oocyte (Martin and
Bell, 1943; McMurray, 2010; Zhao and Usdin, 2018). (2)
There is significant debate on the root cause behind the
methylation of the locus and whether such a process can
be reversed to restore cognitive function (Liu et al., 2018).
(8) More challenging still, we do not yet have a complete
picture of the targets and function of FMRP, though ad-
vances in identifying its signaling pathways and known in-
teractions suggest that it plays diverse roles in RNA
transport and translation (Bardoni and Mandel, 2002;
Bassell and Warren, 2008; Bagni and Oostra, 20183;
Darnell and Klann, 2013; Sethna et al., 2014; Richter and
Zhao, 2021). And (4) the etiologies of FXPOI and FXTAS
remain uncertain, though many independent lines of evi-
dence suggest RNA toxicity is involved (Todd et al.,
2013). With these and other lingering questions, FXS con-
tinues to be an area of intense research.

A number of attempts have been made to model FXS in
mice. The earliest knock-out attempts yielded promising
insights into the biology of FMRP (Dutch-Belgian Fragile X
Consortium, 1994; Huber et al., 2002; De Rubeis et al.,
2012; He and Portera-Cailliau, 2013; Jacquemont et al.,
2014), yet the therapeutic predictions have so far largely
failed to translate into the clinic (Scharf et al., 2015).
Others have since sought to expand the mouse CGG re-
peat through transgenics or careful breeding (Bontekoe et
al.,, 2001; Brouwer et al., 2007; Entezam et al., 2007;
Berman et al., 2014), but no methylation has been ob-
served even at 230 repeats. These latter studies also
report a much lower intergenerational expansion/contrac-
tion rate than what is observed in humans. There is spec-
ulation that, perhaps in relation to this difference, the
requisite length for methylation in mice might be even
larger (Brouwer et al., 2007). Conversely, there is the pos-
sibility that these inconsistencies between human and
mouse underlie fundamental differences in biological
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processes, and thus mice lack the construct validity to act
as a model for FXS (Kaiser and Feng, 2015; Foote et al.,
2016).

We sought to determine whether Fmr1 methylation
could be induced in mice through a massively expanded,
patient-derived CGG repeat tract. To test this hypothesis,
we generated a new transgenic mouse line possessing
341 repeats, Fmr1"%#' by replacing the native mouse se-
quence with a DNA fragment of expanded CGG repeats cop-
ied from a FXS patient-derived cell line. This CGG repeat size
is larger than any fully characterized in the literature. We found
that Fmr1 failed to methylate in these animals, and instead
discovered biochemical hallmarks of the premutation. Our
results suggest that the molecular mechanisms and epige-
netic factors regulating mouse Fmr1 are distinct, and that
thoroughly unraveling the causes and treatments for FXS may
require modeling in more evolutionarily proximal species.

Materials and Methods

All oligonucleotide sequences are presented in 5’ to 3’
orientation.

Individual animals are referenced as F<litter>.<pup>.
For example, F33.3 and F33.4 refer to the third and fourth
pups, respectively, of the 33rd litter of Fmr1347.

Guide RNA design

Guides were designed using CRISPOR (Concordet and
Haeussler, 2018). Guides were selected based on their
proximity to the CGG repeats and whether the inserted
human template sequence possessed one or more sin-
gle-nucleotide polymorphisms (SNPs) from the mouse
host genome, which protect the repaired knock-in allele
from recognition by the guide RNA and subsequent recut-
ting. The upstream guide was designed over an SNP at
position 1, while the 3’ guide covered multiple SNPs be-
tween positions 8 and 18 (Fig. 1A; upstream guide:
GTGAGGGGCCGCGCCTGAGA; downstream guide:
CGCGAGGACGGACGAGAAGA).

CGG repeat template generation

Male patient DNA samples were purchased from the
Coriell Institute (stock #LCL NAO06852). The patient’s
FMR1 allele was previously characterized to have 341 re-
peats (Kwok et al., 2016). The allele was amplified with a
reverse primer phosphorylated at its 5’ end to enable sin-
gle-strand digestion and a forward primer protected by a
phosphorothioated bond. These primers provided a homol-
ogy arm length of 69 bp at the 5’ sequence and 56 bp at the
3’ sequence. DNA amplification was performed with a pub-
lished PCR protocol (Hayward et al., 2016) and only slight
modifications to the reagents: 50 mm Tris-HCI, pH 8.9, 22 mm
(NH4)>SO4, 0.2% Triton X-100, 1.5 mm MgCl,, 0.8 um forward
primer, 0.8 um reverse primer, 1.4 mm dGTP (deoxy-GTP), 1.4
mm dCTP (deoxycytidine triphosphate), 0.2 mm dATP (deoxy-
ATP), 0.2 mm dTTP (deoxythymidine), 2% dimethylsulfoxide,
2.5 m betaine, ~65ng patient DNA, and 1 U Phusion DNA
Polymerase (catalog #M0530L, New England BioLabs) in a
25l reaction volume (forward primer: G*CCCTTGGCCTC
AGTCAGTCAGGCGCTGGGGAGCGTTTCGGTTTCACTTCC
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e - 363 bp Fmr1"3" c66CGGC66CGGCEECEGCTEEECCTCGAGCGCCCGCAGCCCACCTCTCGGEGGCGGECTCCCGGCGCTAGCAGGGCTGAAGAGAAGATGGAGGAG

Figure 1. FMR"3*" design and validation. A, Sequence alignmnt. Annotated comparison between Mus musculus (M.m.) and Homo
sapiens (H.s.) of the region surrounding the fragile X repeat tract. The repeat tract is highlighted in orange, with the # symbol repre-
senting variable CGG repeat length sizes in the human population. Guide RNA sequences and their associated PAM (Protospacer
Adjacent Motif) sequence are indicated by their position above the M.m. sequence, with the SNPs incorporated by the template to
prevent recutting shown in red (note: Cas9 cuts several nucleotides before the PAM sequence). The green box denotes the coding
region of exon 1. Sequences are written 5’ to 3'. B, lllustration of knock-in strategy. Embryos are injected with a mixture containing
a single-stranded DNA template generated from human patient DNA, Cas9 protein, and two single-guide RNAs flanking the FMR1
CGG repeat tract. The mouse embryo DNA is cut by Cas9 and repaired through homologous recombination with the patient muta-
tion template. The exchange is irreversible because of SNPs in the corresponding guide sequence on the human allele. Purple, 5’
UTR; blue, CGG repeat tract of mouse; red, CGG repeat tract of human expansion; green, coding region of exon 1. C, Confirmation
of repeat size by gel electrophoresis. The FMR1"34" amplicon was predicted to be 1353 bp in length: 190 bp upstream, 1023 bp re-
peat tract (341 * 3), and 140 bp downstream. Lane 1 provides a DNA ladder (1 kb Plus DNA Ladder; catalog #N3200L, New England
BioLabs), lanes 3 and 5 were identified as wild type, lane 7 was identified as FMR1"$3#’_ D, E, Sanger sequencing of upstream and
downstream regions, respectively. Red box denotes guide RNA recognition sequence; blue box denotes PAM sequence. The up-
stream region shows strong incorporation of the human template including several SNPs located 14 bp before the predicted cut
site. Upstream sequencing penetrated up to 59 CGG repeats. The downstream region demonstrates precise integration of the
human template, and sequencing penetrated up to 74 CGG repeats. Two nucleotides were manually annotated for the downstream
sequence. Off-target traces can be found in Extended Data Figure 1-1.
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Table 1: Off-Target primers: primers for amplifying and sequencing candidate off-target sites

Off-target

site Guide Chromosome Gene Mismatch Forward primer Reverse primer Sequencing primer

1 Upstream 9 Trank1 3 AGGGCCCTTAGCATTTTTGC AGCCAGCTGCAAGGAAACTC GGATGTCTCCCTCTATGCAGTG
2 Upstream 7 3 GTACTGTCTTGGTGAGGGATTG CCCAACAGAAGGCAGAGTAAG  CTCATACCATACCGTGCAG
3 Upstream 1 3 CAGAGGCAGGTGGATTTCTAAG CGGTTCTAGGATTGCTGTTCTC  TTCTCCATCACCATGCTGTG
4 Upstream 18 3 AGTTGCATCTCACAGTTCCTATC CTATGGGCCGGCTTCTATTATG  GTAAGCTGATCTCTCCGATC
5 Upstream 12 3 GAATACAGAGCTGAGGGAATGG GGAGAACATGAGAGCTGGATATG CAGTAGTAGAGCCATCCTTAC
6 Upstream 17 3 GATTATCAGCAGGGCTAGGATG AGAGAGCATTGTGGGAATGAG  CCTTTAGCTCTGGGAGGTTTC
7 Upstream 5 3 GGTTCAGTTGCTTCCCAGTT CCCGAAAGCTTGATCGAAGAG  CTGAGGATCTAGAAGCACTG
8 Upstream 7 3 TTCTGTACGGTTGGCTTCTTC ~ GGTGAGTCATCTCAGCAATCTC ACTTCAGGAGTCTTCTCTC

9 Upstream 9 Mcam 3 TGAGGGTAAGGAGAGGGTAAG GTACCATAGGACTTGAGGAATGG GTCGCTTGCTCTTACACAG
10 Upstream 4 Ctnnbip1 4 TGCCTCAGCCGGAAATAAG ACACAGACACACAGACACATAG CTAGGGTCTCAAGCCTTC

11 Downstream 7 3 CCACCTTACACTAGCCATGAAC CAAGGGCAGGATTGGAAGATAC AGAGACACAGAGGGACAAG
12 Downstream 7 3 CCACCTTACACTAGCCATGAAC CAAGGGCAGGATTGGAAGATAC AGAGACACAGAGGGACAAG

GGTGGAGG; reverse primer: pTACCTTGTAGAAAGCGCC
ATTGGAGCCC (where “*” is a phosphorothioate bond, and
“p” is a phosphorylated primer).

The amplified DNA product was purified with the
DNA Clean & Concentrator-5 Kit (ZYMO RESEARCH)
and eluted with two applications of 12 ul of pure water
warmed to 60°C. The purified product was subse-
quently digested to single strand with the Guide-it
Long ssDNA Production System (Takara). Lastly, the
product was purified with the NucleoSpin Gel and PCR
Clean-Up Kit eluted with one application of 15 pul of 70°
C water incubated for 5 min followed by a second ap-
plication of 22.5 ul of 70°C water.

Mouse embryo injection

The injection mixture was prepared with modifications
on Aida et al. (2015). An initial volume of water was pipet-
ted on ice to achieve a final volume of 30 pl: 0.625 um 5’
guide, 0.625 um 3’ guide, and 1.25 um trans-activating
CRISPR RNA (tracrRNA) were added to the water, incu-
bated for 5min at 5°C, and were left at room temperature
for 10 min; 0.36 ul of Cas9-NLS (catalog #MO0646M to
Cas9-NLS, New England BiolLabs) was added, and the
mixture was heated to 37°C for 15 min. Lastly, 300 ng of
the single-strand template product was added. The in-
jection itself was performed by an on-site transgenic fa-
cility, as previously described (Wilde et al., 2021).

Animal work

All animal procedures were performed in accordance
with the Massachusetts Institute of Technology animal
care committee regulations. Quantitative real-time PCR
(gRT-PCR) was performed at postnatal day 21, while
Western blotting and behavior experiments were per-
formed at between 42 and 72 weeks of age. Sibling male
mice were group housed and used as control and experi-
mental groups.

Genomic DNA preparation

Mouse genomic DNA was extracted from mouse tail tis-
sue samples with the Machery-Nagel NucleoSpin Tissue
Kit following the standard protocol eluting in 60 pl of 60°C
warmed water.

September/October 2022, 9(5) ENEURO.0142-22.2022

Genotyping

Genotyping was performed identical to the template
generation above with distinct genotyping primers (for-
ward primer: CGGGTCACGTGACATCGTTTGACTGTIT
ACAGG; reverse primer: CCTGTCCGGTAGCCGGTTA
CCTTGTAGAAAGC). The forward primer is outside the
template sequence, but because of the complexity of am-
plifying this sequence the reverse primer partially overlaps
the 3" homology arm.

On-target and off-target analysis

On-target and off-target editing were verified on F1
dames. The fragile X locus was amplified with the above
genotyping protocol and sequenced by GENEWIZ for
on-target confirmation. Candidate off-target sites were
identified with the CRISPOR software (Concordet and
Haeussler, 2018) under the criteria that the site had three
or fewer mismatches from the guide target, or that the site
had four mismatches from the guide target and was lo-
cated within an exon. The search yielded 12 sites located
on 11 unique loci. Each site was amplified with BioTaq
(Meridian Bioscience) using the recommended protocol
and sequenced by GENEWIZ (Table 1, primers). Trace
files were aligned by SnapGene to in silico assemblies.

Bisulfite sequencing

Ten microliters of genomic DNA from male mice was
treated with bisulfite to deaminate unmethylated cytosines
to uracil with the EpiMark Bisulfite Conversion Kit (New
England BiolLabs) following standard protocol. Bisulfite-
treated DNA was eluted with 40 ul of elution buffer and was
either used immediately or aliquoted and stored at —20°
C. Four microliters of bisulfite-converted DNA was used
in 25ul PCR reactions with following conditions: 1x
EpiMark Reaction Buffer, 0.2 um dNTPs (deoxynucleo-
tide triphosphate), 0.2 um each primer, and 0.625 U of
EpiMark Polymerase. Reactions were mixed and im-
mediately transferred to a preheated thermocycler
with the following program: (1) 95°C for 30 s; (2) 95°C
for 20 s; (3) 57°C for 30 s; (4) 68°C for 15 s; (5) repeat
steps 2-4 35 times; (6) 68°C for 5 min; and (7) hold at
4°C. Four replicates were performed per sample, with
2 ul of each PCR product used in a second round of
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PCR. One reaction was run on a 1% agarose gel to
verify correct amplification, while the remaining three
reactions were pooled and column purified using the
Machery-Nagel Clean and Concentrator-5 Kit follow-
ing standard protocol and eluting in 5 ul of elution
buffer. Two microliters of this purified PCR product
was used as insert DNA in the TOPO TA Ligation
Cloning Kit following the standard protocol. Plasmid
DNA was miniprepped with ZR Plasmid Miniprep-
Classic Kit (ZYMO RESEARCH) following the stand-
ard protocol. Insert sequences were sequenced by
GENEWIZ with M13 (—20) forward and M13 reverse
primers. Artificially methylated control samples were
treated with M.Sssl (catalog #M0226, New England
BioLabs) according to manufacturer instructions and
incubated for 1 or 2 h before bisulfite exposure (for-
ward primer: TTTTGATATTTTGAGGTAGGTATTT; re-
verse primer: CTAACTAACTAAAACCAAAAACTCC).

Dissection

Brain tissue of male mice was dissected and separated
into corresponding brain regions before being snap frozen
in liquid nitrogen and stored at —80°C.

qRT-PCR

Brain tissue of male mice was processed with the
Aurum Total RNA Mini Kit (BIO-RAD) aided by passing the
sample through a 20 gauge needle after homogenization.
The final elution volume was 60 pl. The resulting RNA was
reverse transcribed with the iScript Advanced cDNA
Synthesis Kit (BIO-RAD) with a 5 min 27°C step preceding
the 46°C reverse transcription. The final cDNA product
was analyzed using the SsoAdvanced Universal SYBR
Green Supermix (BIO-RAD) following standard protocol
with Gapdh and B-Actin serving as reference genes on a
CFX96 Touch Real-Time PCR Detection System (BIO-
RAD; Fmr1 forward primer: GCTGAAGATGTCATACA
GGTTCCACG; Fmr1 reverse primer. CATTTTCAGCCT
CAATCCTCACCCTC; Gapdh forward primer: GCCTTCC
GTGTTCCTACC; Gapdh reverse primer: CCTCAGTGTA
GCCCAAGATG; B-Actin forward primer: CTAAGGCCA
ACCGTGAAAAG; B-Actin reverse primer: ACCAGAGG
CATACAGGGACA).

Western blotting

Three hundred microliters of ice-cold RIPA buffer
(150 mm sodium chloride, 1% v/v Nonidet P-40, 0.5%
w/v sodium deoxycholate, 0.1% w/v SDS, and 50 mm
Tris-HCI, pH 8.0) with protease inhibitors (Complete
Protease Inhibitor Tablets; catalog #05056489001,
Roche) was added to 20-50 mg of brain tissue from
male mice. Tissue was homogenized with Potter-
Elvehjem tissue grinders washed twice with 200 ul of
ice-cold RIPA buffer. Samples were sonicated by Omni-
Ruptor 250 Ultrasonic Homogenizer over an ice bath for
10 pulses at 10% power and 70% OFF. Samples were
shaken on an orbital shaker at 4°C for 1 h, then centri-
fuged at 12,000 rpm at 4°C for 20 min. Supernatant was
removed and protein concentration was determined
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using Pierce BCA Kit following the standard protocol.
Samples were diluted to equivalent concentrations by
adding ice-cold RIPA buffer. Laemmli sample buffer
with 10% B-mercaptoethanol (BIO-RAD) was added to
samples and boiled at 99°C for 5min. Thirty micro-
grams of protein per well was loaded on 4-20% Mini
Protean TGX precast gels and subjected to SDS-PAGE
electrophoresis in Tris/glycine SDS buffer (25 mm Tris,
192 mm glycine, 0.1% SDS, pH 8.3) at 100 V for 90 min
at 4°C. Proteins were transferred to nitrocellulose mem-
branes at 4°C at 100 V for 60 min in Tris/glycine buffer
with 20% methanol (25 mwm Tris, 192 mwm glycine, and
20% methanol v/v, pH 8.3). Membrane was air dried
then washed in Tris-buffered saline (TBS; 50 mm Tris-
HCI, 150 mm NaCl, pH 7.5) for 5 min with shaking on an
orbital shaker. Membranes were blocked with 5% dry
milk powder in TBS for 1 h at room temperature and
washed three times for 5min in TBS with 0.1% v/v
Tween 20 (TBS-T 0.1%) while shaking. Membranes
were incubated in a solution of 1:1000 rabbit anti-FMRP
antibody (catalog #4317, Cell Signaling Technology)
and 1:5000 mouse anti-GAPDH (6C5; catalog #SC-
32233, Santa Cruz Biotechnology) in TBS-T 0.1% with
shaking at 4°C overnight. Membranes were rewashed
three more times before being incubated in a solution of
1:10,000 IRDye 800CW goat anti-rabbit IgG secondary
antibody (LI-COR) and 1:10,000 IRDye 680RD goat
anti-mouse IgG secondary antibody (LI-COR) in TBS-T
0.1% at room temperature for 1 h while shaking. Membranes
were washed three more times, followed by three additional
washes with TBS for 1 min. Membranes were then imaged
on an Odyssey CLx (LI-COR). Intensities were confirmed to
be in the linear range of detection compared with titration
tests, and FMR1 signals were normalized to GAPDH loading
controls.

Behavior
Rotarod

Male mice were acclimated to handling for 1-2 min/d
for at least 3 consecutive days before testing. Mice were
transported to the testing room 30 min before testing. The
rotarod apparatus (Med Associates) was set to 4 rpm, the
mice were placed on the rods, and the rod was set to ac-
celerate up to 40 rpm over 5 min. The time to fall was re-
corded. The mice were tested three times a day for 3
consecutive days, with at least 30 min between trials. The
rotarod was cleaned with QUATRICIDE between runs. For
each animal, rotarod testing was performed after all other
behavioral tests.

Open field exploration

Male mice were acclimated to handling for 1-2 min/d
for at least 3 consecutive days before testing. Mice were
transported to the testing room 30 min before testing.
Motor activity was measured in an open field arena (40 -
x 40 x 30 cm), which was indirectly illuminated at 60 lux,
for 30 min. The apparatus was cleaned with QUATRICIDE
before and between runs. Total distance traveled was
quantified using an automated infrared detection system
(Omnitech Digiscan, AccuScan Instruments). Raw data
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were extracted and analyzed using Microsoft Excel. For
each animal, open field testing was conducted before all
other behavioral tests.

Elevated zero maze

Male mice were acclimated to handling for 1-2 min/d
for at least 3 consecutive days before testing. Mice were
transported to the testing room 30 min before testing. The
zero-maze apparatus was cleaned with QUATRICIDE
before and after all tests. The elevated zero maze was in-
directly illuminated at 100 lux in the open arms and 10-
201lux in the closed arms. The apparatus was video taped
and tracked with Ethovision software (Noldus) for 10 min
and scored using Observer software (Noldus). The test
was initiated by placing the mouse in a closed area of the
maze. The total distance traveled was measured for each
animal. Data from animals that fell from the apparatus
were omitted.

Statistical methodology

Quantitative data from behavioral experiments were an-
alyzed for estimation statistics. Normality could not be
verified because of small sample sizes, so a median differ-
ence approach was used when comparing control and
experimental datasets. The p-values were computed
through a Kruskal-Wallis H test (Ho et al., 2019).

Results

Earlier mouse models of FXS harboring CGG knockins
fail to exhibit the classic molecular pattern of FXS: methyl-
ation of the Fmr1 gene, transcriptional silencing, and ab-
sence of FMRP. To test whether larger repeat lengths
may trigger these mechanisms, we generated a new FXS
mouse line, Fmr1"347_ FXS patient DNA with 341 repeats
was amplified using a modified PCR protocol (Hayward et
al., 2016), followed by single-strand digestion, to produce
a single-strand template comprising the patient repeat
tract flanked by murine homology arms. We injected Cas9
protein, two CRISPR RNAs (crRNAs), tracrRNA, and the
single-strand template into zygotes before pronuclei con-
vergence, as illustrated in Figure 1B. These crBNA di-
rected Cas9 to cut the endogenous mouse Fmr1 on both
sides of the CGG repeats, which the cell naturally repaired
through homologous recombination using the patient-de-
rived single-strand template (Mali et al., 2013).

Twenty-five percent of offspring (two of eight off-
spring) were heterozygous or mosaic female knockins.
Transmission of the knock-in allele was verified in the
F1 generation by both the length of the insertion and se-
quencing across the newly humanized region (Fig. 1C-
E); these became the founders of the Fmr1"34" line.
Candidate off-target sites were selected under the cri-
teria that the site had three or fewer mismatches from
the guide target, or that the site had four mismatches
from the guide target and was located within an exon.
All dames comprising the F1 generation were se-
quenced at each of these loci, and no off-target editing
was detected (Extended Data Fig. 1-1). Although con-
tractions were more common within the colony—8.1%
of alleles with 341 repeats shrunk to <200 repeats
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Figure 2. FMR"3*" does not exhibit methylation. Bisulfite se-
quencing of male mouse DNA. Each row represents a single ani-
mal, and each circle represents one of the 13 CG cytosines within
the sequencing region. Open circle, unmethylated; closed circle,
methylated; split circle, partial methylation across multiple
reads; no circle, missing in reads. All animals are referenced
by F<litter>.<pup>. A, Bisulfite sequencing of wild-type lit-
termates. B, Bisulfite sequencing of Fmr1"$3#7 Jittermates. C,
Bisulfite sequencing of unrelated C57BL/6 mice. D, Bisulfite
sequencing of artificially methylated C57BL/6 mice, which
served as a positive control that our methodology could detect
methylated cytosines. Sequence traces can be found in
Extended Data Figure 2-1.

within a single generation—Fmr1"s*" expanded to >500
repeats within two generations. Nonetheless, compared
with transmissions observed in humans (Reyniers et al.,
1993; Nolin et al., 2003, 2015), the pattern and relative sta-
bility of intergenerational repeat length in Fmr1"s34" and
earlier mouse knock-in studies (Brouwer et al., 2007;
Entezam et al., 2007; Zhao and Usdin, 2018) alludes to po-
tential species differences in molecular genetics behavior
at the fragile X locus.

We wished to explore whether Fmr1™%4" more closely
resembled either diagnostic criteria for the full mutation
(FXS) or the premutation (FXTAS/FXPOQOI). We first exam-
ined its methylation status, as FMR1 is robustly methyl-
ated in FXS and unmethylated in both FXTAS/FXPOI and
unaffected individuals (Naumann et al., 2009). Bisulfite se-
quencing of male Fmr1"s3#" mice in the region immedi-
ately upstream of the repeat tract (encompassing the
putative transcriptional start site) showed no evidence of
the extensive methylation found in FXS patients (Fig. 2).
The absence of methylation in Fmr1"%#? is consistent
with human premutation and unaffected alleles, which
suggests that Fmr1 is still accessible for transcription in
these mice. We therefore tested whether RNA levels are
altered in Fmr1"3*’ mice through gRT-PCR. Our experi-
ments found an average mRNA increase of 2.15-fold to
3.14-fold in Fmr1"34" male mice over wild-type (WT) male
siblings in all brain regions tested (Fig. 3A). These results
align with multiple studies in human premutation patients
(Tassone et al., 2000a; Allen et al., 2004), unmethylated
human full mutation patients (Tassone et al., 2000b), and
mouse knock-in studies (Brouwer et al., 2007; Entezam et
al., 2007), whereas methylated human patients with FXS
produce little to no mRNA (Hagerman et al., 2017). We
again conclude that Fmr1"s3%" fajls to recreate a key
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Figure 3. FMR"3%" exhibits premutation molecular pathologies. All animals are referenced by F<litter>.<pup>. A, gRT-PCR quan-
tification. Fmr? mRNA is consistently higher in Fmr1"53*" male mice (red) compared with their wild-type (blue) male sibling counter-
parts. Values are normalized to Gapdh and Actin expression across each brain region and presented as the mean = SEM.
fCORTEX, Frontal cortex; pCORTEX, posterior cortex. B, Western blot quantification. FMRP is drastically reduced in Fmr17s347 (red)
mice compared with wild-type (blue) siblings. Values are normalized to wild-type GAPDPH expression levels.

feature of FXS and that the mouse Fmr1 allele is unable to
exhibit the same transcriptional dysregulation presented
by FXS patients despite a similarly expanded repeat
length. Although methylation underpins classical FXS and
accounts for a majority of FXS cases, FXS is ultimately a
result of the loss of function of FMRP, as demonstrated
by patients diagnosed with FXS possessing a nonsense,
missense, or frameshift mutation in FMR1 yet normal
CGG repeat length (Wells, 2009; Suhl and Warren, 2015;
Tekendo-Ngongang et al., 2021). We therefore explored
FMRP expression in Fmr1™34" and found our mutant

Table 2: Statistical table for behavioral experiments

male mice have appreciable, yet significantly depressed
levels of FMRP (cortex, 25.6% of wild type; cerebellum,
24.7% of wild type; Fig. 3B). This incomplete reduction in
FMRP is again consistent with the clinical appearance of
the premutation and not the full mutation (Kenneson et al.,
2001). The presence of Fmr1 mRNA and FMRP verify that
knockin of Fmr1"s347 retains transcriptional and transla-
tional capabilities at the Fmr7 locus. Yet overall, these
findings extend those of other Fmr1 repeat expansion
mouse models and demonstrate that even when repeat
length is expanded well into the full mutation range, the

Experiment Data structure Type of test 95% Cl

@ Rotarod day 1 Small N (nonparametric) Kruskal-Wallis —66.7, 34.0

b Rotarod day 2 Small N (honparametric) Kruskal-Wallis —40.0, 75.7

¢ Rotarod day 3 Small N (honparametric) Kruskal-Wallis —23.0,90.0

9 Open field distance Small N (nonparametric) Kruskal-Wallis —1364.0, 962.0
( )

¢ Zero plus distance Small N (honparametric

Kruskal-Wallis

—-1010.2, 1600.7

Graphical representations of results can be found in Extended Data Table 2-1.
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Fmr1 locus fails to methylate or recapitulate other corre-
lates of FXS.

Despite lacking the molecular features of FXS, the
Fmr1"$34 |ine may still offer an important resource for
FXTAS. Loss of motor skills is highly prevalent among indi-
viduals with FXTAS (Hall et al., 2014), so we therefore sought
to provide a preliminary characterization for a small cohort
of the Fmr1"3#" line (Table 2, Extended Data Table 2-1).
Fmr1"$3#" mice failed to exhibit any discernible difference in
motor abilities and locomotion, performing equally well at
the rotarod task as their wild-type counterparts (day 3:
141.5 = 11.6 mean = SEM, wild type: n=11; 166.4 = 17.0,
Fmr1s347: n =9; p =0.239°) and traveling similar distances
in both the open field test (3161.2 =407.0 WT: n=11,
3420.7 + 289.1; Fmr1"$3%7: n=9; p=0.342% and elevated
zero maze (2346.0 =280.4 WT: n=10, 2638.0 = 342.2;
Fmr1"$347: n=5; p=0.540°). Although further studies with
larger sample sizes are required for a stronger consensus,
our observations suggest that Fmr13*" mice may also
be an insufficient model for FXTAS despite a massively
expanded CGG repeat length.

Discussion

We have created a new mouse model of FXS possess-
ing 341 CGG trinucleotide repeats, Fmr1"$3*" far exceed-
ing the ~200 repeats often cited as the benchmark for
FXS in human patients. This is the first such model to be
derived through a nonvector approach by using PCR-
based template generation, and the first to attain such a
high repeat number in the first generation rather than
through selective breeding.

Despite the outsized CGG repeat length, the molecular
signature of Fmr1"s34" shares little with the FXS full muta-
tion. We failed to observe methylation of the Fmr1 locus
or complete loss of Fmr1 RNA and FMRP, as expected of
the full mutation. These findings reinforce a requirement
for methylation to accurately model the phenotypes ex-
pected of FXS.

Several studies of knock-in mouse models for FXTAS
have reported a correlation between repeat length and
severity of phenotype (Brouwer et al., 2008; Diep et al.,
2012; Ludwig et al., 2014). The large repeat length of
Fmr1"s34T may therefore expose clearer FXTAS pheno-
types than previous models and enable more robust mea-
surement of therapeutic interventions, though further
validation is required. A strong indicator of construct va-
lidity would be the presence of intranuclear inclusions—a
hallmark of FXTAS (Greco et al., 2002, 2006; Wenzel et
al., 2010). Yet although these unmethylated Fmr17s347
mice experience molecular perturbations that closely re-
semble the FXTAS/FXPOI premutation (elevated Fmr1
transcript levels and reduced FMRP protein), they do not
appear to exhibit any clear motor defects expected of
FXTAS. A larger behavioral cohort may better determine
whether Fmr1"s34? displays any neurophysiological symp-
toms of FXTAS; however, existing data on motor deficits
in knock-in mouse models of FXTAS are limited and occa-
sionally conflicting (Van Dam et al., 2005; Qin et al., 2011;
Hunsaker, 2013; Foote et al., 2016; Haify et al., 2020). It is
worth noting that FXTAS typically emerges after 50 years
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of age, so it is possible that these neurodegenerative symp-
toms will appear in Fmr1"3*" mice of a more advanced age
than used in this study (see “When are mice consid-
ered old?” from The Jackson Laboratory; https://www.
jax.org/news-and-insights/jax-blog/2017/november/when-
are-mice-considered-old).

The immutable epigenetic profile of the mouse Fmr1
begs the question whether there may be distinct molecu-
lar factors at play in humans that are not present in mice.
A truer question may be: where is the boundary of homol-
ogy for these two species when studying FXS? It is impor-
tant to clarify that these results do not suggest any
opinion on whether the roles of FMRP itself are unique in
the mouse (Denman and Sung, 2002), only that caution is
advised when comparing these systems. These species
differences may preclude development of translatable
therapeutics in mice (Evans-Galea et al., 2013); therefore,
there is greater need for rigorous validity testing and the
production of models that are capable of accurately re-
capitulating the molecular, phenotypic, and behavioral
symptoms of FXS. Nonhuman primates may be the next
candidate because of their evolutionary closeness.
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