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Stuttering associated with a pathogenic
variant in the chaperone protein
cyclophilin 40
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Stuttering is a common speech disorder that interrupts speech fluency and tends to cluster in families. Typically, stut-
tering is characterized by speech sounds, words or syllables which may be repeated or prolonged and speech that may
be further interrupted by hesitations or ‘blocks’. Rare variants in a small number of genes encoding lysosomal pathway
proteins have been linked to stuttering. We studied a large four-generation family in which persistent stuttering was
inherited in an autosomal dominant manner with disruption of the cortico-basal-ganglia-thalamo-cortical network
found on imaging. Exome sequencing of three affected family members revealed the PPID c.808C>T (p.Pro270Ser) vari-
ant that segregated with stuttering in the family. We generated a Ppid p.Pro270Ser knock-in mouse model and per-
formed ex vivo imaging to assess for brain changes. Diffusion-weighted MRI in the mouse revealed significant
microstructural changes in the left corticospinal tract, as previously implicated in stuttering. Quantitative susceptibility
mapping also detected changes in cortico-striatal-thalamo-cortical loop tissue composition, consistent with findings in
affected family members. This is the first report to implicate a chaperone protein in the pathogenesis of stuttering. The
humanized Ppid murine model recapitulates network findings observed in affected family members.
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Introduction

Stuttering affects around 1% of the population.” Similar to other
neurodevelopmental disorders, more males are affected.>™ A clin-
ical diagnosis of stuttering is based on the frequency of stuttering
behaviours during conversational speech or reading.? These diffi-
culties typically begin in early childhood during the rapid develop-
ment of speech and language skills.? In over two-thirds of cases
with childhood onset, stuttering eventually resolves; however,
the remainder have persistent developmental stuttering.*

Evidence from twin and adoption studies (reviewed by
Frigerio-Domingues and Drayna® and Kang and Drayna®) points to
genetic aetiologies for stuttering. Although this evidence is strong,
including consistently higher concordance for stuttering in mono-
zygotic compared to dizygotic twins and high (often >0.8) heritabil-
ity estimates, the genetic architecture underlying stuttering
remains poorly understood. Monogenic contributions are rare
with the only molecular pathways implicated in stuttering consist-
ing of rare variants in lysosomal targeting pathway genes (GNPTAB,
GNPTG and NAGPA), which were initially identified in consanguin-
eous Pakistani families with non-syndromic persistent stuttering,
and subsequently in unrelated Pakistani and North American indi-
viduals.® More recently, rare loss of function mutations in AP4E1
have been described in stuttering cases from Cameroon and
Pakistan; this gene encodes a protein that is functionally related
to the lysosomal targeting pathway.” The relevance of these four
genes to a broader population with stuttering is not known.

Here, we study a large family with developmental stuttering
and implicate a new molecular pathway. Phenotypic, genetic
and imaging analyses of the family, and a humanized mouse
model, support a pathogenic variant in PPID as a novel cause for
stuttering.

Materials and methods

We studied 27 members of a four-generation Australian Caucasian
family with persistent developmental stuttering of whom 16 were gen-
otyped for linkage mapping, as described previously (Fig. 1).2 We also
studied 46 unrelated Australian Caucasian individuals with stuttering
and 558 healthy controls. The Human Research Ethics Committee of
the Royal Children’s Hospital, Melbourne, Australia (HREC 37353) and
the Walter and Eliza Hall Institute of Medical Research (HREC G18/06)
approved this study. Written informed consent was obtained from
family members or their parents or legal guardians in the case of
minors according to the Declaration of Helsinki. Resequencing was
completed in 977 individuals with stuttering, and 809 gender and age-
matched controls from four populations (Brazilian, Cameroonian,
Caucasian and Pakistani) at the US National Institutes of Health en-
rolled with written informed consent under Institutional Review
Board-approved protocol 97-DC-0057.

Venous blood or saliva was obtained from family members and
sporadic patients. For blood, genomic DNA was extracted using
the Qiagen QlAamp DNA Maxi Kit. For saliva obtained using the
Oragene kit, genomic DNA was extracted using the prepIT-L2P kit
(DNA Genotek Inc.).

Exome sequencing was performed using 3 pg of venous blood-derived
genomic DNA from three family members (Individuals I1I-12, IV-1 and
IV-2; Fig. 1A). Genomic DNA was sonicated to approximately 200 base
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Figure 1 Family with developmental stuttering and the PPID variant. Pedigree showing segregation of the c.808C>T (p.Pro270Ser) missense variant

in PPID.

pair fragments and adaptor-ligated to make a library for paired-end
sequencing. Following amplification and barcoding, the libraries
were hybridized to biotinylated complementary RNA oligonucleotide
baits from the SureSelect Human All Exon 62Mb Kit (Agilent
Technologies) and purified using streptavidin-bound magnetic beads
as described previously.” Sequencing was performed on the Illumina
HiSeq 2000 system at 50-fold on-target depth. Exome sequencing
reads were aligned with Novoalign version 3.02.00 (http:/www.
novocraft.com/) to the human assembly hgl19. PCR duplicates were
removed using MarkDuplicates from Picard (http:/picard.
sourceforge.net). Variant calling was performed with GATK (v.3.5)
HaplotypeCaller and variant annotation run with ANNOVAR.™
Exome variants were filtered and selected according to the following
criteria: location within a linkage region, genotype fitting the hetero-
zygous dominant disease model, a minor allele frequency <0.01 ac-
cording to the gnomAD (http:/gnomad.broadinstitute.org) database,
and variant type (missense, nonsense, coding indel or splice site vari-
ant). Twenty-eight variants from the exome analysis including PPID
¢.808C>T (p.Pro270Ser) were studied further (Supplementary Table 1).

Primers were designed to PCR amplify and Sanger sequence the 28
variants in family members. We performed sequencing to detect
the PPID ¢.808C>T (p.Pro270Ser) variant located in exon 7 in all fam-
ily members and 558 healthy controls. Amplification reactions were
cycled using a standard protocol on a Veriti Thermal Cycler
(Applied Biosystems). Bidirectional sequencing of all exons and
flanking regions (~50bp including splice site regions) was com-
pleted with a BigDye™ v3.1 Terminator Cycle Sequencing Kit
(Applied Biosystems), according to the manufacturer’s instruc-
tions. Sequencing products were resolved using a 3730xl DNA
Analyzer (Applied Biosystems). All sequencing chromatograms
were compared to published cDNA sequence; nucleotide changes
were detected using Codon Code Aligner (CodonCode Corp.).

PPID (OMIM ID: 601753) was amplified and Sanger sequenced as
described above using specific primers (Supplementary Table 2)

designed to each of the 10 exons in the reference human gene tran-
script (NM_005038, NCBI Gene; http:/www.ncbi.nlm.nih.gov/) in 46
Australian Caucasian individuals with stuttering. Sequence data
from 977 individuals with stuttering and 809 matched controls
from four populations (Brazilian, Cameroonian, Caucasian,
Pakistani) was generated by exome capture with Illumina TruSeq
Rapid Exome (45 Mb) Capture kit at an average of 70-fold coverage,
as described previously (Supplementary Table 3).°

The humanized knock-in Ppid ¢.808C>T (p.Pro270Ser) mice were
generated by the MAGEC laboratory (WEHI) as previously de-
scribed™ on a C57BL/6] background. To generate the mice, 20 ng/
ul of Cas9 mRNA, 10 ng/ul of sgRNAs (GAGCTGTACATAATTTGTAT
and GGGTCTCTCTCGGCAAAGGA) and 5 ng/ul of plasmid targeting
vector (see Supplementary Fig. 1 for sequence) were injected into
the pronucleus of fertilized one-cell stage embryos. Twenty-four
hours later, two-cell stage embryos were transferred into the ovi-
ducts of pseudo-pregnant female mice. Viable offspring were geno-
typed by PCR at weaning. Mice were housed and studied according
to the approval of the Florey Institute of Neuroscience and Mental
Health Animal Ethics Committee (Project No. 19-054-FINMH).

Excised brains from n=8 wild-type and n=8 heterozygous Ppid
c.808C>T, p.Pro270Ser (Ppid Het) mice were scanned using a
Bruker 9.4 T MRI and actively decoupled volume transmit and four-
channel receive surface cryocoil. Multi-gradient echo images were
acquired in the axial plane with minimum echo time (TE) =5 ms
and echo spacing=5 ms. Ten echoes were acquired with the fol-
lowing imaging parameters: repetition time (TR) =62 ms; field of
view (FOV)=16.32x 12.24 x 7.14 mm?; matrix size =192 x 144 x 84;
and spatial resolution = 85 x 85 x 85 ym?>. Diffusion weighted im-
aging (DWI) was performed with imaging parameters: TR/TE = 10
000/38 ms; § =4 ms; A =14 ms; b =2000 and 4000 s/mm?; 126 diffu-
sion directions, two minimum diffusion images (b0), FOV=19.2 x
12.8 mm?; matrix size = 96 x 64; and 34 slices with slice thickness
=200 pm.
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Diffusion weighted images were preprocessed for fixel-based ana-
lysis (FBA) using the multi-shell multi-tissue constrained spherical
deconvolution pipeline using MRTrix3 v3.0.3, supplemented by
FMRIB Software Library v6.0 and Advanced Normalisation Tools
v2.3.5 toolboxes. In short, the images were denoised, de-ringed,
motion and eddy current corrected, and bias field corrected.
White matter, grey matter and CSF response functions were esti-
mated and averaged. Whole-brain tractography was performed
using a population-specific white matter fibre orientation distri-
bution template generated from all images from both groups.
Twenty million streamlines were seeded and subsequently
reduced to 2 million using spherical deconvolution informed fil-
tering. Three fixel-based metrics were computed: fibre cross-
section (logFC), fibre density and the combined fibre density and
cross-section.

The corpus callosum and bilateral corticospinal tracts were ex-
tracted for further a priori analyses. Both fixel-based and diffusion
tensor imaging (DTI)-metrics were sampled at 20 equidistant points
along the corpus callosum and 30 equidistant points along the left
and right corticospinal tracts. Metrics derived from subject fixels,
DTI, quantitative susceptibility mapping (QSM) and rate of darken-
ing (R2*) images were sampled at each point and outliers identified
and removed using Gibbs’ tests (a=0.05). For each brain, the area
under the curve (AUC; or more accurately in some cases, area above
the curve) was calculated for comparison.

Fractional anisotropy (FA), axial diffusivity (AD), radial diffusiv-
ity (RD) and apparent diffusion coefficient (ADC) images were esti-
mated using MRTrix3. In addition to corpus callosum and
pyramidal tract-of-interest based analyses, DTI metrics were also
assessed using tract-based spatial statistics with a skeleton thresh-
old =0.25.

QSM images were generated from transverse relaxation time
(T,") data using MATLAB (r2017, MathWorks, Natick, Massachusetts)
with V-SHARP for background removal and non-linear dipole inver-
sion for dipole inversion. To reduce the effects of streaking on sus-
ceptibility maps, white matter and grey matter maps of stable
susceptibility regions were derived from the wild-type group’s mean
QSM image in a similar approach to that previously described.’®*
The accepted thresholds were: coefficient of variation <0.8, ywnm <
—0.01 ppm for white matter regions, and 0 < ygu < 0.02 ppm for grey
matter regions. All CSF regions were excluded, and the mean bulk sus-
ceptibilities calculated for group-wise comparison.

As the cortico-striatal-thalamo-cortical (CSTC) loop has been
implicated in stuttering,” we undertook a hypothesis driven ana-
lysis of six CSTC specific regions of interest: thalamus, substantia
nigra, globus pallidus, caudoputamen, primary motor cortex (M1)
and primary somatosensory cortex (S1). Regions of interest were
delineated using the Waxholm Space mouse brain atlas.’® As M1
and S1 are undefined in the mouse atlas, we utilized M1 and S1 seg-
mentations from the Sprague-Dawley version of the atlas to define
these regions. Affine and 3D symmetric diffeomorphic registrations
between individual and atlas space were determined using ANTs
and MRTrix3 with cross-correlation as the similarity metric.

Mice ultrasonic vocalizations (USVs) were elicited, recorded and
analysed to evaluate communication. USVs were elicited using
the pup separation assay, as previously described."” Briefly,
pups were removed from the dam prior to testing at postnatal
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Day 4. The dam was removed from the cage and placed in a new
clean cage away from the home cage. The home cage containing
pups was placed in an incubator at 34°C. Before testing, the auxil-
iary temperature of the pups was taken with a flexible thermistor
on the back of the animal. Ten minutes after the dam’s removal
from the home cage, each pup was placed into the test chamber
alone. Pup USVs were recorded for 3 min. Pups were weighed
and marked on the back with an odourless ink to allow for subse-
quent identification and returned to the dam post recording. An
Ultrasound Microphone (Avisoft UltraSoundGate condenser
microphone capsule CM16, Avisoft Bioacoustics) recorded USVs
at a sampling rate of 250 kHz. The microphone was connected to
a PC via an UltraSoundGate 116 H recording interface and audio
was captured using Avisoft-RECORDER USGH software (Version
4.2.29).

USVs were analysed using Avisoft SASLab Pro (Version 5.2.14).
USVs were first identified visually.'® Call type was allocated as pre-
viously described? into one of nine predefined call categories in-
cluding: (i) complex; (i) two components; (iii) upward; (iv)
downward; (v) chevron; (vi) short; (vii) composite; (viii) frequency
step; and (ix) flat (see Vogel et al.’® for indicative spectrum constel-
lation of the call types). Calls were examined for count, inter-
utterance duration and categorized into complex and simple types
(Supplementary Tables 5-7 and Supplementary Fig. 2).

Call counts, call lengths, and inter-call durations were com-
pared between heterozygous Ppid p.Pro270Ser mice and wild-type
littermates. Call counts were defined per mouse, as the number of
recorded calls. Call lengths were calculated as the end minus the
start time. Calls with length=0 were excluded from analyses of
call length. Inter-call durations were calculated as the length of
time between the end time of a call, and the start time of the follow-
ing call. Inter-call durations were classified based on the categories
of the calls either side of the gap: ‘Simple, Simple’; ‘Simple,
Complex’, ‘Complex, Simple’, ‘Complex, Complex’ (simple calls in-
clude flat, upward, downward, short; complex calls were character-
ized by harmonic or fluctuating frequencies including chevron,
two-components, composite, frequency steps, complex).’® For
Inter-call durations with calculated length <0, the duration was
set to 0. The duration between the start of recording and the first
call, and the duration between the final call and the end of record-
ing were excluded.

For each of the three outcome measures, simple univariable as-
sociations with genotype, sex, litter, weight and temperature were
first undertaken. Generalized linear mixed models were then fitted,
testing associations between genotype and each outcome, with
adjustment for relevant covariates (P < 0.05 in the univariable asso-
ciations). For call counts, negative binomial models were fitted with
a random intercept for litter. For call lengths and inter-call dura-
tions, linear mixed models were used, with each outcome log-
transformed, and litter and mouse as nested random effects. For
call lengths, sex was included as an additional fixed effect covari-
ate. All models were fitted separately for each call (or inter-call) cat-
egory. An additional model was fitted for all calls, with category
included as an additional fixed effect covariate.

Calls were then analysed objectively via acoustic analysis proto-
cols.*® One hundred acoustic features included measures of quality,
duration, amplitude and entropy across each call. Dimensionality
reduction of features was undertaken using principal component
analysis, with components selected based on examination of a
scree plot. Associations between principal components and geno-
type were examined using linear mixed models, with litter and
mouse as nested random effects.
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Prior to each behavioural experiment mice were allowed to accli-
matize in their home cages in the behavioural room for at least 1 h.

Mice were placed in a square 27.3 x 27.3 x 20.3 cm® open-field arena
and were allowed to move freely for 1 h, during which infrared rays
tracked their movement. Data indicating distance travelled, time
travelled, and other parameters were recorded and compiled using
MED Associates Activity Monitor software (Med Associates Inc.).

Mice were trained to walk on the rotarod over three sessions: two
2 min sessions at a fixed speed of 4 rpm, and one 2 min session ac-
celerating from 4 to 20 rpm. Mice were then tested on the rotarod
for three 10-min trials (with at least 30 min between trials). Each
trial consisted of 5 min where the rotarod accelerated from 4 to
40 rpm, followed by 5 min at a fixed speed of 40 rpm. Latency to
fall was recorded. Average time on the rotarod across the three
trials was analysed.

A square mouse open field arena was divided into two zones of
equal size (27.3 x 13.7 cm?). One half of each arena was illuminated
at 750 + 25 Ix using a small lamp (the ‘light’ zone), while the other
half was enclosed with a black acrylic box insert with a lid and a
small opening on one side (the ‘dark’ zone). Mice were individually
placed in the dark zone and allowed to freely explore both zones for
10 min. Data indicating the duration of time spent in each zone was
recorded and compiled using MED Associates Activity Monitor soft-
ware (Med Associates Inc.).

The elevated plus maze consists of a plus-shaped platform raised
40 cm from the floor. Two of the arms, on opposite sides, are en-
closed with 55 cm high walls extending from the centre, with the
other two arms remaining open with no walls. Mice were individu-
ally placed in the centre of the maze facing one of the open arms
and were allowed to freely roam the maze for 10 min, and their
movements were tracked by a ceiling-mounted video camera.
Entries into each arm, along with their respective durations, were
measured using tracking software (CleverSys TopScan Lite).
Percentage of time spent in the open arm was calculated as:

Time spent in open arm

- - - - 1
Total trial duration-Time spent in centre zone @

The Y maze consists of a Y-shaped Perspex enclosure with three
7.5x30x 14 cm® arms each containing a distinct visual cue at the
end. The test was performed in two phases: a training session
and a test session, with a 1-h interval in between. During the train-
ing session, access to one of the three arms (the ‘novel’ arm) was
blocked by an opaque Perspex barrier. Mice were allowed to explore
the two accessible arms (the ‘home’ arm—where they are first
placed—and the ‘familiar’ arm) of the maze for 10 min. During the
test session, the barrier blocking the novel arm was removed and
mice were placed into the home arm and allowed to explore all
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three arms for 5 min. The time the mouse spent in each of the three
arms was measured using tracking software (CleverSys TopScan
Lite). Mice with intact spatial working memory would be expected
to spend more time in the novel arm than the home or familiar
arms during the test session.

This test was conducted in a 43x39x 11 cm? enclosure made of
transparent plastic and divided into three chambers linked by small
rectangular openings that mice could freely move through. Metal
mesh cages (16 x 10 x 11 cm®) were placed at one end of each of the
two lateral chambers. The assay consisted of two trials, habituation
and test, which occurred successively. During the habituation phase,
mice were individually placed into the central chamber and allowed
to freely explore all three chambers for 10 min. Their movements
were tracked using a ceiling-mounted video camera and measured
using tracking software (CleverSys TopScan Lite). The side where
each mouse preferentially spent more time was noted. During the
test phase, an unfamiliar age- and sex-matched ‘stranger’ mouse
was placed into the mesh cage on the opposite side to the test
mouse’s preference. The test mouse was then returned to the enclos-
ure and allowed to explore all three chambers for 10 min. Time spent
interacting with the stranger mouse was quantified using tracking
software (CleverSys TopScan Lite).

Brain tissue was harvested from 10 mice, five Ppid p.Pro270Ser knock-
in and five wild-type mice. RNA was extracted and libraries were pre-
pared for RNA sequencing using the Illumina TruSeq strand-specific
kit (Illumina). RNA sequencing was performed on the NovaSeq 6000
generating 151 bp, paired-end reads, with a mean of 39.4 million
paired-end reads per sample (range 33.8 to 46.6 million).

RNA-seq reads were aligned to the mm10 reference genome
using STAR (v2.7.9a)?° and the number of reads mapping to each
gene was quantified using salmon (v1.5.2)** as implemented in
the nf-core/rnaseq pipeline (v3.6).%? Statistical analysis was under-
taken to search for genes that were differentially expressed be-
tween knock-in and wild-type mice. We compared the expression
of Ppid and 12 other genes (Ahsal, Esrl, Fkbp4, Fkbp5, Hsp90aal,
Hsp90ab1, Mapk1, Ppp5c, Ptges3, S100al, Stipl, Vdacl) that cluster
with Ppid in the STRING database of protein-protein interactions
(Supplementary Fig. 3).%* Genome-wide differential expression ana-
lysis was performed for 14 367 genes remaining after genes with low
expression (counts per million < 0.5 in more than one sample) and
genes on the sex chromosomes were excluded. We used the edgeR
Bioconductor package®* to fit a generalized linear model including
covariates for mouse sex, which was inferred based on expression
of all Y chromosome genes. We accounted for multiple testing by
controlling the false discovery rate (FDR) using the Benjamini-
Hochberg procedure, with a threshold of FDR <0.05 required for a
gene to be considered statistically significant.

Structures of murine Cyp40 and the [Pro270Ser]-Cyp40 variant were
modelled using AlphaFold2.?>*®* MD simulations of both proteins
were performed with GROMACS 2022.5 using the CHARMM36m
force field.?” Each protein was solvated using 47472 TIP3P?® water
molecules in a dodecahedral box, with a minimum distance of
1.5nm between any protein atom to the box edge. Energy
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minimization was performed using the steepest-descent gradient
method. For subsequent MD simulations, time steps of 2 fs were
used. Bond lengths were constrained using the LINCS algorithm?®
and long-range electrostatic forces were calculated using the
particle-mesh Ewald scheme (PME).*° A cut-off radius of 1.2 nm
for Coulomb and van der Waals potentials were used for the calcu-
lation of short-range nonbonded interactions. Equilibration simu-
lations were performed in which all non-hydrogen atoms were
positionally restrained, firstly using a canonical (NVT) ensemble
followed by an isothermal-isobaric ensemble (NPT) for 0.1ns
each. For the equilibration simulations, the temperature was main-
tained at 310 K with a modified Berendsen thermostat,! and pres-
sure kept at 1.0 bar with the Parrinello-Rahman barostat.*
Subsequently, unrestrained production simulations were carried
out for 340 ns for each system, with the temperature maintained
at 310 K using the Bussi velocity-rescaling thermostat,*® while the
pressure was maintained at 1.0 bar with the Parrinello-Rahman
barostat. The stabilities of the MD simulation trajectories were ana-
lysed using root mean square deviation (RMSD). Visual Molecular
Dynamics (1.9.3)** was used to examine the trajectories and pro-
duce graphical molecular representations.

Autodock Vina (1.2.0)*>%® was subsequently used to perform
molecular docking calculations to predict the binding pose of the
Hsp90 C-terminal peptide, Ace-MEEVD, on the final simulation
frame of both wild-type Cyp40 and the [Pro270Ser]-Cyp40 variant.
The Hsp90 peptide was extracted from the RCSB structure with
PDBID 3KD7.%” AutodockTools* was used to convert the Hsp90 pep-
tide, Cyp40 and [P270S]-Cyp40 to pdbqt format. All torsions angles,
with the exception of those associated with backbone peptide
bonds, were set to be freely rotatable. PyRx (version 0.8)*° was
used to prepare the docking input files. Boxes centred on the Ca
atom of position 270 with dimensions of 32.56 x 22.12 x 38.86 A®
were used for both docking calculations. An exhaustiveness value
of 48 was used for both docking calculations.

Results

A four-generation Australian family of Caucasian origin with stutter-
ing was studied (Fig. 1), as described previously.® Thirteen of 27 fam-
ily members had a history of stuttering, which was persistent in
10/13 members, and self-reported as resolved in 3/13 (Individuals
I-2, 11-3, 1lI-11). We previously established® the neural phenotype
using quantitative MRI, revealing that affected family members
had failed to follow the typical trajectory of age related thinning of
Broca’s area revealed in controls. Anomalies were also present bilat-
erally in the middle frontal gyrus and globus pallidus. A larger right
globus pallidus was correlated with more severe stuttering. The
lack of typical development of these structures reflects the anatom-
ical basis of the abnormal inhibitory control network between
Broca’s area and the striatum underpinning stuttering.® Parametric
linkage analysis was used to map genetic loci with peak logarithm
of the odds (LOD) scores of 3.0088 on chromosomes 1 and 4.2

We performed exome sequencing on three affected family members
with persistent stuttering (Individuals III-12, IV-1, IV-2; Fig. 1) and in-
terrogated variation in the previously identified broad linkage regions
on chromosomes 1 and 4.2 We conducted segregation analysis of 28
variants detected on exome sequencing (Supplementary Table 1).
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The peptidyl-prolyl isomerase D (PPID) gene variant (c.808C>T,
p-Pro270Ser) segregated with stuttering in the family (Fig. 1) and
was absent from 558 Caucasian healthy controls and the gnomAD
database of 141456 individuals at time of analysis in 2017. It is now
present in gnomAD (v3.1.2, 2023) and has been observed once in
152162 alleles (minor allele frequency of ~0.000007; rs1203927418).
This allele frequency is very low, unsurprising in the context of stut-
tering which affects ~1% of the population.’ The only other variant
identified to segregate with stuttering in the family was in RPTN on
chromosome 1. We considered digenic inheritance, and while we
cannot exclude this possibility, the RPTN variant (chr1:152129405;
A>T; p.Arg57Asn; rs200282084) is present in 287 of 152212 alleles
with a much higher minor allele frequency of 0.001886 in gnomAD
(v3.1.2, 2023) compared to the PPID p.Pro270Ser variant.

We next analysed exome, genome or Sanger sequencing data
from 46 Australian Caucasian individuals with stuttering, and 977 in-
dividuals with stuttering and 809 population-matched controls from
four populations (Brazilian, Cameroonian, Caucasian, Pakistani), as
outlined in Supplementary Table 3. Interrogation of the 10 coding
exons and splice sites of the PPID gene revealed 48 variants in stutter-
ing cases and 38 variants in controls without stuttering
(Supplementary Table 3). However, comparison of PPID variation be-
tween stuttering cases and controls divided into the four population
sub-groups did not reveal any statistically significant differences
in the frequency of variants in PPID (Supplementary Table 3).
Although 16 different coding variants in PPID were discovered, the
¢.808C>T (p.Pro270Ser) variant was the only pathogenic one.

Excised brains from wild-type and Ppid Het (p.Pro270Ser) knock-in
mice (n =8 per group) were scanned using a Bruker 9.4 T MRI to
investigate for structural changes due to the humanized Ppid mis-
sense substitution. We performed exploratory whole-brain and
tract-of-interest analyses of the white matter using DWI, an MRI
technique sensitive to changes in the tissue microstructure. No dif-
ferences were observed in any diffusion metric using connectivity-
based fixel enhancement or tract-based spatial statistics; however,
analysis of the corticospinal tracts (Fig. 2A) revealed significant
group-wise differences in DTI metrics. Ppid Het mice had signifi-
cantly increased ADC [F(1,13)=6.350, P=0.0256; Fig. 2B], AD
[F(1,13)=5.976, P=0.0295; Fig. 2C] and RD [F(1,13)=6.673, P=
0.0227; Fig. 2D] in the left corticospinal tract when compared to
wild-type (n =7 following outlier testing). There were no significant
differences in fractional anisotropy (FA) or any metric in the right
corticospinal tract. In the corpus callosum (Fig. 2E), there were
interactions between genotype and position along the tract for
mean FA [F(19,266) =2.470, P =0.0008; Fig. 2F], mean AD [F(19,266)
=1.727, P=0.0319; Fig. 2G| and fibre cross-section [logFC; F(19,249)
=2.551, P =0.0005; Fig. 2H].

Using high-resolution transverse relaxation time (T,*)-weighted
imaging we assessed QSM images and rate of darkening (R2*) values
along the DWI-defined corticospinal tracts and corpus callosum.
Representative QSM and R2* images are shown in Fig. 3A. While
no statistically significant changes in bulk susceptibility were ob-
served in either of the corticospinal tracts, we found a significant
increase in Ppid Het QSM values of the corpus callosum when com-
pared to wild-type mice [F(1,14)=8.166, P=0.0127; Fig. 3B].
Calculation of the area below the curve (AUC) also yielded significant
susceptibility differences between the two groups [t(14) =3.003, P =
0.0095; Fig. 3C]. No significant differences were reported for R2* va-
lues in any of the fibre bundles.
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ition for (F) fractional anisotropy (FA), (G) AD and (H) fibre cross-section (FC). Graphs show mean + SEM with Ppid shown in blue and WT in orange.
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Figure 3 T,*-weighted imaging reveals significant changes in Ppid mouse brain tissue susceptibility. (A) Representative R2* (left, pseudocolour) and
quantitative susceptibility map (QSM, right, greyscale) images for Ppid and wild-type (WT) mice. (B) Analysis of mean susceptibility along the corpus
callosum revealed significantly increased values in Ppid mice (blue line) compared to WT (orange line) and (C) a significant difference in the area under
the curves (AUC). (D) We assessed six brain structures of the cortico-striatal-thalamo-cortical (CSTC) loop, shown here in a glass brain: S1 = primary
somatosensory cortex; M1=primary motor cortex; Thal =thalamus; Cpu=caudoputamen; SNr=substantia nigra; and GP=globus pallidus. (E)
Mean susceptibility values were significantly decreased in Ppid mice when compared to WT. (F) Mean R2* values in the CSTC loop tended to be elevated
in Ppid mice; however, this did not reach significance. Graphs show mean + SEM. Significant difference between Ppid and WT, *P < 0.05, **P <0.01.

We also observed decreased bulk susceptibility in the CSTC Complex vocalizations measured in Ppid pups

(Fig. 3D) loop of Ppid mice when compared to wild-type

[mixed-effects analysis, F(1,14) = 6.676, P=0.0216, n=8 Ppid Het, Heterozygous Ppid p.Pro270Ser mice and wild-type littermates pups
n=8 wild-type except substantia nigra, where one out-lying Ppid were separated from dams at postnatal Day 4 to elicit USVs. Call
Het value was excluded; Fig. 3E]. When corrected for multiple types were identified by visual inspection of sonograms
comparisons, the thalamus and primary somatosensory cortex (Supplementary Fig. 2). Splitting acoustic metrics by call type
showed trends of decreased susceptibility (P=0.0694 and (i.e. simple, complex; Supplementary Table 4) and examining inter-
P =0.0833, respectively). We also observed a trend toward increased call durations did not reveal significant differences on multiple
R2*in the CSTC [F(1,14) = 3.897, P = 0.0684, n = 8 Ppid Het, n = 8 wild- testing (Fig. 4A and Supplementary Table 5). Although there was a

type; Fig. 3F]. difference in inter-call durations when calls were categorized into
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Figure 4 Complex vocalizations measured in Ppid pups. (A) Distribution of inter-call durations, by genotype and transition category. (B) Distribution of
call lengths, by genotype and call category. (C) Principal component (PC) analysis of acoustic features of calls. PC1 versus PC2 and PC3 versus PC4 plot-
ted, coloured by genotype. The first four principal components cumulatively explain 58% of the variance. WT = wild-type.

simple and complex types (Supplementary Table 5), these data
were not corrected for multiple comparisons. No significant differ-
ences in call lengths or call counts were observed (Fig. 4B and
Supplementary Table 6). Principal component analysis of acoustic
outcomes derived within a training set designed to classify call
types'® suggested there was no evidence of association with geno-
type in the current cohort (Fig. 4C).

Behavioural studies of adult Ppid mice

Heterozygous Ppid p.Pro270Ser mice and wild-type littermates were
subjected to a battery of six standard behavioural tests including
open-field exploratory locomotion assay, rotarod assay, light-dark
transition test, elevated plus maze, Y maze and three-chamber so-
cialinteraction assay. No significant differences in behaviours were
observed on any of these tests (Fig. 5).

Brain transcriptomic analyses of Ppid pups

RNA sequencing was performed on brain tissue harvested from five
heterozygous Ppid p.Pro270Ser and five wild-type mice. We

compared the expression for Ppid and 12 other genes that cluster
with Ppid in the STRING protein-protein interaction database.?®
No genes had a significant difference in expression between Ppid
Het knock-in and wild-type mice. Similarly, genome-wide differen-
tial expression analysis did not identify any genes that were signifi-
cantly different (Supplementary Fig. 3).

P270S-induced changes in secondary structure and
Hsp90 peptide binding mechanism

Molecular dynamics simulation of Cyp40 revealed a stable hinge
bending motion within the TPR2 helix, involving the relative flexing
of the short helical segment comprising residues I1e260 to Pro270
(Supplementary Video 1). This motion is also evidenced by the
abrupt increase in RMSD at 100 ns, followed by recovery to a base-
line RMSD level by ~150 ns, as shown in Supplementary Fig. 4 (blue
line). Such helical bending is typical of those observed for other
Pro-containing helices. Pro270 imparts a degree of helix flexibility
which enables it to retain its helical structure across the hinge
region. In contrast, simulation of [P270S]-Cyp40 indicates a
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Figure 5 Behavioural testing of adult Ppid mice. (A) There were no significant differences in distance travelled between wild-type (WT) littermates and
Ppid mice in the open field locomotor assay over a 60-min period (n =14 WT, n=17 PPID), P = 0.2266. (B) The average time to fall (s) across three trials on
the rotarod was not significantly different between WT and PPID mice (n=9 WT, n= 11 PPID), P = 0.4527. (C) There were no significant differences be-
tween genotypes in the time spent in the light zone of the light-dark box (n =22 WT, n=21 PPID), P=0.2763. (D) Time spent in the open arm of the ele-
vated plus maze was not significantly different between WT and PPID mice (n =20 WT, n =20 PPID), P = 0.5596. (E) There were no significant differences
in time spent in the novel of the Y maze (n=9 wild-type, n=11 PPID), P=0.8006. (F) Time spent interacting with an age- and sex-matched stranger
mouse in the three-chamber social interaction was not significantly different between genotypes (n=9 WT, n= 11 PPID), P =0.9919.

substantial unravelling of the Ile260-Ser270 segment (Supplementary
Video 2), which remains disordered for the rest of the trajectory. This
unfolding is captured in the RMSD time series plot in Supplementary
Fig. 4 (red line), with a discrete jump in RMSD occurring at ~225 ns un-
til the end of the simulation at 340 ns. These trajectories therefore
suggest a localized, but marked, difference in helical stability due to
Pro270Ser mutation.

The influence of P270S mutation on the interaction between
Cyp40 and Hsp90 was predicted using molecular docking calcula-
tions focusing on the known binding locale for the Hsp90
C-terminal binding motif, MEEVD.?” Docking calculations show a
single preferred binding location in the vicinity of position 270 for
wild-type Cyp40 within the TPR2 domain (Supplementary Fig. 5A),
with the Glu residues of MEEVD supported by several salt bridge in-
teractions below the P270 hinge, including K227, K235 and R312. In
contrast, for [P270S]-Cyp40, two locations were found to be equally
favourable (Supplementary Fig. 5B). Pose #1 (yellow) is similar to
that of wild-type Cyp40, albeit closer to the N-terminal end of
TPR2 (‘above’ Pro270 with respect to the orientation shown in
Supplementary Fig. 5B), enabling the peptide to form direct contact
with S$270. A second position (Pose #2, green) is located at the
N-terminal tip of TPR3, supported by a salt bridge interaction with
K308. Thus, docking calculations suggest that P270S mutation of
Cyp40 may result in a greater diversity in binding locations for the
MEEVD peptide, with the secondary site (Pose #2) potentially compet-
ing with the primary site, weakening the latter’s interaction. This
change in binding mechanism may have consequences for subse-
quent Cyp40 interactions with Hsp90 and other chaperones.

Discussion

We studied a large family with developmental stuttering across
four generations and identified an ultra-rare missense variant
(c.808C>T, p.Pro270Ser) in PPID mapped to chromosome 4 (LOD =
3.0088). Sanger sequencing revealed complete co-segregation
with the stuttering phenotype. Resequencing of a large cohort of in-
dividuals with stuttering and age-matched controls from four po-
pulations did not reveal pathogenic variants in PPID suggesting
mutation of this gene is not a frequent cause of developmental stut-
tering. This scenario is likely typical for the genetic architecture of
stuttering as only a small fraction of cases have been explained by
rare genetic variants to date.>*°

Several lines of evidence suggest a pathogenic role for this vari-
antin stuttering. First, the Pro270 residue resides in the key tetratri-
copeptide repeat 2 (TPR2) functional domain of the cyclophilin-40
(CYP40) protein encoded by PPID. Second, the variant introduces a
serine residue which are often sites of phosphorylation for regula-
tion of protein function. Third, our 3D structural modelling predicts
the Pro270Ser mutation may disrupt binding of Cyp40 with Hsp90
and other chaperones. Fourth, the PPID gene is expressed in the stri-
atum and globus pallidus (Allen Brain Atlas, https:/www.brain-
map.org/), brain regions that are critical for speech and have been
reported to be affected in individuals with persistent stuttering in-
cluding members of our family.®*"*? Other studies of individuals
with stuttering have implicated changes on imaging in the
cortico-striatal-thalamic network*' or reduced activation of the
globus pallidus in adults.*
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DWI revealed significantly increased diffusivity in the left corti-
cospinal tract of Ppid knock-in mice. These findings are consistent
with reduced white matter integrity which may involve oedema,
demyelination and Wallerian degeneration.***® The left corticosp-
inal tract has also been implicated in previous DWI studies of adults
who stutter*™*” with reduced FA observed in a study of develop-
mental stuttering.*® While these findings are consistent with a
left hemisphere bias for white matter alterations in people who
stutter, bilateral structural abnormalities might be expected, par-
ticularly for developmental disorders*® and reduced FA has been
observed in the right corticospinal tract of people who stutter pre-
viously.*® Another recent study reported increased rate of darken-
ing (R2*) values, thought to reflect increased non-heme iron, in
the cortico-basal ganglia-thalamocortical loop of adults who stut-
ter.™ Although we observed a trend toward increased R2* in Ppid
mouse brain structures of the CSTC loop, we found that these re-
gions exhibited an unexpected but significant decrease in tissue
susceptibility, inconsistent with an increase in paramagnetic non-
heme iron. Instead, our results suggest a possible increase in dia-
magnetic zinc and or calcium,* both of which have been impli-
cated in neurodegeneration. Ppid Het knock-in mice also had
increased susceptibility along the corpus callosum when compared
to wild-type mice, consistent with demyelination of this fibre bun-
dle.>"? Microstructural changes to the corpus callosum have been
observed in developmental stuttering,*®*>? and also in other persist-
ent developmental speech disorders.>*

Altered number and timing of vocalizations have previously
been reported in rodent models of stuttering.*” Our preliminary
data suggests there may be differences in inter-call durations
when calls are categorized into simple and complex types, but fur-
ther work is required. We did not see differences in call count be-
tween genotypes as previously reported.'” Likewise, the acoustic
feature profile of each group was similar when principal compo-
nents were explored.>*

Our Ppid knock-in mouse brain transcriptomics analysis did not
identify any differentially expressed genes. The lack of differential-
ly expressed genes from our brain RNA-seq analysis could be due to
the limitations of this technology. RNA sequencing can identify
changes in transcription, however, the functional effects of this
missense variant in Cyp40 may only manifest at a post-
translational level as suggested by our 3D protein modeling studies.

Despite being a relatively frequent speech disorder a paucity of
genes have been discovered for stuttering; here we implicate PPID
in this debilitating disorder, albeit as a likely rare cause.

Data availability

Data are available upon reasonable request. The PPID c.808C>T
(p.Pro270Ser) variant has been submitted to ClinVar database
(https:/www.ncbi.nlm.nih.gov/clinvar/).
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