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ABSTRACT

Background: Mutations in the X-linked gene DDX3X account for ~2% of intellectual disability in females, often
co-morbid with behavioral problems, motor deficits, and brain malformations. DDX3X encodes an RNA
helicase with emerging functions in corticogenesis and synaptogenesis.

Methods: We generated a Ddx3x haploinsufficient mouse (Ddx3x™") with construct validity for DDX3X loss-of-
function mutations. We used standardized batteries to assess developmental milestones and adult behaviors,
as well as magnetic resonance imaging and immunostaining of cortical projection neurons to capture early
postnatal changes in brain development.

Results: Ddx3x"" mice show physical, sensory, and motor delays that evolve into behavioral anomalies in
adulthood, including hyperactivity, anxiety-like behaviors, cognitive impairments, and motor deficits. Motor
function further declines with age. These behavioral changes are associated with a reduction in brain volume,
with some regions (e.g., cortex and amygdala) disproportionally affected. Cortical thinning is accompanied by
defective cortical lamination, indicating that Ddx3x regulates the balance of glutamatergic neurons in the
developing cortex.

Conclusions: These data shed new light on the developmental mechanisms driving DDX3X syndrome and

support face validity of this novel pre-clinical mouse model.
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INTRODUCTION

DDX3X syndrome is a rare neurodevelopmental disorder (NDD) predominantly affecting females. The
condition is estimated to account for ~2% of intellectual disability/developmental delay (ID/DD) in the female
population (1, 2). In addition to ID/DD, the syndrome presents with a constellation of co-morbidities. Affected
individuals can have low body weight, hypotonia and/or hypertonia with spasticity, microcephaly, seizures,
movement disorders, gait anomalies, and behavioral problems. Brain malformations (e.g., agenesis of the

corpus callosum and polymicrogyria) are also common (1, 3, 4).

DDX3X syndrome is due to mutations in the RNA helicase DDX3X (1, 2). Other genes in the same superfamily
(DExD/H-box) are also emerging as associated to ID/DD (5-7). DDX3X facilitates the ATP-dependent
unwinding of RNA secondary structures. Therefore, it is broadly implicated in RNA metabolism, especially
MRNA translation (3, 8-10). DDX3X is located on the X chromosome but it escapes X chromosome inactivation
(11, 12). As a result, females express two alleles, while males can only express one. The DDX3X paralog on
the Y chromosome (DDX3Y) does not appear to compensate for this dosage imbalance as it has been shown
to be translated only in spermatocytes (13). In line with this expression pattern, DDX3Y deletions cause

subfertility or infertility, not adverse neurodevelopmental outcomes (14).

Females with DDX3X syndrome carry de novo mutations, either loss-of-function mutations plausibly leading to
haploinsufficiency or missense/in-frame mutations (1-3). Genotype-phenotype analyses have shown that
missense/in-frame mutations are associated with more severe phenotypes than loss-of-function mutations. For
example, polymicrogyria has not been detected in individuals with loss-of-function mutations but only in a
subset of females with missense/in-frame mutations, and this group is more delayed developmentally (3). Only
a few affected males—all carrying missense mutations—have been identified (1, 3, 15, 16). These males often
inherit the mutations from their mothers, who appear asymptomatic. This observation, alongside functional
data in zebrafish (1, 16), suggests that the mutations found so far in males act as hypomorphic alleles. More

disruptive mutations in DDX3X are postulated to cause prenatal lethality in males.

The developmental mechanisms underlying DDX3X syndrome are just beginning to emerge. Evidence from
mouse studies indicate that Ddx3x is required for embryogenesis (17), hindbrain development (18),
corticogenesis (3), and synaptogenesis (10). Ddx3x germline knockout in the mouse results in placentation
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defects, followed by early lethality at embryonic day E6.5 (17). Restricting the knockout to embryonic tissues
nevertheless alters embryogenesis: Ddx3x null male embryos show multiple anomalies (e.g., cardiac
malformations, defective neural tube closure, and underdeveloped brain) and die at ~E11.5 (17). Ddx3x
heterozygous females were described as grossly normal, but were not characterized from developmental or
behavioral perspectives (17). Mice with a Ddx3x conditional deletion in neural stem cells at E9.5 survive but
show altered brain growth, especially at the expense of the cerebellum, accompanied by severe ataxia and
seizures (18). In addition, Ddx3x regulates cortical neurogenesis: knockdown of ~25% Ddx3x in cortical
neuronal progenitors at E14.5 impacts their differentiation into neurons (3). Finally, postnatal Ddx3x

knockdown disrupts neurite outgrowth, and dendritic spine formation and maturation (10).

While Ddx3x has been found to regulate brain development (3, 18), its role in postnatal and adult behavior is
unknown. Also, while studies have showed that Ddx3x is needed for corticogenesis (3) and synaptogenesis
(10), the lack of analyses in an animal model has limited our ability to relate these cellular functions to
behavior. Here, we present a novel Ddx3x haploinsufficient mouse (Ddx3x*") with construct validity for DDX3X
loss-of-function mutations found in females. We show evidence for awry developmental trajectories that
precede adult behavioral abnormalities, including anxiety-like behavior, hyperactivityy, and memory
impairments. Motor deficits are prominent in adulthood and worsen with ageing. These developmental and
behavioral phenotypes are accompanied by reduced brain volume consequent to the overall growth delay and

alterations in the cytoarchitecture of the developing cortex.
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METHODS AND MATERIALS

Mice. All animal procedures were approved by the Institutional Animal Care and Use Committee of the Icahn
School of Medicine at Mount Sinai. The Ddx3x"™* mouse line was generated at Ozgene by introducing two loxP
sites flanking exon 2 of mouse Ddx3x (OTTMUSGO00000017078) in C57BL/6J embryonic stem cells. To
generate the Ddx3x knockout (KO, -) allele, Ddx3x""** females were crossed with B6.Cg-Edil37(S2-cre)iAme) g
males (Sox2-Cre) (19) (The Jackson Laboratory, stock humber #008454). The colony was maintained in a
room on a 12/12 h light/dark cycle, with lights on at 7 A.M. at a constant temperature of 21-22°C and 55%
humidity. Standard rodent chow and potable water were available ad libitum. Animals were socially housed,
with 3-5 mice per cage. Mice were weaned at postnatal day (P) 21. The colony was maintained on a C57BL/6J
background. To generate the Ddx3x™", Ddx3x™* and Ddx3x" mice in this study, homozygous Ddx3x""** were

crossed with heterozygous Sox2-Cre/+ males. Table S1-2 report the cohorts employed for all behavioral

analyses. Genotyping is described in the Supplemental Note.

Immunoblotting. P21 Ddx3x™, Ddx3x"*, and Ddx3x"" mice were euthanized by decapitation. Total cortices or
synaptosomes (see Supplemental Note) Following rapid dissection on ice, cortices were homogenized in ice-
cold RIPA™ lysis buffer (ThermoFisher) containing protease, phosphatase, and RNase™ ribonuclease
inhibitors (ThermoFisher), incubated on ice for 5 min, and centrifuged at 12,000g for 8 min at 4°C. The
supernatants containing total cortex protein lysate were quantified using the Pierce™ BCA Protein Assay kit
(ThermoFisher). Immunoblotting was performed using standard protocols with 10ug of protein loaded onto
SDS-PAGE pre-cast gels (Bio-Rad). Antibodies used were anti-DDX3X (rabbit polyclonal, 1:1000, Millipore cat.
#09-860) and anti-GAPDH (loading control, mouse monoclonal, 1:20,000, Millipore cat. #CB1001). Secondary
antibodies were HRP-conjugated anti-rabbit and anti-mouse antibodies (1:5,000, Jackson ImmunoResearch
Laboratories). Immunoblots were developed using ECL or West Femto (Thermo Scientific), visualized using

Syngene G:Box imaging system, and quantified by densitometry in ImageJ.

Testing of developmental milestones. Testing was performed as reported previously (20), using a battery of
tests adapted from the Fox scale (21, 22). Four independent cohorts were used for the testing of
developmental milestones, as indicated in Table S1. To control for litter size effects, litters were homogenized

and limited to 6 pups per dam by adding excess pups to smaller litters on P1, whenever possible. Pups were
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identified by hind-paw tattoo using a nontoxic animal tattoo ink (Animal Identification & Marking Systems Inc)
inserted subcutaneously through a 30-gauge hypodermic needle tip into the center of the paw. Testing
occurred at the same time of day, every day from P1 to 21 and weight continued to be taken until P27.
Individual pups were removed from the litter and placed on cotton pads under a heating lamp to maintain a
temperature of 28°C throughout the testing. All tasks were conducted quickly and capped at 30 seconds to
minimize maternal separation. The animals used for testing of developmental milestones were not employed
for adult testing, to avoid confounding effects from maternal separation. All three genotypes were tested on the
same day in randomized order by an experimenter blind to the animals’ genotype. All data were scored and

analyzed blind to the genotype. Details for each test are described in the Supplemental Note.

Gait analysis. Testing was performed as reported previously (20). Briefly, the paws of the mice were coated in
non-toxic and water-washable dyes (back paws in blue and front paws in red. Mice were then placed over an
absorbent paper on a runway and encouraged to walk in a straight line. Measures were taken as indicated in

Fig. S5.

Behavioral testing of adult and aged mice. Four independent cohorts of naive mice were used for adult
behavioral testing and two independent cohorts were used for behavioral testing in ageing (Table S2). For
adult cohorts, testing started at 10 weeks +/- one week. For aged cohorts, testing started at 1 year old.
Behavioral testing was conducted during the light phase in sound-attenuated rooms. A week prior testing, we
recorded physical appearance and spontaneous activity, as detailed below. Testing was conducted in the order
indicated in Table S2. Mice were habituated to the testing room for 30 min prior to testing. All surfaces and
equipment were cleaned with 70% ethanol between trials and nitrile gloves were used. The two genotypes
were tested on the same day in randomized order by an experimenter blind to genotype. All data were scored
and analyzed blind to the genotype. Adult and ageing animals were handled daily for one week prior to
behavioral testing to assess general health, psychical appearance, and spontaneous activity, as detailed in the
Supplemental Note. Details for each test are described in the Supplemental Note.

+/+

Magnetic resonance imaging (MRI). P3 Ddx3x™* and Ddx3x"" mice were euthanized by decapitation, and tail
biopsies isolated for genotyping. The whole heads underwent fixation suing 4% paraformaldehyde (PFA) and

2mM ProHance for 24 hrs, then transferred to 0.1M Phosphate-buffered saline (PBS) + 2mM ProHance +
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0.02% sodium azide for at least 1 month prior to scanning. Images were acquired on a 7 Tesla MRI scanner
(Agilent Inc.) (23, 24). The contrast required for registration and assessment of volume at early postnatal ages
is not compatible with our typical T2-weighted imaging sequence. Therefore, diffusion weighted imaging was
performed to enhance the contrast between white and gray matter to aid in the registration. The diffusion
sequence used an in-house custom built 16-coil solenoid array to acquire images from 16 brains in parallel
(25). The diffusion sequence used was a 3D diffusion-weighted FSE, with TR= 270 ms, echo train length = 6,
first TE = 30 ms, TE = 10 ms for the remaining 5 echoes, one average, FOV = 25 mm x 14 mm x 14 mm, and
a matrix size of 450 x 250 x 250, which yielded an image with 56 um isotropic voxels. One b=0 s/mm? image
was acquired and 6 high b-value (b = 2147 s/mm?). The total imaging time was ~14 hours. To visualize and
compare the mouse brains, the 6 high b-value images were averaged together to make a high-contrast image
necessary for accurate registration (see Fig. 7A). Then these images were linearly (6 parameter followed by a
12 parameter) and nonlinearly registered together. All scans were then resampled with the appropriate
transform and averaged to create a population atlas representing the average anatomy of the study sample. All
registrations were performed using a combination of the mni_autoreg tools (26) and ANTS (27). The result of
the registration was to have all scans deformed into exact alignment with each other in an unbiased fashion.
For the volume measurements, this allowed for the analysis of the deformations needed to take each individual
mouse’s anatomy into this final atlas space, the goal being to model how the deformation fields relate to
genotype (24, 28). The Jacobian determinants of the deformation fields are then calculated as measures of
volume at each voxel. These measurements were examined on a regional and a voxel-wise basis in order to
localize the differences found within regions or across the brain. Regional volume differences were calculated
by warping a pre-existing classified MRI atlas onto the population atlas, which allows for the volume of 62
segmented structures encompassing cortical lobes, large white matter structures (i.e. corpus callosum),
cerebellum, and brainstem (29). Multiple comparisons were controlled for by using the False Discovery Rate

(FDR) (30).

Immunostaining. P3 Ddx3x™* and Ddx3x"" mice were euthanized by decapitation, and tail biopsies isolated
for genotyping. Brains were fixed in 4% PFA in PBS overnight at 4°C, and then cryopreserved in 30% (w/v)
sucrose, 0.05% sodium azide and 100mM glycine in PBS. Brains were embedded in Tissue-Tek® O.C.T.

Compound (VWR) and sectioned using a Leica CM1860 cryostat. Six to eight coronal sections (40um
7
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thickness) were selected from each mouse for immunostaining. The sections were washed in PBS + 0.05%
Triton X-100 Thermo Scientific) and blocked in PBS + 0.5% Triton X-100 + 5% donkey serum (Sigma) for 1 hr
at room temperature. Primary antibodies employed include rabbit monoclonal anti-SATB2, Abcam, #ab51502,
1:400; rat monoclonal anti-CTIP2/BCL11B, Millipore, #MABE1045, 1:500; and, goat polyclonal anti-
BRN1/POU3F3, Novus Biosystems, #NBP1-49872, 1:200). Primary antibodies were incubated overnight at 4°C
in the dark. After washing in PBS + 0.05% Triton X-100, sections were incubated for 2 hrs at room temperature
with fluorescent secondary antibodies (anti-mouse Alexa Fluor 594, Invitrogen, #R37115; anti-mouse Alexa
Fluor 488, Invitrogen, #A21202; anti-rat Alexa Fluor 568;all at 1:200 dilution). Sections were mounted using

antifade mounting medium with DAPI (Vectashield, #H-1200).

Fluorescence and confocal imaging and processing. Images of whole cortices were acquired using an
EVOS M7000 microscope (Invitrogen) with 4X or 10X objectives. Representative images shown throughout the
manuscript were acquired using a Leica TCS SP8 laser scanning confocal microscope (Leica Microsystems
Heidelberg GmbH, Manheim, Germany) coupled to a Leica DMi8 inverted microscope at 10x magnification.
Argon and 561nm lasers and HyD detectors were used. Images were acquired at 200 Hz and 2048x2048
pixels. Coronal sections of the left and right cortex were reconstructed from multiple individual images using
GIMP. This software was also used for binning M1 and M2. Using a mouse brain atlas, M1 and M2 were
located in the sections. To normalize all bins across all samples and sections, the beginning of the M1 bin
started 400px from the peak of the cingulum bundle and spanned 600px wide. The bin for M2 was centered on

the peak of the cingulum bundle with a width of 400px. Each region was binned evenly, 4 across and 10 down.

Statistical analyses. All statistics and plots were generated using custom R scripts. Statistical tests, number
of animals in each experiment, and significance are indicated in each figure legend. Data are shonw as
mean+SEM. Outliers are defined as data points below Q1-1.5xIQR or above Q3+1.5xIQR, where Q1 is the first
guartile, Q3 is the third quartile, and the IQR is the interquartile range. Outliers, shown in plots with the ®
symbol, were removed from the calculations of the mean and SEM and for the statistical tests. Repeated
measure ANOVA was used for repeated observations. For comparisons between two groups, Shapiro—Wilk
test was used to assess normality, followed by Student’s t-test for normally distributed data or Wilcoxon

signed-rank test for not normally distributed data. In case of multiple comparisons, two-way ANOVA test was
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employed. Whenever possible, data are reported by individual (not only by group) as to most transparently

report inter-individual variation.
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RESULTS

A novel mouse with construct validity for DDX3X syndrome. We sought to generate a novel mouse line
with construct validity for loss-of-function mutations clinically associated with DDX3X syndrome. Two Ddx3x
knockout (KO) lines have been published (17, 18, 31), but the female heterozygous progeny have not been
examined. Also, one of these lines (18, 31) is a brain-specific conditional and thus has limited construct

flox

validity. Therefore, we first generated a floxed Ddx3x mutant mouse (Ddx3x ™) by introducing loxP sites
flanking exon 2. We selected this exon because it has 100% identity with the human sequence and there are at
least 13 individuals with pathogenic loss-of-function mutations affecting this exon (Fig. 1A), making the design

salient to the genetics of the human disorder.

As Ddx3x is indispensable for the formation of the placenta in mouse (17), we needed to avoid perturbing
Ddx3x in extraembryonic tissues when generating the KO allele. We adopted the strategy used by Chen et al
(2015) (17) and used a Sox2-Cre driver line to induce recombination only in the epiblast (not in extraembryonic
tissues) at early gastrulation (19). The resulting progeny develop with a functional placenta (17).

We crossed the Ddx3x"™* females with Sox2-Cre/+ males to excise exon 2 and thus generate a Ddx3x

targeted allele (Fig. S1). This breeding scheme is expected to generate: Ddx3x"*

;+/+ females (hereafter
referred to as Ddx3x™"), Ddx3x"¥:+/+ males (Ddx3x™), Ddx3x"*:Sox2-Cre/+ females (Ddx3x™), and,
Ddx3x"¥:Sox2-Cre/+ males (Ddx3x™). In line with earlier findings (17) and the dearth of male patients with
pathogenic mutations in DDX3X, all Ddx3x™” male embryos died in utero (Fig. 1B). Ddx3x"" female pups were
born at lower rate than expected (Fig. 1B), but did not show reduced viability from birth to the postnatal day 21
and survived to adulthood. To verify that Ddx3x™" mice faithfully recapitulate haploinsufficiency, we measured
Ddx3x protein levels in cortices and purified cortical synapses. Female mice had higher Ddx3x protein
expression in their cortices than males (Fig. 1C). This is in line with data showing that DDX3X is an escape
gene across human tissues including the cortex (11, 12). Ddx3x™" mice have ~50% reduction in Ddx3x protein

+/+

levels compared to Ddx3x™" littermates (Fig. 1C). Interestingly, both sex- and genotype-dependent differences

in Ddx3x expression were observed in cortical synapses (Fig. 1C).

As individuals with DDX3X syndrome can have congenital anomalies, we subjected postnatal day 3 (P3)
Ddx3x™ and Ddx3x"" mice to a full histopathological examination (n=5/genotype). We found no significant

10


https://doi.org/10.1101/2021.01.22.427482

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.22.427482; this version posted January 23, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

anatomical differences. We did observe a higher rate of acute suppurative alveolitis consistent with aspiration
pneumonitis in DAx3x"" pups (4/5 Ddx3x™ vs. 1/5 Ddx3x™*), but that failed to reach statistical significance

(Fisher exact test, p=0.21, data not shown).

Ddx3x*" mice have widespread developmental delays. To capture the impact of Ddx3x haploinsufficiency
on physical, sensory, and motor development, we monitored Ddx3x" mice from birth to weaning using a
standardized observation battery (32) adapted from the Fox scale (21, 22). All data were collected blind to
genotype and across 4 independent cohorts (Table S1), each showing comparable results. Ddx3x"" pups had
a growth delay (Fig. 2A) manifesting as lower body weight in adulthood (Fig. 2B). We conjectured that
Ddx3x"" pups might be outcompeted by their siblings for access to the maternal milk supply. We therefore
expected to see an inverse correlation between litter size and growth for the Ddx3x™ genotype. On the
contrary, growth curves stratified based on the litter size, but irrespective to genotype: pups in smaller litters of
all genotypes were at a disadvantage (Fig. S2). The higher rate of aspiration pneumonitis in Ddx3x™" pups,
combined with the failure to thrive, suggests that Ddx3x"" pups had reduced competence in feeding. Notably,
these observations align with the clinical phenotype, as females with DDX3X syndrome can have low body
weight and feeding problems (1, 3, 4). In addition to failure to thrive, Ddx3x"" pups had a delay in eye opening
(Fig. 2C) and pinna detachment (Fig. S3A). There were no delays noted in the development of the fur/skin or
tooth eruption (Fig. S3B-D). These physical delays are again reminiscent of the human phenotype, as

ophthalmological findings are common in DDX3X patients.

Physical delays were accompanied by somatosensory delays in processing visual, auditory, tactile, and
vestibular cues. Delayed eye opening (Fig. 2C) translated into a delay in establishing visual placing
competence (Fig. 2D). Additionally, Ddx3x"" pups were delayed in developing a startle reflex to an auditory
stimulus (Fig. 2E) and a labyrinth-related reflex measured as aversion to a cliff ledge (Fig. S3E). Both
alterations could be related to the delay in ear development (Fig. S3A). Responses to tactile cues varied:
Ddx3x"" pups had delays in ear twitch reflex (Fig. 2F) and vibrissae-evoked forelimb placing (Fig. S3F), but

not in forelimb grasping strength (Fig. S3G).

Ddx3x"" pups reached motor milestones later than their littermates. Ddx3x™" pups took longer to flip onto their

paws from a supine position (righting reflex), suggesting hypotonia (Fig. 3A). Their motor coordination in
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response to vestibular cues of gravity was also affected, as measured by a delay in acquiring negative
geotaxis skills (Fig. 3B-D). Neuromuscular development was abnormal, as Ddx3x"" pups showed alterations in
both forelimbs and hindlimbs grip (Fig. 3E-F, Fig. S4A). No gross defects in locomotor activity in an open field
(Fig. S4B) or air righting reflex (Fig. S4C) were noted. These motor delays closely resemble those observed in

the DDX3X patient population.

Overall, we found that Ddx3x"" pups follow abnormal trajectories that impact physical, sensory and motor

development.

Ddx3x* mice have hyperactivity- and anxiety-related behaviors, as well as associative memory deficits.
With time, Ddx3x"" pups caught up with most developmental landmarks. However, the sensorimotor delays
might disrupt exposure to stimuli during sensitive periods for brain developmental and plasticity, and thus
translate into behavioral abnormalities later in life. We therefore sought to examine emotion states, cognition,
and sociability of Ddx3x™" adult mice using a behavioral testing battery. All data were collected blind to
genotype, and across four independent cohorts not employed for developmental testing (Table S2). During
handling one week prior to behavioral testing, we noted no differences in physical appearance other than lower
body weight (Fig. 2B). Ddx3x"" mice, however, showed changes in spontaneous general activity (Fig. S5A),
reduced limb withdrawal indicative of reduced nociception (Fig. S5B), and reduced provoked biting reflex (Fig.
S5C). We also noted a higher defecation index in Ddx3x™" mice compared to littermates (Fig. S5D), which is

relevant given that gastrointestinal problems are frequent in DDX3X syndrome (1, 3, 4).

When assessed for free locomotor activity in an open field test, Ddx3x"" mice explored the arena more and
moved faster than their littermates (Fig. 4A-B, Fig. S6A), in spite of the prominent early postnatal motor delays
(Fig. 3). These observations indicate a hyperactivity-related phenotype. While Ddx3x"" mice entered the center
zone as often as their littermates (Fig. S6B), it took them longer to enter it and they spent less time in it (Fig.
4B-C). This increase in latency and degree of thigmotaxis indicate an anxiety-like behavior. Ddx3x™ mice did

not show, however, gross deficits when assessed in an elevated plus maze test (Fig. S6C).

We also measured short-term working memory using a Y maze spontaneous alternation test. Ddx3x™" mice
explored the arms more than their littermates (Fig. 4E), corroborating the hyperactivity-related phenotype
observed in open field. There was no difference in the number of spontaneous alternations (‘ABC’, Fig. 4F)

12
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between the two genotypes, but Ddx3x™ mice re-entered the same arm after exploring a new one at higher
frequency than their littermates (error ‘ABA’, Fig. 4F). Overall, these data suggest no overt deficits in short-

term working memory.

We also tested associative learning and memory using the contextual and cued fear conditioning paradigm.
After habituation and prior to training, both genotypes showed low baseline levels of freezing response (Fig.
S6D). During training, mice were exposed to three tone-shock pairs (Fig. S6D). 24 hours after training, mice
were placed in the same context without presentation of tone or shock. While both genotypes showed a
freezing behavior elicited by the context, which increased over time, initial recall was weaker in Ddx3x*" mice
compared to their litermates (Fig. 4G). The deficit was specific to contextual memory, as Ddx3x"" mice
showed the same degree of freezing behavior than their littermates evoked by the tone in a new context (Fig.
4H). Since Ddx3x"" mice were indistinguishable from their littermates during training or cued testing (Fig. S6D,
Fig. 4H), the reduced freezing during contextual testing is not a manifestation of their hyperactivity but a
genuine memory deficit. Ddx3x™" mice did not show differences in sociability measured in a three-chamber

social approach test (Fig. S7A) or recognition memory in a novel object recognition task (Fig. S7B).

Together, these data show that Ddx3x™ mice display hyperactivity- and anxiety-like behaviors, accompanied

by contextual fear memory deficits.

Ddx3x*" mice have motor deficits. Movement disorders and gait abnormalities are prevalent in the DDX3X
patient population (1, 3, 4) and Ddx3x™" pups display pronounced motor delays (Fig. 3). To examine motor
function later in life, we first assessed gait in juvenile and adult Ddx3x"" and Ddx3x"* mice. We found a
transient alteration in gait (Fig. S8). Specifically, Ddx3x"™ mice first showed a reduction in sway distance and
distance between the back paws at P19, followed by a reduction in stride and diagonals lengths at P22 (Fig.

S8). By P30, these changes were no longer apparent.

While adult Ddx3x™" mice had normal gait, we reasoned that defects in motor function and learning might be
manifesting during more challenging tasks. We therefore used the accelerating rotarod test to measure motor
coordination, endurance, and learning over two days, 24 hrs apart, each including 3 trials (Table S2). Adult (4-
month old) mice of both genotypes improved their performance (latency to fall) over the trials, showing no
deficits in short (1 hr) or long-term (24 hrs) motor learning (Fig. 5A). However, motor performance of Ddx3x""
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mice was suboptimal, as mutant mice had a shorter latency to fall across all trials compared to their littermates

(Fig. 5A).

While the natural history of DDX3X syndrome has yet to be mapped, the oldest affected female reported so far
(47 year old) suffered from a profound motor decline (4). We therefore probed motor function in 1 year-old
mice (Table S2). To dissect in greater depth the effect on learning, we conducted testing over 3 days, 24 hrs
apart, each including 4 trials, in 2 independent cohorts. In addition to poor motor performance, 1 year-old

Ddx3x"" mice showed a decline in their motor function and learning (Fig. 5B).

To further assess fine motor coordination and balance, we used a balance beam test and a vertical pole test.
When walking on the balance beam, adult (4-month old) Ddx3x"" mice covered a shorter distance on the beam
(Fig. 5C) and slipped more frequently (Fig. 5D) than their littermates. Ageing (1-year old) Ddx3x*" mice had an
even more pronounced loss of balance (Fig. 5C-D). When climbing on a vertical pole, 4-month old Ddx3x""
mice had no deficits in turning (Fig. 5E) but it took them longer to descend the pole (Fig. 5F) than their

littermates. One-year old Ddx3x" mice had difficulties both turning and descending (Fig. 5E-F).

To assess neuromuscular strength, we employed a wire hanging test. Although 4 month-old mice Ddx3x""
mice were able to hang on the wire as long as their littermates (Fig. 5G), they covered a reduced number of
segments while moving on the wire (Fig. 5H), indicating intact motor endurance but altered coordination. Aging
animals of both genotypes had, as expected, reduced strength, but Ddx3x*" mice performed significantly worse

than their littermates (Fig. 5G).

These data demonstrate that Ddx3x haploinsufficiency results in significant motor deficits that are exacerbated

with ageing.

Ddx3x* mice have reduced brain volume, with some regions disproportionally affected. Individuals
diagnosed with DDX3X syndrome frequently have microcephaly and brain malformations, including agenesis
of the corpus callosum, enlarged ventricles, and polymicrogyria (1, 3, 4). Ddx3x complete knockout leads to
underdeveloped brain (17, 18), but the impact of haploinsufficiency, which is closer to the human condition,
has not been studied. To bridge this gap, we performed magnetic resonance imaging (MRI) on Ddx3x*" and
Ddx3x™"* littermates at P3, a stage where developmental delays begin to emerge. We found that Ddx3x*" have

a ~10% reduction in overall brain volume (n=10/genotype; Student’s t test, p=0.03) and this was also found in
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the majority of the regions assessed (Fig. 6, Table S3). As expected, given the low body weight in Ddx3x™"
mice (Fig. 2), these brain volumes differences are no longer apparent when normalized to body weight (Table
S3). Therefore, these changes in brain volume are part of an overall growth delay, and not a pure

microcephaly phenotype.

To visually identify brain regions that had a larger deviation, we focused on those that were either larger (less
than 8% reduction) or smaller (more than 12% reduction) than expected based on the ~10% overall reduction.
We found that the volumetric reduction manifests disproportionally in the neocortex, part of the olfactory
system (i.e., olfactory bulbs, the olfactory tubercle, and the lateral olfactory tract), and part of the limbic system
(i.e., amygdala and the hippocampus, especially the subiculum) (Fig. 6C, Table S3). Interestingly, some of
these areas are functionally interconnected and relevant for the behaviors disrupted in Ddx3x*" mice. For
example, the hippocampal-amygdala circuit is indispensable for encoding of contextual fear memory (33, 34),
which is altered in Ddx3x" mice (Fig. 4G). Further, the amygdala, in concert with the cortex and the
hippocampus, is critical to modulating anxiety-related behaviors (35), again abnormal in in Ddx3x™" mice (Fig.

4C-D).

Overall, these findings confirm that Ddx3x haploinsufficiency causes an overall growth delay that affects brain
development as well. These changes are visible already during early postnatal life and functionally relate with

the behavioral deficits later in adulthood.

Ddx3x*" mice have abnormal neocortical lamination. Brain imaging findings indicate cortical thinning in
Ddx3x"" mice. This is compatible with evidence showing that Ddx3x regulates cortical neurogenesis: radial glia
cells knocked down for Ddx3x at E14.5 yield less neurons at E17.5 (3). It is unknown, however, whether this
reduced neurogenesis is at the expense of a specific glutamatergic population and/or if it ultimately alters the
laminar cytoarchitecture of the cortex. We therefore asked whether Ddx3x orchestrates the balance of intra-
telencephalic and corticofugal glutamatergic neurons, which defines the lamination of the cortex. Intra-
telencephalic neurons (IT) reside in both upper layers (UL) and deep layers (DL) of the cortex, and project to
the ipsilateral cortex or the contralateral cortex via the corpus callosum (the latter, callosal projection neurons,
CPN). Corticofugal neurons project to a variety of subcerebral targets (ScPN, including the spine and, the

pons) or to the thalamus (CthPNs). These populations reside in DL; specifically, SCPN are mostly in layer V
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and CthPNs mostly in layer VI. Cell fates in the developing cortex are largely shaped by the expression of
certain transcription factors, which can therefore be used to mark specific populations. For example, UL IT
express BRN1/POU3F1 (36-38), while UL or DL CPN express SATB2 (39-43), with the caveat that SATB2 is
detected also in a minority of SCPN (44, 45). ScPN, in contrast, can be discriminated by the expression of

CTIP2/BCL11B (39-46).

Using BRN1, SATB2, and CTIP2 as population-specific markers, we immunostained brain sections from
Ddx3x"" and Ddx3x"* mice at P3. We first examined the total number of cells (DAPI+), as well as CTIP2+,
BRN1+ or SATB2+ populations, in coronal sections from the primary (M1) and secondary (M2) motor cortices.
We observed a higher number of cells in M2 (but not in M1) of Ddx3x"" mice compared to their littermates (Fig.
S9). This increase was largely attributable to an excess of CTIP2+ neurons, which showed a ~1.5 fold increase
in Ddx3x"" cortices compared to controls (Fig. S9). There was also a modest excess of CTIP2+ neurons in M1,

which did not, however, lead to a significant increase in the total number of cells (Fig. S9).

We then examined the relative distribution of CTIP2+, BRN1+, or SATB2+ populations across ten equally sized
bins from the pia to the ventricle (Fig. 7, Fig. S10). The distributions of both CTIP2+ ScPN and BRN1+ IT
neurons were altered in M1 of Ddx3x™ mice. Specifically, the majority of CTIP2+ ScPN neurons were residing,
as expected, in layer V, but there was a subpopulation extending deeper in Ddx3x"" cortices compared to
controls (Fig. 7A, B). Similarly, BRN1+ IT were mostly in UL, but significantly shifted in deeper layers in the M1
cortices of Ddx3x™" mice (Fig. 7A, C). These differences were not noted in M2 (Fig. S10A-C). SATB2+ CPN

were detected in both UL and DL, and did not show differences between genotypes (S10D-E).

While CTIP2 and BRN1 are mostly mutually exclusive, there is a population of neurons expressing both BRN1
and CTIP2 that appears in the presumptive layer V at E15.5 and is still visible at PO (36). We therefore asked
whether the misplaced CTIP2+ neurons in Ddx3x™ mice are also BRN1+. We counted the double positive
neurons in bins 5-7 of primary motor cortices of Ddx3x"" and Ddx3x"" littermates. Although the CTIP2+BRN1+
population represents a minority of the CTIP2+ neurons, it was detected in greater proportions in Ddx3x™" mice
(Fig. 7D-E). This suggests that there might be defective cell fate specification of ScCPN populations, also

expressing IT markers.
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These observations indicate that Ddx3x haploinsufficiency causes defects of intra-telencephalic and cortico-
fugal populations in the motor cortex, which could result from alterations in neurogenesis or cell fate

specification.
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DISCUSSION

To our knowledge, this is the first developmental, behavioral, and cellular characterization of a mouse model of
DDX3X syndrome. Ddx3x™" mice have robust delays in physical, sensory, and motor milestones that closely
resemble those seen in the patient population (1, 3, 4). Adult Ddx3x™" mice have hyperactivity, anxiety-like
behaviors, memory deficits, and motor alterations, again aligning with the human phenotype (1, 3, 4). Motor
function deteriorates with age, which is compatible with the late-onset neurological decline described in the
only adult with DDX3X syndrome reported to date (4). The developmental and behavioral phenotypes are
accompanied by reduced brain volume, with disproportionally thinner cortex, and smaller amygdala and
hippocampus. Within the motor cortex, glutamatergic populations are misplaced, resulting in defective
cytoarchitecture. These structural findings are in line with the brain malformations frequently detected in

individuals with DDX3X syndrome (1, 3, 4).

Our results emphasize the importance of both sensory and motor function in the context of complex
neurodevelopmental phenotypes. Altered somatosensation is emerging as a critical symptom in individuals
with NDDs (47), and is captured in the phenotype of several mouse models (20, 48-53). Here we find that
Ddx3x"" pups are delayed in responding to visual, auditory, and tactile cues. Further, Ddx3x"" pups have an
underdeveloped olfactory system, with smaller olfactory bulbs, olfactory tubercle and lateral olfactory tract.
Abnormal sensory experience during early postnatal life is known to robustly affect cortical plasticity and adult
behavior, as shown by paradigms of sensory deprivation in mice (54-57). Hence, some of the adult
manifestations in Ddx3x"" mice might be rooted in limited sensory stimuli exposure during critical periods of
plasticity.

Motor dysfunction is not only a prominent trait in DDX3X syndrome (1, 3, 4), but is often one of earliest signs
raising concerns about neurodevelopment. Motor development follows a complex trajectory in Ddx3x™" mice.
Early anomalies, including postnatal hypotonia and abnormal gait in juvenile age, appear to rectify over time
but evolve into changes in coordination in adulthood and further loss of balance and endurance with ageing.
Cortical circuits controlling these functions include the corticopontine and corticospinal tracts that are formed
by the ScPN. As ScPN are altered in number and position in the motor cortex of Ddx3x"" mice, defects in

corticopontine and/or corticospinal circuits are likely to contribute to the motor phenotype. Interestingly,
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clinically small pons and small inferior vermis can be observed in individuals with DDX3X syndrome (3),
suggesting that the cortico-ponto-cerebellar tract might be altered in this condition. We did not observe,
however, a pronounced reduction in the volume of the pons or cerebellum, Also, divergence in motor circuits
between species might explain the transient nature of certain motor deficits (e.g., gait) in mice but not in
humans. For example, the rubrospinal tract, which can compensate for corticospinal lesions even in adulthood

(58), is underdeveloped in humans compared to mice.

In addition to the sensory and motor phenotypes, Ddx3x™" mice show anxiety-like behaviors, hyperactivity, and
specific deficits in the initial context-dependent recall of fear memory. Albeit complex and interlinked, the
circuits subserving these behaviors require the cortex, the amygdala, and the hippocampus (34, 35, 59), all
found disproportionally diminished in volume in Ddx3x"" mice. Additionally, mouse models of NDDs often show
similar behavioral anomalies contingent to altered balance in cortical glutamatergic populations. For example,
loss of CthPN specification caused by conditional ablation of the NDD gene Tbrl (60, 61) in layer 6 results in
anxiety-related phenotypes (62). 16p11.2 deletion mice show more UL neurons, accompanied by hyperactivity
and hippocampal-dependent memory deficits, and these anomalies can be reversed by in utero

pharmacotherapy (63).

DDX3X is an RNA helicase critical for the post-transcriptional regulation of gene expression, especially mRNA
translation (3, 8-10). Post-transcriptional control is surfacing as a significant source of risk for
neurodevelopmental disorders. For example, risk genes for NDDs are enriched in targets of post-
transcriptional regulators that are in turn encoded by risk genes, including RNA-binding proteins FMR1 (64),
CELF4 (65) and RBFOX1 (64, 66, 67). Ddx3x regulates the translation of a subset of mRNAs in both neural
progenitors (3) and post-mitotic neurons (3, 10) and amongst them is Racl, whose human orthologous gene is
associated with ID (68).

In parallel, post-transcriptional control is emerging as key for shaping cortical development (65, 69-73), and our
findings and those by Lennox et al (2020) (3) add to this growing body of evidence. Lennox et al (2020) found
that in utero knockdown of ~25% of Ddx3x in E14.5 cortices results in an increase in the proliferating pool and
a decrease in post-mitotic neurons. In this experimental setting, Ddx3x is knocked down transiently (E14.5-

E17.5) and in a cell-autonomous fashion (sparsely in radial glia cells and their progeny). In our model, where
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one Ddx3x allele is ablated in all the cells of the developing cortex since their birth, we see an increased
number of ScPN neurons and a misplacement of both UL IT and ScPN neurons. The two sets of results are
not incompatible, as the phenotype we observe is cell population specific and can be the result of defects in
neurogenesis, migration and/or cell fate specification. Many NDD risk genes, in fact, have been found to

regulate multiple steps of cortical development (e.g., Chd8 important for both neurogenesis (74) and migration
(75)).

The mouse model presented here is designed with validity for DDX3X loss-of-function mutations leading to
haploinsufficiency. However, clinical and functional data (3) suggest that there is at least a second disease
mechanism at play, with certain missense mutations leading to a gain of function effect. A subset of
missense/in-frame deletion mutations are clinically associated with polymicrogyria and result in more severe
clinical outcomes (3). Also, these mutations induce the formation of ectopic RNA granules (3). Our mouse
model is less informative with respect to this group of mutations, and likely recapitulates less faithfully their
phenotype. One hint to this limitation relates to the hypotonia phenotype. While individuals with missense/in-
frame deletions and polymicrogyria often exhibit a mix of hypertonia and hypotonia (3), those with loss-of-
function mutations are disproportionally affected by hypotonia, as do the Ddx3x™ mice. However, most
missense mutations do not yield polymicrogyria and likely act as hypomorphic alleles. We would expect these
mutations to yield a phenotype similar, but attenuated, to what we see in the Ddx3x™" mice. Future studies
modeling missense mutations in mice will be key to discriminate the various mechanisms driving DDX3X

syndrome.

The natural history of DDX3X syndrome is unknown. Our data, alongside a single clinical report of a 47 year-
old affected individual, indicate that there is motor decline with ageing. The parsimonious explanation for these
observations is that DDX3X pathology is engrained in prenatal development but also maintained in adulthood.
The implications of these findings are twofold. First, they motivate longitudinally studies, especially focusing on
motor function, in the patient population. Second, they might inform on the temporal windows where pathology
(and thus phenotype) can be modified. The convergence of these two lines of work, alongside a better
understanding of the disease mechanisms at play, are important next steps for designing therapies for DDX3X

syndrome.
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LEGENDS

Figure 1. Ddx3x™ mice have construct validity for DDX3X loss-of-function mutations. A) Disease
relevance of the design. The figure shows the Genome Browser view of Ddx3x exon 2, which was targeted to
generate the Ddx3x™" line (see also Fig. S1). The sequences of murine and human exon 2 are identical. There
are at least 13 pathogenic mutations clinically associated with DDX3X syndrome affecting exon 2: two
mutations affecting the acceptor splice site of exon 2 [NM_001356.4.c.46-2A>G in two independent individuals
(1, 3), c.46-2A>C (1)], the recurrent nonsense mutation p.Ser24* in 5 independent individuals [c.71C>A (2, 76),
c71.C>G (76) or c71C>TA (3)], the nonsense p.GIn27* [c.79C>T (3)], the frameshift Asp25Leufs*21
(c.67_71dupCTCTTC, ClinVar #916064), the frameshift p.Ser28Glufs*23 [c.80dupA (3)], the frameshift
p.Thr32Lysfs*12 (c.95delC, ClinVar # 872822), and the frameshift p.Lys35GInfs*17 (c.95 98CAGC]3], ClinVar
#803980). There is an additional mutation in the donor site of exon 1 [c.45+1G>T (2)] that likely affects splicing
(not shown). B) Ddx3x"™ pups are born at lower rate, and Ddx3x™ die in utero. Percentage of the
population across the four expected genotypes (Ddx3x™ in yellow; Ddx3x"" in blue; Ddx3x™ in red; and,
Ddx3x™ in black) (Fisher's exact test, ***p<0.001). C) Ddx3x* mice have reduced DDX3X expression at
P21. The plots show DDX3X protein expression, normalized to GAPDH, in total cortices (left panel) or purified
synaptosomes (right panel) (n=3/genotype; mean + SEM; Student’s t test; *p<0.05, **p<0.01). The figure
shows the corresponding immunoblot for DDX3X and GAPDH in total cortices (upper panels) and purified
synaptosomes (lower panels) of Ddx3x"™ (yellow, lanes 1-3), Ddx3x™"* (blue, lanes 4-6) and Ddx3x™" (red, lanes

7-9) mice (n=3/genotype).

Figure 2. Ddx3x™" mice have postnatal physical and sensory delays. A) Ddx3x"" pups show delayed
growth. The plot shows the body weight from postnatal day (P) 1 to 27 across the three genotypes (n shown in
legend; mean + SEM; repeated measure ANOVA between Ddx3x™* and Ddx3x"" genotypes). B) Ddx3x""
adults have low body weight. The plot shows the body weight of 10-week old mice (n shown in legend; mean
+ SEM; Student’s t test after outliers removal and Shapiro-Wilk test for normality; ® indicate outliers). C)
Ddx3x*" pups have a delay in eye opening. The plot shows the eye opening scores (0, closed; 1, half-
opened; 2, open) across the three genotypes (n shown in legend; mean = SEM; repeated measure ANOVA

between Ddx3x™ and Ddx3x"" genotypes). D) Ddx3x™ pups show a delay in developing visual placing
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skills. The plot shows the visual placing scores (0, response absent; 1, response present) across the three
genotypes. Visual response was considered present (score 1) when pups lowered onto a flat surface reached
out with the forepaws before the vibrissae touched the surface (n shown in legend; mean + SEM; repeated
measure ANOVA between Ddx3x™* and Ddx3x"" genotypes). E) Ddx3x"" pups have a delay in developing a
startle response to an auditory cue. The plot shows the startle response score (0, response absent; 1,
response present) across the three genotypes. Startle response was considered present (score 1) when pups
turned their heads in response to an 80db click sound (n shown in legend; mean + SEM; repeated measure
ANOVA between Ddx3x™* and Ddx3x"" genotypes). F) Ddx3x"" pups show a delay in developing an ear
twitch response to a tactile stimulus. The plot shows the reflex to ear twitch response (0, response absent;
1, response present) across the three genotypes (n shown in legend; mean + SEM; repeated measure ANOVA
between Ddx3x** and Ddx3x*" genotypes).

All data collected and scored blind to genotype. In all panels, Ddx3x™" (blue), Ddx3x™" (red), and Ddx3x"™”

(yellow). *p<0.05, **p<0.01, ***p<0.001; ns, non significant.

Figure 3. Ddx3x™ mice have postnatal motor delays. A) Ddx3x" pups have a delay in surface righting
time. The plot shows the time that it takes for a pup to turn on the four paws from a supine position across the
three genotypes (n shown in legend; mean + SEM; repeated measure ANOVA between Ddx3x** and Ddx3x""
genotypes). B) Ddx3x™ pups have a delay in acquiring negative geotaxis skills. The plot shows the
response of the pup when placed head down on a mesh covered platform at a 45° angle (O, fall; 1, stay/move
down/walk down; 2, turn and stay; 3, turn, move up, and stay; 4, turn and move up to the top) across the three
genotypes (n shown in legend; mean + SEM; repeated measure ANOVA between Ddx3x"* and Ddx3x""
genotypes). C) Ddx3x" pups tend to fall more in a negative geotaxis task. The plot shows the number of
falls (score 0) per pup across the three genotypes (n shown in legend; mean + SEM; Student’s t test after
outliers removal and Shapiro-Wilk test for normality; ® indicate outliers). D) Ddx3x* pups have a lower rate
of success in a negative geotaxis task. The plot shows the number of completed tasks (score 4) per pup
across the three genotypes (n shown in legend; mean + SEM; Student’s t test after outliers removal and
Shapiro-Wilk test for normality; ® indicate outliers). E) Ddx3x*" pups have reduced motor endurance and
performance in a rod suspension test. The plot shows the time that it takes for a pup to fall off a rod across

the three genotypes (n shown in legend; mean + SEM; repeated measure ANOVA between Ddx3x™* and
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Ddx3x"" genotypes). F) Ddx3x*" pups have reduced grip strength. Grip strength was tested by placing pups
on a mesh grid and rotating the grid from a horizontal to vertical position. The plot shows the angle of rotation
to which pups fall off the grid across the three genotypes (n shown in legend; mean = SEM; repeated measure
ANOVA between Ddx3x™* and Ddx3x™" genotypes).

All data collected and scored blind to genotype. In all panels, Ddx3x™" (blue), Ddx3x™" (red), and Ddx3x"”

(yellow). *p<0.05, **p<0.01, ***p<0.001; ns, non significant.

Figure 4. Ddx3x™ mice have hyperactivity- and anxiety-like behaviors. A-B) Ddx3x" mice show
increased locomotor activity in open field test. Panel A shows an example of activity of individual mice in a
10-min interval. The plot in B shows the distance covered in the 30-min open field test (n shown in legend;
mean = SEM; Student’s t test after outliers removal and Shapiro-Wilk test for normality; ® indicate outliers). C)
Ddx3x" mice display increased latency to enter the center zone. The plot shows the latency to enter the
center zone for the two genotypes (n shown in legend; mean + SEM; Wilcoxon signed-rank test after outliers
removal and Shapiro-Wilk test for normality; ® indicate outliers). D) Ddx3x™ mice have increased
thigmotaxis. The plot shows the time spent in the center zone for the two genotypes (n shown in legend;
mean + SEM; Wilcoxon signed-rank test after outliers removal and Shapiro-Wilk test for normality; ® indicate
outliers). E) Ddx3x*" mice have increased activity in Y maze spontaneous alternation test. The plot shows
the number of arms explored in a 15 min test for the two genotypes (n shown in legend; mean + SEM;
Student’s t test after outliers removal and Shapiro-Wilk test for normality; ® indicate outliers). F) Short-term
working memory is overall intact in Ddx3x"" mice in Y maze spontaneous alternation test. The plot
shows the percentage of choices, broken down by choice type (n shown in legend; mean + SEM; Student’s t
test after outliers removal and Shapiro-Wilk test for normality; ® indicate outliers). ‘ABC’ indicates correct
alternations, while ‘ABA’, ‘ABB’, ‘AAA’ errors. G) Ddx3x™" mice display weaker initial recall of contextual
fear memory. After 24 hours from contextual and cued training (see Fig. S6D), mice were exposed to the
same environment of training, but without the administration of tones or shocks, for 240 sec. Locomotor activity
was recorded. The plot shows the % of time the mice spent freezing during this 240 sec testing trial (n shown
in legend; mean + SEM; repeated measure ANOVA over the first 120 sec). H) Ddx3x" mice show no

changes in cued fear memory. After 24 hrs from contextual testing (G), mice were exposed to a new
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environment, with administration of two tones without subsequent shock exposure. Locomotor activity was
recorded. The plot shows the % of time the animals spent freezing during this 400 sec testing trial.
All data collected and scored blind to genotype. In all panels, Ddx3x™* (blue) and Ddx3x™ (red). *p<0.05,

**p<0.01, ***p<0.001; ns, non significant.

Figure 5. Ddx3x" mice have other motor deficits and decline with age. A) Adult Ddx3x™ mice have
suboptimal motor performance on a rotarod test. Trials were conducted one-hour apart with an
acceleration over 5 minutes, and trials 1-3 were performed 24 hrs before trials 4-6, to assess both short-term
(1 hour) and long-term (24 hrs) motor learning. The plot shows the latency to fall from the rod (n shown in
legend; mean + SEM; repeated measure ANOVA). B) Ageing Ddx3x™" mice have altered motor learning on
a rotarod test. Trials were conducted one-hour apart with an acceleration over 5 min, with trials 1-4, 5-8 and
9-12 performed 24 hrs apart. The plot shows the latency to fall from the rod (n shown in legend; mean + SEM;
repeated measure ANOVA). C-D) Ddx3x"" mice had impaired motor coordination in the balance beam
test. Panel C shows the number of frames covered (n shown in legend in panel D; mean £+ SEM; Student’s t
test after outliers removal and Shapiro-Wilk test for normality). Panel D shows the number of slips per frame (n
shown in legend; mean + SEM; Student’s t test (4 months old) and Wilcoxon signed-rank test (one-year old)
after outliers removal and Shapiro-Wilk test for normality; ® indicate outliers). E) Ddx3x™ mice have age-
dependent deficits in turning in the vertical pole test. The plot shows the mean time to turn on the top of
the vertical pole (n shown in legend in panel F; mean + SEM; Student’s t test after outliers removal and
Shapiro-Wilk test for normality; ® indicate outliers). F) Ddx3x" mice have altered balance during the
vertical pole test. The plot shows the mean time to descend the vertical pole (n shown in legend; mean +
SEM; Student’s t test after outliers removal and Shapiro-Wilk test for normality; ® indicate outliers). G)
Ddx3x" mice have age-dependent changes in endurance in the wire hanging test. The plot shows the
latency to fall (n shown in legend in panel H; mean £+ SEM; Wilcoxon signed-rank test (one-year old) after
outliers removal and Shapiro-Wilk test for normality). H) Ddx3x*" mice show changes in motor ability in the
wire hanging test. The plot shows the number of frames covered by the mice (n shown in legend; mean +

SEM; Wilcoxon signed-rank test after outliers removal and Shapiro-Wilk test for normality; ® indicate outliers).
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All data collected and scored blind to genotype. In all panels, Ddx3x™* (blue) and Ddx3x"" (red). *p<0.05,

**p<0.01, ***p<0.001; ns, non significant.

Figure 6. Ddx3x™ mice have voxelwise differences in brain volume. A) Ddx3x"" pups have reduced
brain volume. Coronal flythrough from anterior (top row) to posterior (bottom row), showing brain anatomy (left
column) and absolute differences in Ddx3x*" vs Ddx3x** mice (right column) at P3. The color coding indicates
the false discovery rate (FDR) for regions that are smaller (blue gradient) or larger (red gradient) in Ddx3x™"

++

compared to Ddx3x** mice (n=10/genotype). B) Changes in relative brain volume in Ddx3x"" pups. Same
as in A, showing voxelwise changes relative to the overall reduction in brain volume (n=10/genotype). C)
Specific brain regions are disproportionally reduced in Ddx3x™ pups. Same as in A, with the color coding
indicating the percentage of difference between Ddx3x™ and Ddx3x"”* mice for regions that are
disproportionally smaller (blue gradient) or larger (red gradient) that the ~10% reduction in overall brain volume

(n=10/genotype). All data used to generate these plots, include individual-level data, are reported in Table S3.

All data collected and analyzed blind to genotype.

Figure 7. Ddx3x"™" mice have altered cortical lamination. A) Ddx3x" mice show a misplacement of both
subcerebral (ScPN) and intra-telencephalic (IT) projection neurons in the developing cortex.
Representative confocal images of coronal sections of primary motor cortex from Ddx3x"* and Ddx3x"" mice at
P3, immunostained for CTIP2 (red), a marker of SCPN and BRN1 (green), a marker of IT in UL and DL. As
expected, CTIP2+ ScPN are restricted to layer 5, while BRN1+ IT are predominantly in upper layers in control
mice. B) CTIP2+ ScPN extend deeper in Ddx3x*" mice. Distribution of the percentage of cells (DAPI+) that
are positive to the ScPN marker CTIP2, across ten equally sized bins from the pia (bin 1) to the ventricle (bin
10) in Ddx3x™" and Ddx3x" mice (n shown in legend; 6-8 sections/mouse, with outliers across sections
removed; mean = SEM; Two-way ANOVA, followed by Student’s t test after outliers removal). C) BRN1+ IT
extend deeper in Ddx3x"" mice. Distribution of the percentage of cells (DAPI+) that are positive to the IT

+/+

marker BRN1, across ten equally sized bins from the pia (bin 1) to the ventricle (bin 10) in Ddx3x™" and
Ddx3x*" mice (n shown in legend; 6-8 sections/mouse, with outliers across sections removed; mean + SEM,;
Two-way ANOVA, followed by Student’s t test after outliers removal). D) CTIP2+ and BRN1+ are mostly

mutually exclusive, but not in Ddx3x*" mice. The panels show a magnification of the bins 5-7 regions from
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panel A. As expected, in control mice, a minority of CTIP2+ neurons is positive to BRN1 (yellow arrows). E) In
Ddx3x*" mice, there are more CTIP2+BRN1+ neurons in deep layers. Distribution of the percentage of
CTIP2+ ScPN that are also positive to BRN1, across bins 5-7, where CTIP2+ ScPN are most abundant (n
shown in legend; 6-8 sections/mouse, with outliers across sections removed; mean + SEM; Two-way ANOVA,
followed by Student’s t test after outliers removal).

All data collected and scored blind to genotype. In all panels, Ddx3x™* (blue) and Ddx3x"" (red). *p<0.05,

**p<0.01, ***p<0.001; ns, non significant.
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Figure 6
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