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ABSTRACT

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with a strong genetic basis. ASDs are commonly characterized by impairments in
language, restrictive and repetitive behaviors, and deficits in social interactions. Although ASD is a highly heterogeneous disease with many
different genes implicated in its etiology, many ASD-associated genes converge on common cellular defects, such as aberrant neuronal morphology
and synapse dysregulation. Our previous work revealed that, in mice, complete loss of the ASD-associated X-linked gene NEXMIF results in a
reduction in dendritic complexity, a decrease in spine and synapse density, altered synaptic transmission, and ASD-like behaviors. Interestingly,
human females of NEXMIF haploinsufficiency have recently been reported to demonstrate autistic features; however, the cellular and molecular
basis for this haploinsufficiency-caused ASD remains unclear. Here we report that in the brains of Nexmif * female mice, NEXMIF shows a mosaic
pattern in its expression in neurons. Heterozygous female mice demonstrate behavioral impairments similar to those of knockout male mice. In the
mosaic mixture of neurons from Nexmif * mice, cells that lack NEXMIF have impairments in dendritic arborization and spine development.
Remarkably, the NEXMIF-expressing neurons from Nexmif £ mice also demonstrate similar defects in dendritic growth and spine formation. These
findings establish a novel mouse model of NEXMIF haploinsufficiency and provide new insights into the pathogenesis of NEXMIF-dependent ASD.

SIGNIFICANCE STATEMENT.

Mutations in the X-linked gene NEXMIF have been implicated in male individuals with autism spectrum disorders (ASD) and other
neurodevelopmental defects. Recently, ASD cases of NEXMIF haploinsufficiency have been reported in females. To examine the
neuropathobiology of NEXMIF haploinsufficiency, we generated heterozygous female Nexmif * mice which exhibit autism-like be-
haviors, including impaired social interaction, increased repetitive grooming, and cognitive deficits, but show no perturbations in
communication behavior. In the brain, there is a mosaic pattern of NEXMIF expression without significant skewing. Remarkably, both
NEXMIF+ and NEXMIF- neurons show comparable abnormalities including reductions in dendritic arborization, synapse density, and
altered expression of synaptic molecules. The Nexmif * mouse demonstrates ASD-like behaviors and will be a valuable tool for ASD
research.

1. Introduction

Autism spectrum disorders (ASD) are a class of complex neurodevelopmental disorders characterized by three hallmark features:
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impaired social interactions, reduced communication, and the tendency for repetitive and restrictive behaviors [1]. 25 % of ASD
diagnoses have been associated with an identifiable or genetic variant, which has provided a valuable understanding of the mecha-
nisms underlying proper neurodevelopment [2,3]. Of the hundreds of ASD-related genes in the Simmons Foundation Autism Research
Initiative (SFARI) database, a considerable percentage of rare genetic variants within protein-coding genes were found to be causative
in the development of ASD [4,5]. Despite this knowledge, none of the known variants can account for greater than 1 % of the total
number of ASD cases, which demonstrates the complexity of ASD genetics [6-9].

NEXMIF was first studied as a candidate gene in two male members of a family who presented with autistic features and intellectual
disabilities (ID) [10]. Since this original diagnosis, more cases have been reported, confirming that a loss of NEXMIF protein due to
NEXMIF gene mutation or deletion leads to ASD [11-17]. The reported individuals with NEXMIF-dependent ASD show impaired
communication, repetitive behaviors, seizures, ID, and microcephaly. Interestingly, although only male cases were reported in earlier
studies, recent clinical reports indicate that autistic characteristics are also observed in females with NEXMIF mutations [17-23]. Due
to infertility of affected males, females with inherited NEXMIF mutations are heterozygous and therefore haploinsufficient in NEXMIF.
The pathogenicity of single copy NEXMIF gene mutation indicates that brain development and function are sensitive to the proper gene
dosage of NEXMIF. At the cellular level, the biological function of NEXMIF is still under investigation. We have previously shown that
loss of Nexmif leads to defects in neuron migration, dendritic outgrowth, and synapse formation and function [24-26]. Initial studies of
Nexmif implicated the gene as a regulator of neural circuit formation during developmental stages and as a cytoskeletal regulator
involved in neurite extension [27]. A more recent study found that loss of Nexmif led to a reduced number of proliferating beta cells in
the mouse pancreas via downregulation of H3f3b, a gene whose protein (histone H3.3) has been shown to suppress
retrotransposition-induced genetic variation [28,29]. Given these findings, NEXMIF may play a role in regulating the transcription of
genes involved in neuron morphology and maintenance of genomic stability.

Notably, as an X-linked gene, NEXMIF presents a particular genetic situation contributing to protein haploinsufficiency. In females,
one of the two X chromosomes is inactivated (XCI) to balance gene dosage between sexes. XCI is typically random, and as a result,
heterozygous female individuals become mosaics of cells expressing either the normal or mutant allele. This creates two populations of
neurons in the brains of heterozygous females: those that express NEXMIF (NEXMIF') and those that have inactivated the X chro-
mosome carrying the normal allele and thus do not express NEXMIF (NEXMIF ™). Under this condition, despite expression of the gene
product in a portion of neurons in the brain, the overall neural network can be compromised by the aberrant assembling of NEXMIF "
and NEXMIF™ neurons. Due to the randomness of XCI, the extent of NEXMIF expression can vary in the affected individuals and at the
level of specific organs or tissues, resulting in a broad range of disease severity. In some X-linked gene disorders, one parental-specific X
chromosome is preferentially inactivated, leading to skewed XCI activity. It has been reported that the majority of females with
NEXMIF ASD variants had random XCI, suggesting a lack of compensatory regulation in XCI in NEXMIF haploinsufficient females [13,
16-18,20,21,30].

Here we characterize the behavioral and cognitive abnormalities of, and investigate the related cellular defects in, the NEXMIF
heterozygous (Nexmif */~) female mouse model. Female Nexmif * mice demonstrate representative ASD-like behavioral phenotypes
including reduced social interactions, repetitive behaviors, and impaired memory, but with intact development of communication.
Nexmif haploinsufficiency results in mosaic cellular expression of NEXMIF in the brains of these mice, leading to a mixed coexistence of
both NEXMIF' and NEXMIF~ neurons due to random XCI. Haploinsufficient Nexmif expression results in impairments in neuronal
structure development, such as dendritic arborization and synaptic connectivity. These findings validate the mouse model for NEXMIF
haploinsufficiency ASD and provide new insights into our understanding of the role of NEXMIF in brain development and the path-
obiological mechanisms underlying NEXMIF ASD in females.

2. Materials and METHODS
2.1. Animal care and use

All procedures involving the use of animals were in line with the policies of the Institutional Animal Care and Use Committee
(IACUC PROTO0201800574: 17-022) at Boston University. Mouse colonies (C57BL/6 J genetic background) were maintained in the
Boston University Laboratory Animal Care Facility (LACF) on the Charles River Campus. Heterozygous Nexmif female mice were
crossed with wildtype (WT) male mice, and the heterozygous female mice were used in experiments. All of the WT (Nexmif */*) mice
were randomized female littermate controls of the heterozygous mice (Nexmif */~). Adult mice were used in the behavioral studies to
avoid variability due to changes during adolescence. Transgenic mice were backcrossed to C57 B 1/6 J mice >10 times prior to use.

2.2. Genotyping

DNA was isolated from tail snips for genotyping using the Hot Shot Method. A 2 mm tail snip was collected from each mouse at the
time of weaning on postnatal day 21 (P21) and placed in a 1 mL tube. Tail snips were incubated for 30 min at 95 °C in 75 pl of alkaline
lysis buffer (25 mM NaOH, 0.2 M EDTA). The tubes were cooled to room temperature for 5 min before 75 pl of neutralization buffer
(40 mM Tris-HCI, pH 5) was added. The tubes were vortexed to mix and 1 pl of DNA extract was used in the following PCR protocol run
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on a Biorad DNA engine Tetrad 2 Peltier Thermal Cycler.

Initial Denaturation 94 °C 5 min
30 cycles { Denature 98 °C 15s
Anneal 55 °C (WT) or 59 °C (KO) 30s
Extend 72°C 1 min
Final Extension 72°C 5 min
Hold 4°C 0

The resulting PCR fragments were run on a 1 % agarose gel with ethidium bromide to stain and visualize DNA under UV light. Two
sets of primers were used to genotype NEXMIF Heterozygous mice. One set (WT) was targeted against the deleted exon 4 region using
the primers: 5-AGGACTTGCTTAGGTTGCTTCATGGAA—3' and 5-CTTAAATTGCTCTACCTCAA GACCACCA—3' with an expected PCR
fragment of 949 bp. The other set (KO) was targeted against the KO sequence wusing the primers:
5’ ~CACACCTCCCCCTGAACCTGAAAG —3' and 5’ —~CCCACGAAGGGATCATACCCTGTA 3’ with an expected PCR fragment of 794 bp.
Prior to mouse primary neuron culture (described below), tail snips were collected from PO-P1 mice to determine their sex and ge-
notype. The sex-specific primers used target the DEAD-box Y RNA helicase DBY (DDX3Y) gene, which is specific to males: 5-
GAAGTAGCCGTGGACGTTCT-3' and 5-GCCAAGGTTTGCTTGTAGCC-3' with an expected PCR fragment of 618 bp. The presence of this
fragment in each DNA sample indicates the male sex, while the absence of this fragment indicates the female sex.

2.3. Three-chamber social test

A three-chambered box measuring 65 x 28 x 28 cm was constructed from 0.75 in. white plastic board with 4 x 4 in. cut-out doors
in the walls to the center chamber allowing movement between chambers. A small wire cage was placed in each of the side chambers to
later house stranger mice. Three days before the test, mice were habituated to the three-chambered box with empty cages in both of the
side chambers and allowed to move freely between all three chambers for 5 min each day. On the testing day, the side doors were
blocked with white plastic boards and the test mouse was placed into the center chamber with a stranger WT mouse (Mouse 1) placed
under the wire cage in either of the side chambers. Once the doors were unblocked, the test mouse was allowed to move freely within
the apparatus for 5 min. Afterwards, the test mouse was immediately returned to the center chamber, the doors were blocked again,
and a second mouse (Novel Mouse) was placed in the wire cage of the other side chamber. The center doors were unblocked again and
the test mouse was allowed to move freely within the apparatus for another 5 min. Between test mice, the entire apparatus was wiped
with 70 % ethanol to eliminate odor cues. Animals’ movement was analyzed for the time spent interacting with each mouse or empty
cage (nose <2 cm) and the time spent in each chamber.

2.4. Marble burying test

The marble burying was conducted in a square plastic bin with a 3 in. layer of fresh pine bedding. Twenty-five glass marbles (0.25
in. diameter) were arranged in a 5 x 5 grid on top of the bedding. The mouse was placed into the bin and allowed to freely move and
bury marbles for 30 min. The number of marbles buried after 5, 10, 15, 25 and 30 min were manually counted.

2.5. Grooming test

Grooming was assessed in the home cage with a 3 in. layer of fresh pine bedding. Mice were singly placed back into the cage and
allowed to move freely for 20 min. Video recordings were captured from the side of the cage. The amount of time spent grooming and
the number of grooming instances were manually quantified.

2.6. Open field test

The open field test was performed in a 0.75 in. thick white plastic box with a base measuring 28 x 28 x 28 cm. Lights in the testing
room were dimmed for comfort of the animal with only a small desk lamp in the corner for the experimenter. The mouse was
habituated to the testing room for 3 days and handled for 5 min each session. On the test day, each mouse was placed into the center of
the box and allowed to explore the chamber for 15 min. Animal movement was analyzed for movement speed, entries to the open
center, and track lengths.

2.7. Barnes Maze spatial memory test

The Barnes maze consisted of a 48 in. diameter, 0.75 in. thick, circular white board with twenty holes (2 in. diameter) evenly
distributed around the board 1 in. from the edge. The maze was mounted 30 in. above the ground on a pedestal that allowed it to rotate
from the center. A plain curtain with a few shapes attached as spatial cues surrounded the maze to simplify the cues for the mice. The
escape cage beneath the escape hole consisted of a black plastic box with a ramp to allow for easy access.

During each session, each mouse was placed in the center of the maze under an opaque container. The aversive stimuli of four
bright ceiling lamps and a loud alarm were turned on when the mouse was released from the container and allowed to roam freely
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about the maze. The ceiling lights and loud noise were on while the mouse explored the maze, but were turned off immediately after
the mouse entered the escape hole. The maze and escape cage were cleaned with 70 % ethanol between test sessions to avoid olfactory
cues, and the maze was randomly rotated after each mouse to avoid intra-maze odor or visual cues. The escape hole remained in the
same location relative to the spatial cues.

On day 1 of the procedure, the mice were habituated to the maze. After 3 min of exploring the maze, the mouse was gently nudged
into the escape hole. The mouse was allowed to stay in the escape hole without aversive stimuli for 2 min. All mice were adapted to the
maze in this way. On days 2-5, the mice underwent training 3 times each day (12 times total) to learn to enter the escape hole on their
own and to ensure a strong memory for the location of the escape hole. For each training trial, if the mice did not enter the escape hole
on their own after 3 min, they were gently nudged into the hole. After the mice entered the escape hole, the aversive stimuli were
turned off and the mice remained in the escape chamber for 1 min. On days 6 and 10 (1 d and 5 d post-training), the mice were tested
for their memory of the escape hole location. During the memory probes, the escape hole was covered, and the mouse was allowed to
freely roam for 3 min. Recordings of animal movement were analyzed to test the spatial memory of the mice. Primary latency to the
escape hole, distance traveled to the escape hole, percentage of erroneous nose pokes, and time spent in each quadrant of the maze
were quantified.

2.8. Ultrasonic vocalization recording

Ultrasonic vocalizations (USVs) were recorded from mouse pups at P5, P7, and P9 using a CM16/CMPA microphone (Avisoft
Bioacoustics, Berlin, Germany). Briefly, a pup was separated from their dam and littermates to illicit calling and then isolated in a
recording chamber with the microphone 15 cm above the chamber. Between each pup, the recording chamber was cleaned with 70 %
ethanol and dried. The pups were recorded for 5 min in a 16-bit format at a sampling rate of 300 kHz. The microphone was connected
to a pre-amplifier UltraSoundGate 116 H b (Avisoft Bioacoustics, Berlin, Germany) and the digitized sonograms were stored in a
computer. All of the recordings were analyzed using SASLab Pro 5.2.12 (Avisoft Bioacoustics, Berlin, Germany). The spectrograms
were first generated using a fast Fourier transform (FlatTop window, 256 FFT length, 50 % window overlap, and a 100 % frame),
followed by high-pass filtering of the transformed spectrograms to eliminate any background noise below 30 kHz. The USVs were
manually labeled and classified by two independent investigators. The number of calls, the total time spent calling, the mean call
duration, and the peak frequency and amplitude were measured. The calls were classified into the following groups based on their
acoustic features; simple: short, flat, upward, downward, chevron, U shape, and complex: modulated, frequency jump, multiple jumps,
harmonic.

3. Immunocytochemistry of cultured neurons

Cortical or hippocampal neurons were fixed in a 4 % paraformaldehyde/4 % sucrose solution at room temperature (RT) for 8 min.
Cell membranes were permeabilized in 0.3 % Triton-X-100 (Fisher Biotech) in phosphate buffered saline (PBS) for 5 min and then
washed three times in PBS. Cells were blocked in 10 % goat serum in PBS at RT for 1 h. Following blocking, the cells were incubated in
primary antibodies (5 % goat serum in PBS) at RT for 2 h, washed three times with PBS, and incubated with Alexa Fluor-conjugated
fluorescent secondary antibodies (1:500, Life Technologies) for 1 h at RT. Cells were washed three times with PBS, stained with
Hoescht (1:10,000, Thermo Fisher) to label the nuclei, and mounted to glass slides with Prolong Gold anti-fade mounting reagent (Life
Technologies) for subsequent microscopy. The mounted coverslips were kept in the dark at RT overnight prior to imaging.

4. Immunohistochemistry of brain slices

Adult mice were transcardially perfused with cold PBS prior to collection of the brain. Brains were fixed for 4-6 h in 4 % para-
formaldehyde and placed in a 30 % sucrose/PBS solution as a method for cryoprotection. Brains were placed in molds to be rapidly
frozen in OCT (Tissue-Tek) and stored at —80 °C until they were sliced into 20 pm sections using the LEICA CM1850 cryostat (LEICA
Biosystems). The sections were mounted onto SuperFrost microscope slides (Fisher Scientific) and stored at —20 °C until staining. To
prepare for immunostaining, sections were hydrated in PBS for at least 2 h and were subjected to antigen retrieval. Briefly, sections
were microwaved in sodium citrate buffer (10 mM, pH 6) at 800 W for 1 min followed by 80 W for 10 min. The sections were then
cooled to RT for 20 min and then blocked in 10 % goat serum, 0.3 % Triton X-100/PBS for 1 h. Sections were then incubated in primary
antibodies (5 % goat serum PBS) overnight at 4 °C, washed three times with PBS, and incubated in Alexa Fluor-conjugated fluorescent
secondary antibodies (1:500, Life Technologies) for 1 h at RT. The brain slices were washed three times with PBS, stained with Hoescht
(1:10,000, Thermo Fisher) to label the nuclei, and mounted under a coverslip with Prolong Gold anti-fade mounting reagent (Life
Technologies). Slides were then allowed to dry overnight at room temperature and stored at —20 °C for subsequent visualization.

4.1. Golgi staining

Whole brains from adult WT and Nexmif Heterozygous female mice were subjected to Golgi neuron staining using the FD Rapid
GolgiStain Kit (FD Neurotechnologies, catalog #PK401) according to the manufacturer’s instructions. Mice were sacrificed in a 4 %
CO5 chamber, and the brains were then collected and washed in cold PBS. The brains were submerged in a Golgi-Cox solution that
contained mercuric chloride, potassium dichromate, and potassium chromate. The solution was replaced following 1 d of immersion
with fresh solution and stored at RT in the dark for 2 weeks. After immersion, the brains were rapidly frozen and stored at —80 °C prior
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Fig. 1. Nexmif heterozygous mice show abnormalities in social behaviors (A) Habituation to the three-chamber apparatus. Mice were released
from the center chamber, with empty cages in the adjacent chambers, and allowed to move freely within the apparatus for 5 min each session for 3
d prior to beginning the sociability and social novelty tests. (B) Representative traces of animal track paths in the habituation phase for WT and
Nexmif % mice. (C, D) Neither WT nor Nexmif = animals showed preference for either side chamber (C) (Left vs Right: WT: t32) = 0.7979, KO: t32) =
0.0977; F(1, 32y = 0.401, p = 0.5311) or either empty cage (D) (Left vs Right: WT: t(z2) = 0.059, KO: t(32) = 0.849; F(1, 32) = 0.4129, p = 0.5251)
during habituation. (E) Paradigm for the sociability test. An unfamiliar mouse (Mouse 1) was placed into either of the side chambers and the test
mouse was allowed to move freely within the apparatus. (F) Representative traces of animal track paths in the sociability test for WT and Nexmif *
mice. (G, H) Het mice failed to demonstrate the sociability observed in WT mice, which show an increase in the time spent in the chamber (G)
(Empty vs Mouse 1: WT: t(30) = 5.354, KO: t(309) = 0.1375; F(1, 30) = 15.92, p = 0.0004) and in proximity to the cage (H) (Empty vs Mouse 1: WT: t(30)
= 2.452, KO: t(30) = 0.4959; F(1, 30) = 4.514, p = 0.042) with Mouse 1. (I) Paradigm for the social novelty test. A second mouse (Novel Mouse) was
placed into the remaining empty chamber opposite to Mouse 1, and the test mouse was allowed to interact with both mice. (J) Representative traces
of animal track paths in the social novelty test for WT and Nexmif * mice. (K, L) WT mice showed an increase in the time spent in the chamber (K)
(Mouse 1 vs Novel Mouse: WT: t(39) = 3.145, KO: t(39) = 0.5769; F(1, 30y = 7.205, p = 0.0117) and in proximity to the cage (L) (Mouse 1 vs Novel
Mouse: WT: t(zg) = 2.818, KO: t(3gy = 1.591; F(q, 30) = 9.526, p = 0.0043) with the Novel Mouse, but the Nexmif * mice failed to demonstrate the
preference for social novelty. Het, Nexmif */~. n = 9 mice/group. *p < 0.05, **p < 0.01, ns = not significant. Error bars represent the standard error
(lf the mean (SEM).

to slicing. The brain slices were then sliced coronally on a cryostat at 100 pm thickness and were mounted on gelatin-coated slices (FD
Neurotechnologies, catalog #P0101) and air dried at RT before further processing. Sections were then rinsed in distilled water,
incubated in staining solution for 10 min, and dehydrated with 50 %, 75 %, 95 %, and 100 % ethanol. Xylene was then used to defat the
sections, prior to the sections being mounted onto coverslips with Permount mounting medium (Thermo Fisher Scientific). The sec-
tions were then stored at RT in the dark for subsequent visualization.

4.2. Sholl analysis

Complexity of dendritic arborization was quantified using IMARIS 9.5.1 (Bitplane AG, Zurich, Switzerland). The dendrites of each
neuron were manually traced using the Filament Tracer AutoPath protocol. The tracings were used to obtain measurements of the total
dendritic length, mean dendritic length, and dendritic complexity evaluated by Sholl analysis. Sholl analysis within IMARIS measured
dendritic branching complexity by counting the number of intersections between the dendritic filaments and concentric circles set at 1
pm intervals from the soma. The Sholl value at each radius was then plotted versus the radius of its intersecting circle.

4.3. Primary neuron culture

Cortical and hippocampal brain tissue were collected from the brains of PO-P1 Nexmif Het mice and WT littermate controls and
used for primary neuron culture. The sex and genotype of each PO-P1 mouse were determined via PCR prior to culturing (described
above). Each brain region was individually digested in papain (1 mg/ml in Hanks balanced salt solution, Sigma-Aldrich; cat. # 4762)
for 20 min at 37 °C, and triturated in a trituration buffer [0.1 % DNase (cat. # PA5-22017 RRID: AB_11153259), 1 % ovomucoid
(Sigma-Aldrich; cat. #T2011)/1 % bovine serum albumin (Sigma-Aldrich; cat. #05470) in Dulbecco’s modified Eagle’s medium] to
fully dissociate the neurons. The dissociated neurons were then manually counted and plated on circular coverslips (18-mm; Carolina,
Burlington, NC; cat. # 633013, No. 0) in 60-mm Petri dishes (five coverslips/dish) that were coated overnight at 37 °C in poly-L-lysine
(Sigma-Aldrich; cat. #P2636; 100 pg/ml in borate buffer), and then rinsed three times with autoclaved deionized water, and placed in
plating medium [minimal essential medium (500 mL) containing 10 % fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA;
cat. #S11550), 5 % horse serum (Atlanta Biologicals; cat. #S12150), 31 mg l-cysteine, 1 % penicillin/streptomycin (Corning, Corning,
NY; cat. # 30-002-Cl), and r-glutamine (Corning; cat. # 25-005-Cl) prior to cell plating. 24 hr after plating, the plating medium was
removed and replaced by feeding medium (neurobasal medium supplemented with 1 % horse serum, 2 % NeuroCult SM1 supplement,
and 1 % penicillin/streptomycin and r-glutamine). After 7 d in vitro, the feeding medium was supplemented with 5'-fluoro-2"-deox-
yuridine (10 pm; Sigma-Aldrich; cat. #F0503) to suppress glial growth.

4.4. Microscopy

The fluorescence exposure time was manually adjusted so that the signals were within the full dynamic range. Once the proper
parameters were obtained, they were set and used throughout image acquisition for the experiment. Both the histogram and glow scale
look-up table were used to monitor saturation level of the images.

For ICC: Fluorescent images were taken with a 40x air-objective (numerical aperture, 0.95) on a DS-Fi2 Color Camera on a Nikon
Eclipse NiE using NIS-Elements software. All neuron images were processed and analyzed using the free NIH ImageJ software.

For IHC: Images of brain sections were taken with 10x and 20 x air-objectives using a Nikon C2+ Si spectral laser scanning confocal
microscope using NIS-Elements software.

For Golgi staining: images were acquired using brightfield transmitted light with a 40x air-objective (numerical aperture, 0.95)
on a DS-Qil Monochrome Cooled Digital Camera on a Nikon Eclipse NiE using NIS-Elements software. Each neuron was scanned by
changing the depth of the Z plane to ensure that the dendrites, as well as all parts of the cell, were intact. Basal spine number on
neurons was measured with ImageJ software.
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Fig. 2. Nexmif heterozygous mice display aberrant marble burying behavior, increased repetitive grooming, and hyperactivity (A, B) In
the marble burying test, Nexmif * animals buried significantly fewer marbles (repeated measures two-way ANOVA followed by Bonferroni’s multiple
comparison test; F(; 14) = 7.924, p = 0.0138 between genotypes; F(, g4y = 31.02, p < 0.0001 between time points). (C, D) Nexmif * mice spent an
increased amount of time grooming (C) (t4) = 2.786, p = 0.0146) and performed an increased number of grooming episodes (D) (tz6) = 3.021,p =
0.0081). (E) Nexmif * animals demonstrated a reduction in rearing behavior (tqe) = 3.757, p = 0.0017). (F) Representative track paths of WT and
Nexmif * animals in the open field test. (G-K) Nexmif * animals showed increased track lengths (G) (tae) = 3.132, p = 0.0064), increased max (H)
(tae) = 2.560, p = 0.0210) and mean (I) (tqe) = 3.132, p = 0.0064) speeds, increased mean acceleration (J) (tqe) = 2.966, p = 0.0091), and no
change in time spent in the central area (K) (t;6) = 0.3870, p = 0.7039) in the open field test. n = 9 mice/group. *p < 0.05, **p < 0.01, ns = not
significant. Error bars represent the SEM.
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Fig. 3. Nexmif heterozygous mice show moderate impairment in communication behavior (A) Representative vocalizations from P5 re-
cordings for WT and Nexmif * mice. Top: the raw USV signals. Bottom: the associated spectrograms; all are 1.5 s in length. Dashed line depicts the
30 kHz frequency threshold for eliminating noise. (B) Quantification of the number of calls made by Nexmif * animals compared to WT controls at
each developmental time point recorded (F (;,g) = 5.959, p = 0.0405 between genotypes (P5); F (2,16) = 0.2021, p = 0.8191 between time points).
(C-E) Mean number of calls emitted across the 5 min recording period at each developmental time point P5 (C) (F(1,5) = 0.7084, p = 0.4244 between
genotypes; F(4 32) = 0.1688, p = 0.9527 between time points), P7 (D) (F(1,12) = 0.1227, p = 0.7322 between genotypes; F4 45) = 1.353, p = 0.2643
between time points), and P9 (E) (F1,11) = 4.040, p = 0.0696 between genotypes; F(4 44y = 0.3459, p = 0.8454 between time points). (F-G)
Quantification of the mean call syllable duration (F) (F; ) = 6.381, p = 0.0355 between genotypes (P7); F(3,16) = 0.8940, p = 0.4285 between time
points) and the total time spent calling (G) (F(;,g) = 14.28, p = 0.0054 between genotypes (P9); F(2 16) = 0.4545, p = 0.6427 between time points)
between WT and Nexmif * mice. (H-I) Nexmif * mice showed no change in peak amplitude of calls (H) (F;,5y = 2.214, p = 0.1751 between ge-
notypes; F(216) = 9.698, p = 0.0017 between time points), or peak frequency of calls (I) (F;,5) = 0.1464, p = 0.7120 between genotypes; F3 16) =
1.721, p = 0.2104 between time points) at any time point. (J) Representative calls of each type used in syllable characterization. (K) WT and Nexmif
* mice showed similar ratios of Simple vs Complex call types at each time point (F; g4) = 0.0182, p = 0.8931). (L) Nexmif * animals showed no
change in frequency of particular call syllable types compared to WT animals at P9 (Simple: t(;2) = 0.584, p = 0.570; Flat: t32) = 0.733, p = 0.478;
Down: tg12) = 0.606, p = 0.556; Up: t(12) = 0.927, p = 0.372; Chevron: ty2) = 0.295, p = 0.773; “U”: t12) = 1.90, p = 0.0824; Modulated: t;;2) =
0.829, p = 0.423; Freq. Jump: t(12) = 1.04, p = 0.318; Multi. Jump: t;2) = 1.86, p = 0.0874; Harmonic: t;;2) = 1.76, p = 0.104). n = 9-16 animals.
ns = not significant. Error bars represent the SEM.

4.5. Statistical analysis

For ICC: Synaptic puncta and spine density were analyzed using NIH FIJI (ImageJ) Software. Measurements from at least three
segments of secondary dendrites from different neurites were analyzed to represent one neuron.

For IHC: Mosaic expression of NEXMIF in brain slices was analyzed using the Spots protocol in IMARIS 9.5.1 (Bitplane AG, Zurich,
Switzerland). Images underwent deconvolution according to the parameters of the microscope objective used for capture. Neurons
were identified and labeled based on NeuN expression. Neurons were then sorted as NEXMIF+ and NEXMIF- based on NEXMIF
expression.

For behavioral tests: Behavioral tests were recorded and captured with a Logitech c920 webcam during each test. Locomotion
tracks were generated using idtracker.ai software [31]. These tracks were used in custom scripts written in Python to quantify the
desired aspects of the animals’ movement. The same animals were used in all the behavioral tests and therefore were not randomly
assigned. Investigators were not blinded to the genotypes.

Statistical analysis was performed using the two-population student’s t-test, one-way ANOVA with Tukey post-hoc test, or repeated
measures two-way ANOVA with Sidak’s multiple comparison test as appropriate. All data are expressed as mean =+ standard error of
the mean (SEM) and were analyzed using GraphPad Prism 6 statistical software (USA, GraphPad Software). The criterion for data
exclusion was the Identify outliers function in Prism software using the Rout method. All data were treated as parametric for statistics.
p < 0.05 is considered statistically significant. p values are presented as p > 0.05 (ns, not significant), * p < 0.05, ** p < 0.01, and *** p
< 0.001.

5. Results
5.1. Nexmif * mice demonstrate autistic-like features in social behavior

Individuals with ASD-causing NEXMIF variants present with autistic behaviors, poor to absent speech, ID, and often epilepsy [16,
17,20,22,24]. Additionally, Nexmif /Y KO mice demonstrate decreased sociability, reduced communication, increased repetitive be-
haviors, and impaired spatial memory [26]. We thus sought to characterize the extent of behavioral changes that result from Nexmif
haploinsufficiency. We first examined the social behavior of the Nexmif * mice using the three-chamber test, which assesses general
sociability and preference for social novelty [32]. Animals were habituated to the three-chambered apparatus before testing by letting
them explore all three areas (Fig. 1A). Neither female WT nor female Nexmif * mice showed a preference for a particular side of the
testing apparatus (Fig. 1B-D). For the sociability test, an unfamiliar female mouse (Mouse 1) was placed into a cage in one of the side
chambers and the test mouse was allowed to move throughout the three-chambers (Fig. 1E). WT mice spent a significant amount of
time investigating and interacting with Mouse 1 relative to the empty chamber; however, Nexmif * mice failed to show a preference
toward Mouse 1 in either the amount of time spent in the chamber of Mouse 1 or in close proximity to the cage housing Mouse 1
(Fig. 1F-H), indicating Nexmif * mice have impairments in sociability. We then tested animals for preference for social novelty by
placing a second unfamiliar female mouse (Novel Mouse) into the remaining empty cage in the other side chamber and allowing the
test mouse to roam freely (Fig. 1I). Nexmif * mice showed no preference toward the Novel mouse (Fig. 1J) as demonstrated by similar
times spent in either side chamber (Fig. 1K) and in close proximity to either mouse’s cage (Fig. 1L), whereas the WT mice spent
significantly more time in the side chamber with the Novel mouse (Fig. 1K) and in close proximity to the Novel mouse’s cage (Fig. 1L).
These findings indicate that the Nexmif * mice have a lack of interest in social novelty.

5.2. Increased repetitive behavior and hyperactivity in Nexmif = mice

We further investigated changes in the behavior of Nexmif * mice using the marble burying test. We placed WT and Nexmif * mice in
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Fig. 4. Nexmif heterozygous mice display defects in learning and memory in the Barnes maze test (A) Quantification of the primary latency
(s) to find the target hole across all training trials (3 trials per day over 4 days) for WT and Nexmif + animals. (B) Total track length distance before
initial contact with target hole was increased in Nexmif * mice 5 d after training (F;,7) = 15.63, p = 0.0055 between genotypes; F,7) = 3.519, p =
0.1028 between time points). (C, D) Representative traces of track paths to initial contact with target in the Barnes spatial memory maze during the
1d (C) and 5 d (D) memory probe for WT and Nexmif * animals. (E) Primary latency to the target hole was increased in the NEXMIF * animals in the
test 5 d after training (F (;,7) = 7.828, p = 0.0266 between genotypes; F (1,7) = 0.7161, p = 0.4254 between time points). (F) Nexmif * mice made a
significantly higher number of nose poke errors in both the 1 d and 5 d memory tests than WT mice (F; gy = 11.35, p = 0.0098 between genotypes;
Fa,8) = 0.2212, p = 0.6507 between time points). (G, H) Representative traces of track paths over 3 min test in the Barnes spatial memory maze
during the 1 d (G) and 5 d (H) memory probe for WT and Nexmif * animals. T, target; L, left; R, right; O, opposite. (I, J) NEXMIF * mice did not spend
significantly more time in the target quadrant compared to the other maze quadrants, as WT controls do, in the tests at 1 d (I) (WT: Target v Left:
tea) = 3.810, Target v Right: t4) = 4.088, Target v Opposite: tgq) = 3.967; Het: Target v Left: tg4) = 0.1492, Target v Right: t4) = 1.050, Target v
Opposite: tes) = 0.0424; F(3, 64) = 3.347, p = 0.0244) and 5 d (J) (WT: Target v Left: ts4) = 2.218, Target v Right: t(4) = 2.442, Target v Opposite:
te4) = 2.716; Het: Target v Left: t4) = 1.182, Target v Right: te4) = 0.3385, Target v Opposite: tes) = 1.524; F(3, 64) = 3.41, p = 0.0227) after
E‘aining. n = 9 mice/group. *p < 0.05, **p < 0.01, ns = not significant. Error bars represent the SEM.

a square cage with 25 evenly spaced marbles on top of fresh bedding. Over 30 min, the WT animals began to bury the marbles under the
bedding with a digging behavior (Fig. 2A). The Nexmif * animals however, buried significantly fewer marbles at all time-points after
the first 10 min of observation (Fig. 2B). This finding is consistent with the reduced marble burying we observed in the Nexmif ¥ KO
male mice [26] and with previous reports showing decreased burying in ASD mice [33-47].

In our previous study, we found that the male Nexmif ¥ mice perform excessive self-grooming [26]. This repetitive behavior has
been observed in ASD and is linked to anxiety [48]. We therefore assessed the grooming behavior in the Nexmif * females. Similar to
the Nexmif /¥ males, we found that Nexmif * females spent a significantly longer time grooming with a significantly greater number of
grooming episodes (Fig. 2C and D). We also investigated the rearing behavior of the mice, which has been linked to anxiety with
increases in unsupported rearing indicating reduced anxiety [49]. We quantified unsupported rearing as the number of instances in
which the mice reared up onto their hind legs without leaning on the wall of the cage. Nexmif * mice performed significantly fewer
rearing instances than the WT controls (Fig. 2E).

We next examined the Nexmif * mice in the open field test. Consistent with the hyperactivity observed in Nexmif ¥ males, Nexmif *
females had a significant increase in their movement during the open field test compared to WT females, as shown by the represen-
tative traces (Fig. 2F). Quantification of the track lengths revealed that Nexmif * mice traveled a further distance during the test
(Fig. 2G) with a significantly greater maximum velocity, average velocity, and average acceleration (Fig. 2H-J). Further quantification
revealed that there is no change in time spent in the center of the open field between WT and Nexmif = mice (Fig. 2K). All together,
these results show that Nexmif * mice are hyperactive with an increased level of anxiety.

5.3. Nexmif = mice show moderate changes in communication by ultrasonic vocalization

Impaired or delayed communication is a defining phenotype in ASD [50], and indeed, both males and females with NEXMIF
mutations have shown poor or absent speech [11,12,14-17,20,22,24]. In order to assess communication behavior in the Nexmif +
mice, we recorded and analyzed their ultrasonic vocalizations. Wild type and Nexmif * female pups were separated from their dam and
littermates to induce calling and vocalizations were recorded for 5 min. The same animals were tested at P5, P7, and P9. Both groups of
animals made calls within the ultrasonic range as depicted in representative 1.5 s of recording at P5 (Fig. 3A). The total number of calls,
the number of calls per minute, average duration of calls, total time spent calling, average peak amplitude of calls, and average peak
frequency of calls (Fig. 3B-I), as well as the frequency of call types (Fig. 3J- L), were analyzed at all time points. Unlike their
hemizygous KO male counterparts, which showed a dramatic reduction in ultrasonic vocalization [26], the Nexmif * females showed
moderate communication deficits compared to that of WT controls. In line with this, it has been observed that in humans, males have a
more severe language impairment than females [16,17].

5.4. Nexmif = mice show impairments in spatial memory

Intellectual disability is a comorbidity in individuals with NEXMIF mutations, and consistently, the Nexmif “¥ KO mice show ASD-
like learning and memory deficits. To test whether haploinsufficient loss of Nexmif is sufficient to result in this phenotype, we
examined spatial memory using the Barnes maze test. Mice were trained over 4 days to use spatial cues to locate a target escape hole on
a circular maze containing 20 holes around its circumference. Over the acquisition training period, the Nexmif = mice showed a
reduction in the primary latency to the target hole, indicating their ability to learn its location (Fig. 4A). After training, the target hole
was covered and the ability of the mice to remember its location was assessed both 1 d and 5 d later. Nexmif © mice traveled a
significantly longer distance than WT mice before making an initial nose poke at the target hole in the 5 d test, but not the 1 d test
(Fig. 4B), as shown by representative traces (Fig. 4C and D). Nexmif * mice also took a longer amount of time than WT mice to find the
target hole in the 5 d test, as measured by the primary latency (Fig. 4E). Quantification of the number of investigative nose pokes at the
target hole versus incorrect holes showed that Nexmif = mice made a significantly greater number of nose poke errors than WT mice in
both the 1 d and 5 d tests (Fig. 4F). We separated the maze into four quadrants to allow quantification of the amount of time the animals
spent looking for the target hole in the correct area (Fig. 4G and H). This revealed that in both the 1 d and 5 d tests Nexmif * mice did
not spend significantly more time exploring the target quadrant of the maze as compared to the other three quadrants, in contrast to
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Fig. 5. Mosaic NEXMIF expression in the Nexmif heterozygous mouse (A-C) Immunostaining of NEXMIF in DIV 6 primary cortical neurons
cultured from Nexmif WT or Nexmif * mouse brains shows colocalization with nuclear marker Hochest (A) and a lack of NEMXIF expression in some,
but not all, neurons from Nexmif * brains (B) (tasy = 13.76, p < 0.0001) with no change in the level of NEXMIF in the NEXMIF " neurons (C) (tco) =
1.366, p = 0.1752). Scale bar = 5 pm. n = 10 experiments, 30-100 cells each. (D-I) Immunostaining of NEXMIF and neuronal marker NeuN in brain
slices of adult female mice shows a reduction in NEXMIF-expressing neurons in CA1l region of Het hippocampus (D-F, scale bar = 30 pym; E: t3) =
7.571,p < 0.0001, F: t;12) = 1.327, p = 0.2092) and L2/3 of the somatosensory cortex (G-I, scale bar = 50 pm; H: t(27) = 6.693, p < 0.0001, I: t(5) =
0.4492, p = 0.6587). n = 10-16 slices, 60-800 cells each. (J) Representative mosaic distribution of NEXMIF-expressing (NEXMIF"; yellow) and
NEXMIF negative neurons (NEXMIF ; pink) in the somatosensory cortex of WT and Nexmif = mice. Scale bar = 50 pm. (K) Ratios of NEXMIF " and

NEXMIF ™~ neurons from the cortex of individual NEXMIF * mice. *p < 0.05, **p < 0.01 ***p < 0.001, ns = not significant. Error bars represent the
SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Mosaic loss of NEXMIF results in a decrease in neurite outgrowth in primary neurons (A) Representative images (left) and traces (right) of
MAP2 immunostained primary cortical neurons from WT or Nexmif * brains at DIV 8. Inset is immunostaining of NEXMIF, showing a mosaic mixture
of NEXMIF" and NEXMIF~ neurons. Scale bars = 20 pm. (B) Sholl analysis reveals a decrease in dendritic arbor complexity for both NEXMIF* and
NEXMIF  neurons at DIV 8 (F(2,172) = 6.901, p = 0.0013 between genotypes; F(150, 25800) = 2.197, p < 0.0001 between radius). (C-F) The number of
dendrites (C), branch points (D), terminal points (E), and the sum length of dendrites (F) were decreased in NEXMIF~ neurons at DIV 8. (G)
Representative images and traces of cortical neurons at DIV 14. (H) Sholl analysis shows reduced complexity for both NEXMIF" and NEXMIF
neurons at DIV 14 (F(3,65) = 27.13, p < 0.0001 between genotypes; F(200, 13600) = 137.7, p < 0.0001 between radius). (I-L) The number of dendrites
(D, branch points (J), terminal points (K), and the sum length of dendrites (L) were decreased in both NEXMIF™ and NEXMIF~ neurons at DIV 14.
(No. of Dendrites: Fo 40) = 27.98, p < 0.0001 between genotypes; F; 20) = 67.95, p < 0.0001 between time points; No. of Branch Points: F3 409) =
22.04, p < 0.0001 between genotypes; F(1,20) = 27.88, p < 0.0001 between time points; No. of Terminal Points: F(3 49y = 28.42, p < 0.0001 between
genotypes; Fq 20y = 34.27, p < 0.0001 between time points, Sum Length: F(3 40) = 29.77, p < 0.0001 between genotypes; F(1 20) = 55.22, p < 0.0001
between time points). n = 30-90 cells/group. Het+, NEXMIF"/NEXMIF-expressing; Het-, NEXMIF~/NEXMIF lacking. *p < 0.05, **p < 0.01 ***p <
9.001, ns = not significant. Error bars represent the SEM.

WT mice, which did spend more time in the target quadrant (Fig. 41 and J). These findings indicate that NEXMIF haploinsufficiency
causes defects in spatial memory, which may contribute to the cognitive impairments observed in human females.

5.5. Heterozygous Nexmif mice demonstrate mosaic expression of NEXMIF

Due to the random inactivation of either X chromosome, the X-linked gene Nexmif is predicted to be expressed in a mosaic manner
in heterozygous female mice, leading to either normal expression or complete loss of NEXMIF in individual neurons. This type of
mosaic expression has been observed in other haploinsufficient X-linked genes [51-56]. To determine the NEXMIF expression pattern
in the brain, we used a NEXMIF specific antibody to immunolabel NEXMIF both ex vivo and in vivo. First, we generated primary
neuronal cultures from Nexmif * mice or WT littermate controls. These neuron cultures were maintained for 6 days (Days in vitro 6;
DIV 6) and were probed for NEXMIF expression. Our previous work indicated that NEXMIF localizes to the nuclei of neurons, but not
glia [25]. Consistent with this, NEXMIF was expressed in the nuclei of Nexmif * neurons as seen by colocalization with the nuclear dye
Hoechst (Fig. 5A). Consistent with random XCI, we found that some neurons from Nexmif = mice expressed NEXMIF while others did
not (Fig. 5A). Quantification of the Nexmif * neurons revealed approximately 70 % of cells expressed NEXMIF (Fig. 5B) to the same
level as WT neurons (Fig. 5C), whereas the remaining 30 % of cells were NEXMIF negative.

As the XCI patterning varies between individuals, we quantified the mosaic expression of NEXMIF in vivo from adult Nexmif * mice
and WT littermate controls. To do this we used immunohistochemistry to probe for NEXMIF, as well as the neuronal marker NeuN, in
brain slices of both the CA1 region of the hippocampus (Fig. 5D) and L2/3 of the somatosensory cortex (Fig. 5G and J). We found
mosaic expression of NEXMIF in both hippocampus (Fig. 5SE) and somatosensory cortex (Fig. 5SH) with NEXMIF expressed respectively
in 60 % and 65 % of NeuN positive neurons from Nexmif * brain slices. Consistent with the in vitro data, the level of NEXMIF expression
in these NEXMIF positive neurons was similar to that of neurons from WT mice in both the hippocampus (Fig. 5F) and the somato-
sensory cortex (Fig. 5I). When the ratio of NEXMIF" vs. NEXMIF~ neurons was analyzed in individual animals, we found no cases of
skewing (>75:25 ratio) in our haploinsufficient mice (Fig. 5K).

5.6. Mosaic loss of NEXMIF impairs the development of neuronal morphology

One of the key phenotypes observed in neurons lacking NEXMIF is impairments in neurite extension [24,25,57]. We therefore
investigated the effect of mosaic loss of NEXMIF on the development of neuronal morphology. To do this, we cultured primary cortical
neurons from WT or Nexmif * brains and immunostained for MAP2 to label the dendrites at DIV 8 (Fig. 6A). Given the mosaic
expression of NEXMIF in heterozygote females, we also immunostained for NEXMIF to identify neuron cell types in the Nexmif *
cultures. Consistent with our previous study of Nexmif knockdown [25], Sholl analysis revealed a decrease in dendritic arbor
complexity for NEXMIF~ neurons in the Nexmif * cultures (Fig. 6B). Further analysis demonstrated that the NEXMIF-lacking
(NEXMIF™) neurons had a significant reduction in total number of dendrites, number of branch points, and number of terminal
points, as well as a decrease in the total sum length of dendrites (Fig. 6C-F). Similar changes were also detected in NEXMIF ™ neurons at
DIV 14 (Fig. 6G-L). Strikingly, NEXMIF-expressing (NEXMIF ) neurons from the Nexmif * culture also showed a reduction in dendritic
morphology when compared to WT controls (Fig. 6B and 6H-6L). These impairments in dendrite morphology were also observed in
primary hippocampal neurons from WT or Nexmif * animals (Fig. 8).

To further examine the effect of NEXMIF haploinsufficiency on neurite extension, we examined axon outgrowth in primary
neuronal cultures from WT or Nexmif £ brains. DIV 3 cortical (Fig. 9A) or hippocampal neurons (Fig. 9D) were immunolabeled for Tau
to label axons. Quantification of axonal length and the number of axon branches revealed reduced axonal outgrowth and in both
NEXMIF+ and NEXMIF- neurons from the cortex (Fig. 9BandC) and the hippocampus (Fig. 9EandF). Collectively, this data demon-
strates that in a mosaic network of mixed cell types, the loss of NEXMIF in some neurons not only causes developmental defects in those
neurons themselves, but also in trans affects the neighboring neurons which have intact NEXMIF expression.

5.7. Nexmif haploinsufficiency results in reduced spine density
Dysregulation of spine and synapse formation has been recognized as one of the most common cellular defects in ASD. Indeed, a
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Fig. 7. Aberrant dendritic spines and synapses in Nexmif Het mice (A) Representative images of DIV 12 primary cortical neurons from WT or
Nexmif * mice immunostained for NEXMIF and labeled for actin with Phalloidin. Inset is immunostaining of NEXMIF, showing a mosaic mixture of
NEXMIF" and NEXMIF~ neurons. Scale bar = 5 pm. (B-C) Spine density was decreased in both NEXMIF" and NEXMIF ~ neurons. (F2,130) = 20.29, p
< 0.0001, n = 19-60 dendrites/group). (D) Quantification of puncta density of synaptic markers. DIV 12 cortical cultures of both NEXMIF" and
NEXMIF ™~ neurons were immunostained with antibodies against GluA1 (F(5171) = 12.94, p < 0.0001), PSD95 (F(3,56) = 37.19, p < 0.0001), VGlutl
(Fo,54) = 9.754, p = 0.0002), GABARa1 (F(245) = 9.887, p = 0.0003), gephyrin (F(2123) = 19.17, p < 0.0001), and VGat (F355 = 12.12, p <
0.0001), respectively. n = 7-80 cells/group. (E-P) Spines were analyzed from WT or Nexmif * brain slices following Golgi staining. Spine density
was decreased in L2/3 neurons of the somatosensory cortex (E-G) (t;106) = 6.727, p < 0.0001), L5 neurons of the somatosensory cortex (H-J) (tco4)
=6.114, p < 0.0001), CA1 neurons of the hippocampus (K-M) (t01) = 2.422, p = 0.0172), and the dentate gyrus neurons (N-P) (ts7) = 3.866,p =
0.0002). Scale bar = 5 pm. n = 48-60 dendrites/group. Het+, NEXMIF*/NEXMIF-expressing; Het-, NEXMIF/NEXMIF lacking. *p < 0.05, **p <
9.01 *¥**p < 0.001. Error bars represent the SEM.

dramatic reduction in spine density was observed in the hippocampi of adult Nexmif /¥ KO mice [26]. To determine possible changes in
spine development in neurons from Nexmif * mice in vitro, we cultured primary cortical neurons from WT or Nexmif * brains and
applied phalloidin at DIV 12 to label actin-rich spines (Fig. 7A). In line with the Nexmif ¥ results, we observed a significant decrease in
spine density for NEXMIF~ neurons compared to neurons from WT brains (Fig. 7B and C). Interestingly, NEXMIF * neurons in the
Nexmif * culture showed a decrease in spine density similar to that of the NEXMIF~ neurons. By immunocytochemistry, we then
examined the expression and localization of major synaptic proteins including GluA1, PSD95, VGlut1l, GABARa 1, Gephyrin, and VGat.
We found that puncta density of each of these synaptic proteins was significantly reduced in both NEXMIF' and NEXMIF ™~ neurons
from the Nexmif = culture, as compared to neurons from the WT culture (Fig. 7D; Supplementary Figs. 7-1).

In order to observe changes in spine density in vivo, we performed Golgi staining on brains of adult WT and Nexmif * mice. Because
Golgi staining randomly labels neurons, the specific cell type regarding NEXMIF expression could not be determined. Therefore, the
Golgi stained neurons were combined for structural analysis. Compared to WT controls, a significant decrease in spine density was
detected in neurons from Nexmif * brains (Fig. 7E- P). This change was apparent in all brain regions measured, including 12/3
(Fig. 7E-G) and L5 (Fig. 7H-J) from the somatosensory cortex and CAl (Fig. 7K-M) and the dentate gyrus (Fig. 7N- P) from the
hippocampus. Closer examination of this data revealed that the neurons from Nexmif * brains did not fall into two distinct groups as
predicted to result from the two subsets of NEXMIF" and NEXMIF~ neurons, suggesting that the NEXMIF" cells were likely also
affected, as we found in cultured neurons (Fig. 7A-C).

Discussion

In this study, we successfully established and characterized a haploinsufficient Nexmif = mouse line, and we find that the hap-
loinsufficient female mice display ASD-like behavioral phenotypes. As compared to wild-type female controls, Nexmif * female mice
demonstrated reduced sociability and preference for social novelty, behaviors which have been associated with the hippocampus and
the anterior region of the insular cortex [58,59]. The Nexmif £ female mice also showed significant changes in marble burying,
grooming, and rearing behaviors, which are associated with the neocortex and hippocampus, respectively [60,61]. We also found that
the Nexmif = females displayed increased activity in an open field and significant impairments in hippocampal-dependent spatial
memory, as measured by the Barnes Maze. In line with findings of milder communication phenotypes in females with
NEXMIF-dependent ASD [16,17], Nexmif * female mice showed moderate changes in ultrasonic vocalizations in isolated pups. Thus,
our findings validify this transgenic line as a model for NEXMIF-dependent ASD in females.

We also investigated cellular and molecular phenotypes in the brains of Nexmif * mice. We found the heterozygous brains
demonstrate a mosaic mixture of wild-type and null mutant neurons caused by random X-inactivation in both the hippocampus and the
somatosensory cortex. In primary neuronal cultures of the brains of the transgenic females, we found that both NEXMIF" and NEXMIF
neurons demonstrated aberrant dendritic arborization and reductions in spine and synapse density. Both groups of neurons also
showed reductions in the puncta density of key synaptic proteins including GluAl, PSD95, VGlutl at excitatory synapses, and
GABARa«1, Gephyrin, and VGat at inhibitory synapses. Thus, the loss of NEXMIF affects not only the mutant cells themselves, but also
the neighboring NEXMIF " cells. These surprising findings indicate a non-cell autonomous effect from loss of NEXMIF. It is possible that
NEXMIF haploinsufficiency causes a reduction of secretory molecules in the extracellular milieu, leading to developmental defects in
all cells.

Studies of humans with NEXMIF-dependent ASD have demonstrated a significant difference in disease phenotypes between
hemizygous knockout males and heterozygous females. Males tend to have more severe impairments in language (58 % nonverbal) and
cognition (74 % severe to profound ID) than females (10 % nonverbal; 32 % severe to profound ID) [17]. Consistently, our previous
work on the Nexmif /¥ male mouse model shows that the KO males have significant impairments in communication [26], while the
current study shows only moderate changes in communication for haploinsufficient Nexmif = females. In haploinsufficient females,
variations in phenotypic severity could result from skewed XCI [62-69]. Of the 32 females with Nexmif variants who have been tested
for XCI skewing, 25 showed random (<75:25) XCI patterning without skewing. Additionally, when comparing sisters within patient
families, no correlation was found between extent of XCI skewing and disease phenotype, indicating skewing itself is unlikely to be
responsible for phenotypic variations [17]. Although these findings were from peripheral blood cells, they are in agreement with our
findings in the female mouse model, which shows no signs of significant skewing in NEXMIF expression in the brains of heterozygous
female mice.

In the brain, mosaic expression of NEXMIF could lead to structural and functional abnormalities via multiple potential mechanisms.
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Fig. 8. Hippocampal neurons of Nexmif heterozygous mice show abnormal dendritic arborization (A) Representative images (left) and traces (right)
of MAP2 immunostained primary hippocampal neurons from WT or Nexmif * brains at DIV 8. Inset is immunostaining of NEXMIF, showing a mosaic
mixture of NEXMIF" and NEXMIF~ neurons. Scale bars = 20 pm. (B) Sholl analysis reveals a decrease in dendritic arbor complexity for both
NEXMIF" and NEXMIF ™~ neurons at DIV 8 (F2,141) = 29.35, p < 0.0001 between genotypes; F(i50, 21150) = 350.5, p < 0.0001 between radius). (C-F)
The number of dendrites (C), branch points (D), terminal points (E), and sum length of dendrites (F) were decreased in both groups of Nexmif *
neurons at DIV 8. (G) Representative images and traces of hippocampal neurons at DIV 14. (H) Sholl analysis shows reduced complexity for both
NEXMIF" and NEXMIF~ neurons at DIV 14 (F(2,68) = 27.13, p < 0.0001 between genotypes; F(200, 13600) = 137.7, p < 0.0001 between radius). (I-L)
The number of dendrites (I), branch points (J), terminal points (K), and the sum length of dendrites (L) were decreased in both NEXMIF* and
NEXMIF ™ neurons at DIV 14. (No. of Dendrites: F( 3g) = 46.72, p < 0.0001 between genotypes; F(; 19) = 25.77, p < 0.0001 between time points; No.
of Branch Points: F(3 3g) = 31.15, p < 0.0001 between genotypes; F(1,19) = 20.49, p = 0.0002 between time points; No. of Terminal Points: F(3 3g) =
50.81, p < 0.0001 between genotypes; F(1 19) = 39.64, p < 0.0001 between time points, Sum Length: F(, 3g) = 40.62, p < 0.0001 between genotypes;
F@,19) = 32.38, p < 0.0001 between time points). n = 20-70 cells/group. Het+, NEXMIF " /NEXMIF-expressing; Het-, NEXMIF /NEXMIF lacking. *p

< 0.05, **p < 0.01 ***p < 0.001. Error bars represent the SEM.

While the most direct causal factor is the loss of NEXMIF in the NEXMIF ™ neurons, the unbalanced NEXMIF expression among mosaic
neurons in the brain can lead to further disruptions. To compensate for the overall reduction of NEXMIF in the brain, NEXMIF
expression may be upregulated in NEXMIF* cells. This global compensation would result in overexpression and a hyper-dosage of the
protein in the NEXMIF ' neurons. Our findings indicate that this scenario did not occur in the Nexmif haploinsufficient females.
Second, if the effect of loss of NEXMIF is mediated, at least partially, via secretory signaling molecules, changes in NEXMIF expression
could affect all neurons in the brain. In fact, we found comparable defects in dendritic structure and spine formation in both NEXMIF*
and NEXMIF ™ neurons. Interestingly, the impaired dendritic arborization phenotype became more severe in NEXMIF ™ cortical neurons
at DIV 14 than at DIV 8. It is possible that, at the early stage, a lack of NEXMIF only affects NEXMIF ™ neurons, and at a later phase, the
NEXMIF" neurons are affected from neighboring NEXMIF~ neurons, probably due to changes in extracellular cues. Indeed, altered
expression of several ASD genes has been associated with impaired dendritic growth and spine morphology. In the cortical neurons of
Ube3a 2X ASD mice, we previously found that increased Ube3a gene dosage results in reduced dendritic branching and spine density
due to over-pruning of dendrites [70]. Moreover, maternal loss of Ube3a, which is associated with the development of Angelman
syndrome, also reduced dendritic spine density in the mouse visual cortex due to increased spine elimination [71]. Loss of the Rett
syndrome gene Mecp2 induced reductions in pyramidal dendritic arbor complexity and spine density, while overexpression of MeCP2
protein increased layer 5 pyramidal neuron spine density and dendritic overgrowth in mice [72]. Interestingly, loss of the Fragile X
syndrome gene Fmrl is not only associated with unusually long dendritic spines in human patients and in Fmrl knockout rodent
models, but was also found to have a transient effect on spine and dendritic outgrowth depending on the developmental timepoint
[73]. These studies highlight the importance of ASD gene dosage in proper neuronal morphogenesis.

Given the mutual innervation between NEXMIF" and NEXMIF ™~ neurons, the trans effects on NEXMIF ' neurons could also result
from aberrant interneuronal communication. Not only might this account for the phenotypes in the NEXMIF " neurons, but the cell-cell
interactions between wild type and mutant neurons in the brain of heterozygotes could also disrupt the overall neuronal circuitry in a
way that is different, and possibly more severe, than from the complete loss of Nexmif in KOs. Such a “cellular interference” or
“metabolic interference” mechanism [74] has been observed in other heterozygous X-linked diseases such as ARHGEF9-dependent
ASD [75], PCDH19-linked epilepsy and mental retardation [76], craniofrontonasal syndrome [77,78], and sporadic infantile epileptic
encephalopathy [76,79].

While a number of somatic gene mutations are known to lead to ASD in heterozygous females [45,80-84], only a few X-linked
genes, including NEXMIF, have been reported to be implicated in ASD by haploinsufficiency. For X-linked genes, heterozygous females
generally have a milder disease phenotype, or are unaffected carriers, due to sufficient gene expression from the normal allele, which is
not possible in the male counterparts. However, there are some cases of manifesting heterozygotes, in which heterozygous expression
of an X-linked gene results in a more severe phenotype [46,65,671, such as in the heterozygous X-linked neurological disorders Rett
syndrome [66], fragile X syndrome [85,86], CASK-associated mental retardation [87,88], and loss of PCDH19 [56,89]. In some cases,
the disease phenotype results from XCI skewing which leads to biased silencing of the X chromosome containing the normal allele, but
this seems not to be the case for individuals with NEXMIF mutations. A number of computational studies have attempted to identify
genes which cannot tolerate the loss of one of the two alleles [90-94]. It has been shown that haploinsufficient genes are enriched in
several gene ontology categories including transcription factors and phenotypes including neurodevelopmental disorders [90].
Notably, NEXMIF is predicted to be a haploinsufficient gene [94], and although its direct role remains unknown, its nuclear locali-
zation suggests it may play a role in gene expression.

In summary, our results show that the Nexmif * animals demonstrate ASD-like behaviors, making it a useful model for further study
of Nexmif and ASD. NEXMIF is expressed in a mosaic pattern in the brains of these animals. Therefore, the heterozygous female mice
provide a unique neural network intertwined by mutual innervation between and among the NEXMIF" and NEXMIF~ neurons in the
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Fig. 9. NEXMIF haploinsufficiency leads to impaired axonal outgrowth (A) Representative images of Tau immunostained primary cortical neurons
from WT or Nexmif+tbrains at DIV 3. (B, C) The sum length of axons (B) (F (2,84) = 7.020, p = 0.0015) and the number of axon branches (C) (F
(2,85) = 8.182, p = 0.0006) were decreased in only NEXMIF- cortical neurons. n = 24-36 cells. (D) Representative images of Tau immunostained
primary hippocampal neurons from WT or Nexmif+brains at DIV 3. (E, F) The sum length of axons (E) (F (2,87) = 6.495, p = 0.0023) and the
number of axon branches (F) (F (2,90) = 4.451, p = 0.0143) were decreased in both NEXMIF- and NEXMIF + hippocampal neurons. n = 21-41 cells.
Error bars represent the SEM.
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brain. Additionally, the heterozygous female model is of particular interest for future study for its potential to rescue the loss of Nexmif
from the endogenous normal Nexmif allele by specific reactivation of the wild type allele on the silenced X chromosome, as shown to be
a promising strategy in MECP2-linked Rett syndrome [95]. The Nexmif  line will therefore be of great value for further study of the
mechanisms underlying NEXMIF-dependent ASD, as well as the development of effective therapeutic approaches.
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