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SUMMARY

The Contactin-associated protein 1 (Cntnapl) mouse mutants fail to establish proper axonal
domains in myelinated axons. Human CNTNAPI mutations are linked to hypomyelinating
neuropathy-3, which causes severe neurological deficits. To understand the human neuropathology
and to model human CNTNAPIC325R and CNTNAPIR764C mutations, we generated
Cntnap1©324R and Cntnap1R765C mouse mutants, respectively. Both Cntnapl mutants show weight
loss, reduced nerve conduction, and progressive motor dysfunction. The paranodal ultrastructure
shows everted myelin loops and the absence of axo-glial junctions. Biochemical analysis reveals
that these Cntnapl mutant proteins are nearly undetectable in the paranodes, have reduced surface
expression and stability, and are retained in the neuronal soma. Postnatal transgenic expression

of Cnitnap1 in the mutant backgrounds rescues the phenotypes and restores the organization of
axonal domains with improved motor function. This study uncovers the mechanistic impact of two
human CNTNAPI mutations in a mouse model and provides proof of concept for gene therapy for
CNTNAPFI patients.
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Chang and Sell et al. report the generation and phenotypic characterization of mouse models of
human CNTNAPI mutations. The mouse mutants show hypomyelination and disrupted paranodal
axo-glial junctions, reduced nerve conduction, and motor dysfunction. These phenotypes are
rescued by postnatal expression of Cntnapl providing a proof of concept for CNTNAPI gene
therapy.
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INTRODUCTION

Bidirectional cellular and molecular interactions between neuronal axons and myelin-
producing glial cells form the underlying basis for myelination to promote saltatory

nerve conduction. A major feature of myelinated axons is their organization into highly
specialized anatomical and molecular domains, named the nodes of Ranvier, the paranodes,
the juxtaparanodes, and the internodes.1~1° The paranodes flanking the nodes of Ranvier
are the main interaction regions between the myelinating glial membrane and the axons

to form the paranodal axo-glial septate junctions.*~’ The paranodes also serve as a
molecular barrier between the nodal domain and the juxtaparanodal domain as this barrier
function is compromised in the Contactin-associated protein 1 (Cntnapl), Contactin, and
Neurofascin (NfascNF15%) mutants.45716-19 Disorganization of axon-glial interactions at the
node/paranodal domains results in severe pathological conditions,*>:7:17:18.20 and abnormal
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paranodal domains have also been reported in human myelination disorders such as Charcot-
Marie-Tooth disease21~24 and multiple sclerosis.2%:26

Cntnapl is a transmembrane cell-adhesion protein, which forms a c/s interacting complex
with axonal paranodal Contactin, a neural cell-adhesion molecule, and the 155-kDa
isoform of glial paranodal Neurofascin (NF155).27-30 Mutant mice that lack the paranodal
junction structure display ataxia, motor dysfunction, and severely reduced nerve conduction
properties.*®7 Homozygous CntnapI-null mice display progressive neurologic defects
starting in the second week of life, including lack of mobility, tremors, wide-based gait,

and generalized motor paresis. Most CntrnapZ-null mice die around 3 weeks of their
postnatal life with severely compromised motor functions.? Structure-function analyses of
Cntnapl, Contactin, and NF155 have revealed distinct domains that are involved in the
protein-protein interactions between Cntnapl, Contactin, and NF155 both in /in vitroand

in vivo.1016.27.28 These earlier studies highlighted specific domains that are involved in
interactions between these proteins, their association into biochemical complexes, as well as
their role in paranodal domain organization.

Mutations in human CNTNAPI are implicated in human neurological diseases that are
characterized by polyhydramnios, severe neonatal hypotonia, arthrogryposis, and severe
motor paralysis.3! In subsequent years, a large number of CNTNAPI mutations have

been identified in over 40 families with subjects carrying frameshift, nonsense, and
missense mutations.32:33 The mutations resulted in a wide range of phenotypes and variable
survival rates, ranging from infancy to early childhood with support.33-36 The most severe
phenotypes resulted in acute respiratory distress and muscle atrophy.32 Despite the mounting
evidence of CNTNAPI mutations in human disease, so far there are no mouse models
available for studying the impact of Cninap1 mutations and the potential mechanisms
through which the Cntnapl mutant protein functions are altered leading to neurological
deficits.

The current study has recapitulated two human CNTNAPI mutations in a mouse model

by generating two single nucleotide substitutions in the Cntnap1 gene (Cntnap1¢324R

and Cntnap1R765). Compared to control, the Cnitnap1¢324R/~ and Cntnap1R765¢/~

mutant mice suffered severe weight loss from birth and showed progressive motor and
neurological deficits, disorganization of the axo-glial paranodal domains, and diminished
nerve conduction properties. The Cntnap1©324R and Cntnap1R765C proteins were nearly
undetectable in the paranodal domains and severely disrupted the paranodal organization and
function. Using /n vivo and in vitro biochemical studies, we show that the Cntnap1©324R and
Cntnap1R765C mutant proteins are less stable than the wild-type Cntnapl and are retained

in the cell soma with dramatically reduced cell surface expression as well as reduced
binding with Contactin. An inducible Cntnap1 mouse strain was generated that expresses
the wild-type Cntnapl protein in a spatiotemporal manner. When this wild-type Cntnapl
protein was expressed in Cntnap1©324R/~and Cninap1R76°C~ mice, it allowed progressive
restoration of the paranodal domains, nerve conduction electrophysiological properties, and
motor functions. Together, our studies demonstrate that Cntnap1©524R and Cnitnap1/765C
mutations are loss-of-function mutations that are rescued by the wild-type Cntnapl protein
and that strategies could be developed to express human CNTNAPI using the gene therapy
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methodologies to restore neurological and motor functions in human subjects carrying
CNTNAPI mutations.

Human CNTNAP1 mutations in mice severely affect postnatal growth

Recent whole-exome sequencing of children displaying generalized motor deficits with
hypomyelination-associated neuropathologies has led to the identification of mutations in
the CNTNAPI gene. These mutations include single nucleotide changes in the CNTNAPI
coding sequence and reading frame shifts leading to terminations across the length of the
CNTNAP1 protein.31-33 One of these mutations occurs at the coding nucleotide number
967, changing a 7GC codon (cysteine [Cys] 323) to CGC (arginine [Arg] 323). Another
mutation occurs at the coding nucleotide number 2290, changing a CGC codon (Arg 764) to
TGC (Cys 764). The Cys at 323 is located in the first laminin G-like domain, and the Arg
at 764 is located in the fibrinogen CT domain (Figure 1A).33:36 The amino acid sequence
comparison between human CNTNAP1 and mouse Cntnapl shows 93% identity and 96%
similarity (Figure 1B).37

To examine the consequences of human CNTNAPI mutations and associated neuropathies,
we used CRISPR-Cas9 methodology to create single nucleotide changes that matched the
codon substitution changes in human CNTNAPI for Cys324Arg and Arg765Cys (note that
Cys323 corresponds to Cys324 and Arg764 corresponds to Arg765 in mouse Cntnapl and
will be referred to with mouse numbers throughout the text). Upon pronuclear injections,
all mouse progeny born were first sequenced at the location of the mutations CGC and
7GC codons encoding Arg324 and Cys765, respectively. The mouse lines that positively
confirmed the presence of these nucleotide changes were further sequenced for the entire
Cntnapl gene to ensure that no additional mutations were introduced into the Cntnap1
coding sequences during the generation of these lines. Segments of sequences from the
homozygous wild-type Cntnapl, heterozygous Cnitnap1¢324R/* and Cntnap1R765¢/*, and
mutant Cnitnap1©524R/~ and Cninap1R765¢/~ genotypes are shown in Figure 1C. The
sequence analyses confirmed the successful generation of the mouse models of the two
human CNTNAPIC323R and CNTNAPIR764C mutations.

In human patients with CNTNAPI mutations that cause Cys323Arg and Arg765Cys
changes, the CNTNAPI locus was found to be compound heterozygous, with a paternal
stop-codon mutation and a maternal missense mutation.31:33-36.38-40 Thys, to mimic the
human disease condition, we crossed Cntnap1¢324R/* and Cninap17765¢* mice with
Cntnap1*!~ (referred to as +/-) mice, generated previously,* to obtain the Cnitnap1C324R/~
and Cntnap1R765C/~ (referred as C324R/- or R765C/-) mutants. Starting around P15, we
observed a significant reduction in motility, motor paresis, tremors, and general muscle
weakness that were easily distinguishable from wild-type or heterozygous littermates. By
P40, the weight difference between heterozygous control and Cnitnapl mutants was notable
(Figure 1D). Interestingly, the heterozygous mice including +/-, C324R/+, and R765C/+do
not display any phenotype or weight loss in comparison to the wild-type control mice (+/4).
These observations suggest that Cntnap1¢324R and Cntnap17765C mutations do not cause
any harmful gain-of-function effects.
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Single amino acid changes in mouse Cntnapl affect its stability and cause paranodal
axonal domain disorganization

Immunoblotting of spinal cord lysates shows a robust single band of expected molecular
weight of ~190 kDa for the full-length Cntnapl protein (Figure 1E). In C324R/-and
R765C/- mutants, the levels of the Cntnapl protein were significantly reduced in the

spinal cord tissues. The C324R/—mutants showed ~64% reduction, while the R765C/-
mutants showed ~32% reduction compared to controls (Figures 1E and 1F). This indicates
that both C324R and R765C amino acid substitutions reduce the stability of the Cntnapl
protein. Further analysis of the mRNA levels in all mutants revealed no significant changes
compared to their respective wild-type and heterozygous controls (Figure 1G). These results
suggest that the effects of the mutations are primarily due to post-translational alterations
rather than the changes in the levels of MRNA expression.

Next, we examined the expression of Cntnapl proteins in the paranodal regions of the sciatic
nerves (PNS) and the white matter of the spinal cord (CNS). As expected, the intensity and
distribution of Cntnapl proteins in the paranodal area were found to be comparable in both
heterozygous mutants (C324R/+and R765C/+) when compared to wild-type controls, both
in PNS and CNS (Figure S1). However, in the case of C324R/-and R765C/- mutants, the
mutated Cntnapl proteins were either present at very low levels or were completely absent
at the paranodes in CNS and PNS (Figures 1H-1S). We next examined the localization and
distribution of juxtaparanodal K* channels (K,1.2) and nodal -1V spectrin.#11 In control
+/- mice, both B-1V spectrin and K* channels were separated at the distinct compartments
by the paranodal region; in C324R/-and R765C/— mutants, B-1V spectrin was still restricted
to the nodal regions but became widened; the juxtaparanodal K* channels were completely
mislocalized into the paranodal region and were in direct proximity to the nodal area,
indicating a loss of paranodal function leading to the mislocalization of K* channels in

these Cntnapl mutants in both the PNS and CNS (Figures 1H-1K and 1N-1Q). The
immunostaining of the mutant myelinated fibers reveals a loss of the paranodal domain
function in separating the juxtaparanodal proteins from the nodal complex. Together these
data show that Cys324Arg and Arg765Cys amino acid substitutions affect the stability of
Cntnapl at the paranodes and also affect the barrier function of the paranodal domains in
myelinated axons.

Cntnap1C324R and Cntnap1R765C mutants display mislocalization of key paranodal proteins
but not their protein stability

To determine whether the Cntnap1©324R and Cntnap1R765C mutant proteins affected the
localization of the other paranodal components, we assessed the expression of NF-155

and Contactin (Figure S2). Immunostaining of PNS and CNS showed the near absence

of staining for both NF155 and Contactin in the paranodal regions, similar to what has
been observed for CntanpI-null mutants.* Quantitatively, the staining intensities of both
NF155 and Contactin were proportional to the staining levels of Cntnapl, suggesting that
in the absence of proper functional Cntnapl, both NF155 and Contactin are unable to
localize properly at the paranodal regions. Surprisingly, immunoblot analysis of the protein
expression levels of C324R/-and R765C/- mutants showed that their protein expression
levels remained unchanged, both in the spinal cords and sciatic nerves (data not shown).
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These data indicate that the C324R/-or R765C/— mutant proteins affect the paranodal
localization of Contactin and NF155 but not their overall protein expression and stability in
the tissues.

Cntnap1C©324R/- and Cntnap1R765C/~ mutants show severe motor disability and a significant
decline in the peripheral nerve conduction properties

To quantitively measure the deficiency in fine motor coordination and balance, we
performed beam walking trials (Figure 2A). The C324R/-, R765C/-, and knockout (KO)
mice were all unable to hold on to the beam, whereas the control wild-type (+/+), control
heterozygous (+/-), and mutant heterozygous C324R/+and R765C/+mice were all able to
hold steadily and crossed the beam on the first trial, suggesting a severe motor dysfunction
in C324R/-, R765C/-, and KO mutant mice (Figure 2B). Next, the rotarod test, which is
used to assess fine motor coordination, showed all control (+/+ and +/-) and heterozygous
(C324R/+ and R765C/+) mice stayed on the rotarod for the entire experimental time (2 min
with up to 25-35 rpm). In contrast, the C324R/-, R765C/-, and KO mutant mice started to
fall off when the rotarod started to accelerate (Figures 2C and 2D). We did not observe any
significant difference between C324R/-, R765C/-, and KO mutant mice indicating that the
single amino acid and null mutants all show severe fine motor coordination deficits.

Next, we analyzed the nerve conduction properties by performing /in vivo recording of the
sciatic nerves at P30. There was no difference in controls (+/+, +/-, C324R/+, R765C/+),
but the nerve conduction amplitudes and velocities for the sciatic nerve and the ankle
region were significantly reduced in C324R/-, R765C/—, and KO mutant mice (Figures
2E-2G, and 2I-2K). Meanwhile, the latency measuring the time taken for the fastest nerve
fibers to conduct between two stimulation points was significantly increased in C324R/-,
R765C/-, and KO mutants (Figures 2H and 2L). Together, the /7 vivo nerve conduction
electrophysiological measurements reveal a significant impact of Crnitnapl mutations on
both the strength and velocity of the nerve impulses as is observed in KO mutants, further
highlighting the critical role of Cntnapl at the paranodal domain in myelinated axons.

Cntnap1©324R and Cntnap1R765C mutants display hypomyelination and loss of the
paranodal axo-glial junctions

Upon the discovery of mutations in human CNTNAPFI, it was observed that these
mutations caused hypomyelination in both the central and peripheral nervous system, which
has become the hallmark pathology for CNTNAPI-related congenital hypomyelinating
neuropathies (CHNs, OMIM: 605253).34-36:41-44 | addition, delayed myelination of white
matter was observed in the brain MRIs of human patients.*3 To address whether loss

of Cntnapl does impact myelination, we performed detailed electron microscopic (EM)
analyses of the white matter axons concerning the extent of myelination and also how

these mutations affected the ultrastructural organization of the paranodal region axo-glial
junctions. We carried out a comprehensive EM analysis of myelinated axons from the CNS
and PNS from 2-month-old control +/- and C324R/-, R765C/-, and KO (-/) mutants.
While the visual inspection of the mutant myelinated fibers suggested hypomyelination in
both the CNS and the PNS (Figures 3A-3H), a more quantitative analysis was performed
that estimated the g-ratios of the myelinated axons across all genotypes using a semi-
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automated software.*® The g-ratio was significantly increased in C324R/-, R765C/-and

in KO mutants when compared to control +/— mice in both the CNS and PNS (Figures

3l and 3J). In the CNS, the average g-ratio in C324R/—mice was 33% higher than that

in control +/— mice, while the average g-ratio in R765C/—mice was 21.6% higher than

that in control mice. Interestingly, in the small axons (diameter smaller than 0.5 pm),

the difference was even higher compared to control mice. Similarly, the KO mutants also
revealed hypomyelination and increased g-ratio in both the CNS and PNS, suggesting that
loss of Cntnapl function results in hypomyelination, and that these Cnfrnap1 mutations
behave as loss-of-function mutations. Further analysis revealed that axons with a higher
g-ratio were significantly more frequent in the CntnapZ mutant mice compared to the
heterozygous controls. Specifically, the mutants exhibited markedly higher percentages of
axons with a g-ratio of 0.75 or above: C324R/-at 72.04%, R765C/-at 42.1%, and KO

at 85.9%, in contrast to 0% in heterozygous controls. Given the software limitations that
prevented the capture of completely unmyelinated axons, we conducted a manual analysis of
EM images from all genotypes for the presence of unmyelinated axons. In the spinal cord
tissues from all genotypes, Cntnap1-KO mice displayed a notable increase in the proportion
of unmyelinated axons (5.5%) compared to heterozygous controls (0.9%). Additionally,
the C324R/-and R765C/- also presented with unmyelinated axons at 3.8% and 2.4%,
respectively (Figure S8). These findings suggest that Cninapl C324R/-and R765C/-
mutants show variations in the severity of their myelin phenotypes compared to Cntnapl™"~
mutants, which was also reflected in the g-ratios observed in CntnapI mutants.

We next examined the ultrastructure of the paranodal axo-glial junctions to determine
whether the C324R/-and R765C/—mutant proteins were able to establish axo-glial septate
junctions. As shown in Figures 3K-3P, the paranodal region in the CNS and PNS of control
+/- mice shows distinct ladder-like septa (white arrowheads) between the myelin loops and
the axonal axolemma in the paranodal area. Whereas, in C324R/-and R765C/- mutants,
the ladder-like paranodal axo-glial septate is absent (white arrows). No septa-like structures
were observed in C324R/-and R765C/- mutants similar to CntnapZ™"~null mutants,*
showing these mutations cause hypomyelination and loss of the paranodal axo-glial septate
junctions.

Neuronal expression of the wild-type Cntnapl causes gradual restoration of axonal
domain organization in Cntnap1©324R/~ and Cntnap1R765C/~ myelinated axons

Next, we wanted to determine whether timely controlled neuronal expression of the wild-
type Cnitnapl gene in C324R/-and R765C/- mutants will be able to restore Cntnapl
expression as well as the functional paranodal domains. To achieve that, we utilized the
LoxP-Stop-LoxP (LSL) system,*® to generate a mouse line with the LSL-Cnitnap1-AG
sequence integrated into the Rosa26 locus. The presence of the upstream poly(A) (multi-
polyadenylation) sequences terminates transcription and prevents the expression of the
downstream Cnitnap1F-AG cDNA (Figure 4A). Upon expression of tissue-specific Cre
recombinase, sequences between the LoxPsites are removed allowing transcription of the
Cnitnap1-AG cDNA and expression of Cntnap1FLAS only in selected Cre-expressing cells.
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To confirm the expression of the Cntnapl protein in LSL-Cntnapl mice, we crossed this
line with the ubiquitous B-Actin-Cre line and examined the expression of the Cntnap1FLAG
protein. As shown in Figure 4B, immunoblotting of the spinal cord lysates with an anti-
FLAG antibody detected the Cntnap1F-AC protein at ~190 kDa only in Actin-Cre;LSL -
CntnapIFLAG (Act-Ex). The protein was undetectable in the LSL-Cntnap1FLAC spinal cord
lysates, which did not express the Cre recombinase. Immunostaining of the sciatic nerve
myelinated axons showed that the Cntnap1F-AC protein was properly localized at the
paranodes as it colocalized with the endogenous Cntnapl. Without the Cre recombinase
expression, the Cntnap1FLAG protein was undetectable in the paranodal domain in LSL-
Cnitnap1™AC myelinated axons, which were positively labeled by anti-Cntnap1 antibodies
(Figure 4C). In addition, we also crossed this line with Cntnapl mutant lines, C324R/-and
R765C/-, and the relevant genotypes Act-Ex;C324R/-and Act-Ex;R765C/— were further
processed for phenotypic analyses and compared to wild-type controls and their mutant
background, C324R/-and R765C/-. We did not observe any significant difference between
these two lines compared to controls (+/+) during the experimental period (3 months).
These Act-Ex;C324R/-and Act-Ex;R765C/- mice were indistinguishable from their control
counterparts (Figure S3), regarding their body weight, Cntnapl protein expression levels or
cellular localization, motor function, and nerve conduction properties. Together, these data
show that transgenic Cntnap1FLAC protein expression is tightly controlled with no leakiness
and when expressed in a Cre-dependent manner can localize at the paranodal region in
myelinated axons.

Next, we wanted to determine whether induced expression of Cntnapl in C324R/

—and R765C/- mutant background will allow restoration of the paranodal domain

as well as re-localization of the juxtaparanodal proteins. We crossed LSL-Cntnapl

mice with the tamoxifen-inducible SL/CK-H-CreERTZ mice, which express the Cre
recombinase only in neurons.114748 The final mice of the genotype SL/CK-H-CreER;LSL-
CntnapFLAG-C324R/~ (referred to here as TgEX;,C324R/-) or SLICK-H-CreER;LSL -
Cntnap1FLACG-R765C/~ (referred to here as TgEXx;R765C/-) received tamoxifen at P21 for 5
consecutive days (at 1 mg/kg body weight). The control animals LSL-CntnapltAC:C324R/
—(C324R/-) and LSL-Cntnap1FLAG-R765C/- (R765C/-) without Cre also received the
same regimen of tamoxifen. The animals were sacrificed 2 weeks and 7 weeks post
tamoxifen injection and processed for immunoblot and immunostaining analysis.

As shown in Figure 4D, transgenic Cntnapl expression showed a steady increase from

2 to 7 weeks in TgEx;C324R/-mice compared to C324R/- mice. The Cntnapl protein
levels were quantified showing a significant increase in Cntnapl levels at 7 weeks post
tamoxifen treatment (Figure 4E). Immunostaining of the sciatic nerves and spinal cords
from TgEx;C324R/- showed expression of CntnaplFLAC at the paranodes in fibers at 2
weeks post tamoxifen injection and much more prominently in the 7 weeks post tamoxifen.
In both the PNS and CNS at 2 weeks, the juxtaparanodal K, 1.2 channels were still
observed in the paranodal area, but by 7 weeks post injection, most of the K,,1.2 channels
were separated from the paranodal region (Figures 4F-4L). In control C324R/- fibers,
the juxtaparanodal K, 1.2 channels are present in the paranodal area adjacent to nodal
BIV spectrin. The reorganization of the paranodes and separation of the juxtaparanodal
K,1.2 from the paranodal area were also quantified, which showed that at 7 weeks after
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expression of Cntnap1FLAG| the paranodal domain reorganization was similar to that of
control heterozygous myelinated fibers (Figure 4M).

Similarly, immunoblotting of spinal cords from 2 to 7 weeks after tamoxifen injections

in TgEx;R765C/— mice was compared to R765C/- (Figure 4N). The Cntnapl protein
levels were quantified showing a significant increase in Cntnapl levels at 7 weeks post
tamoxifen treatment in 7gEx,;R765C/- mice (Figure 40). Immunostaining of the sciatic
nerves and spinal cords from R765C/- mutant and 7gEx,R765C/-also showed expression
of Cntnap1FLAG at the paranodes in fibers at 2 weeks post tamoxifen injection and much
more prominently in the 7-week-post-tamoxifen-injection fibers (Figures 4P—-4U). In both
the PNS and CNS at 2 weeks, the juxtaparanodal K,1.2 channels were observed in the
paranodal area as in TgEx, C324R/-fibers; but by 7 weeks post injection, most of the
Kv1.2 channels were separated from the paranodal region. The relative expression of
Cntnap1FLAG at the paranodes in TgEx,R765C/- fibers was quantified (Figure 4V), and
the reorganization of the paranodes and separation of the juxtaparanodal K,1.2 from the
paranodal area were also quantified (Figure 4W), showing that in 7 weeks after expression
of Cntnap1FLAG| the paranodal domain formation is indistinguishable from the control
heterozygous myelinated fibers. Additional immunostaining using antibodies against two
other well-characterized paranodal proteins (NF155 and Contactin) also revealed their
restoration at the paranodes and proper organization of the axonal domains in C324R/-
and R765C/- mutants upon Cntnap1™-AG induction (Figure S4). These data demonstrate
that the transgenic Cntnap1FLAS protein is able to rescue and restore the paranodal domain
and accordingly the organization of the axonal domain in mutant myelinated axons.

Neuronal expression of the wild-type Cntnapl in Cntnap1€324R/~ and Cntnap1R765C/-
mutants restores motor coordination

We next sought to determine whether 7gEx;C324R/- and TgEx,R765C/— mice will also
show improvements in the body weight and motor coordination after tamoxifen injection.
The body weight and motor coordination using beam walking and rotarod were recorded

at 2, 4, and 8 weeks after tamoxifen injection (Figures SS5A-S5H). In the rotarod test, the
TgEX;C324R/-and TgEx,R765C/— mutant mice started to perform better from 8 weeks post
tamoxifen injection. For beam walking motor performance, within 2 weeks after tamoxifen
injection, we observed a significant improvement. The 7gEx;C324R/-and TgEx,R765C/-
mutant mice were able to walk a short distance on the beam, which improved progressively
such that the rescued TgEx;C324R/-and TgEx,R765C/—mutants completed the entire
beam distance (50 cm) mirroring CntnapI*'~ control animals (Figures S5C and S5G). The
speed on the beam walking also improved progressively and was close to 80% for rescued
TgEX,C324R/—mutants or close to 100% for 7gEx,R765C/-rescued mutants compared to
control animals (Figures S5D and S5H). Furthermore, the nerve conduction velocity (NCV)
values were also significantly improved in TgEx; C324R/-and TgEX; R765C/- (Figure S6),
compared to control +/— mice in a time-dependent manner. Together, these data demonstrate
that the wild-type Cntnapl can progressively restore motor coordination and function in
Cnitnap1©324R and Cntnap1R765C mutants.
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Expression of Cntnapl rescues hypomyelination and restores the ultrastructure of
paranodal axo-glial junctions in Cntnap1©324R/~ and Cntnap1R765C/- mutants

Human subjects carrying CNTNAPI mutations have shown hypomyelination phenotypes
indicative of the role of CNTNAP1 in axonal myelination.3>44 In addition, both C324R/-
and R765C/- mutants revealed hypomyelination and reduced g-ratios in myelinated axons
(Figure 3). We wanted to determine whether the hypomyelination phenotype in C324R/-
and R765C/- mutants could be rescued by neuronal expression of Cntnapl in both the

CNS and PNS myelinated axons. We processed spinal cords and sciatic nerves from +/

-, TQEX;,C324R/-and TgEx;R765C/-animals that all received tamoxifen at P21 for 5
consecutive days and were analyzed at 8 weeks post tamoxifen injections. Quantification

of the g-ratios for the CNS and PNS myelinated axons revealed that the hypomyelination
phenotypes in the Cntnapl mutants were significantly rescued by neuronal expression of
Cntnapl, indicating that Cntnapl is required for proper axonal myelination (Figures 5A—
5H). Moreover, the proportion of unmyelinated axons was considerably reduced in the
rescued mice compared to the parent Cntnapl mutations (Figure S8). We also analyzed

the longitudinal sections of the myelinated axons to determine whether Cntnapl expression
restored the ultrastructural organization of the paranodal axo-glial junctions. High-resolution
transmission electron microscopy (TEM) images from the CNS and PNS of 7TgEx;C324R/-
and 7gEx,R765C/-animals showed restoration of the paranodal axo-glial junctions (Figures
51-5L, black arrowheads). Most notably, the stereotypical septate-like junctions were visible
in the rescued animal fibers as observed in control (Cntnap1*'~) myelinated fibers. However,
we still noticed the everted as well as inverted myelin loops presented in both 7gEx;C324R/
—(Figures 5M and 50) and 7TgEx,R765C/— (Figures 5N and 5P) mice, suggesting that
despite the restoration of paranodal junctions, some myelin loops may remain everted.
Together, these data demonstrate that neuronal expression of Cntnapl can restore proper
myelination and paranodal axo-glial junction formation in C324R/-and R765C/—mutants.

Early neuronal induction of the wild-type Cntnapl completely rescues biometric
parameters and paranodal axo-glial junctions in C324R/- and R765C/- mutants

Our targeted rescue strategy showed that expression of the wild-type copy of Cntnapl at
P21 restores Cntnapl expression in the paranodal area and the structure of axonal domains.
Moreover, motor functions, such as the ability to cross the beam and improvement in
motor coordination on the rotarod test, were restored in R765C/—mice but to a lesser
extent in C324R/—mice, even after 8 weeks of Cntnapl expression. Notably, neither
TgEX,C324R/-nor TgEx;R765C/—mice reached body weight levels comparable to controls
(+/-), suggesting that the timing of wild-type Cntnapl induction is critical, and that P21
may already be a late stage for full phenotypic restoration. Considering the severity of
CNTNAPI mutation-related neurological disorders, it is more plausible to induce the
expression of wild-type Cntnapl earlier, offering an intervention to establish the paranodal
region and restoration of physiological or motor deficits. To address whether early Cntnapl
expression will restore these deficits, we initiated tamoxifen injections as early as P5-P7
and assessed the mice 2 weeks or 7 weeks after injection (schematic in Figure 6A). At

P5 and after 2 weeks of age, all mice showed no significant difference in body weight.
However, after 7 weeks of injection, both mutant mice (C324R/-and R765C/-) exhibited
considerably lower body weights compared to controls (+/=). In contrast, 7TgEx, C324R/-
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and 7gEx,R765C/-mice with the induced wild-type Cninapl displayed body weights
nearly identical to the controls (Figure 6B), indicating that early induction of wild-type
Cninap1 fully rescued the weight loss phenotype in both mutants. Similarly, after 7 weeks of
injection, both TgEx;C324R/-and TgEx,R765C/- mice were able to cross the beam without
any difficulties and could stay on the rotarod as long as the control mice (Figures 6C and
6D).

Immunostaining of the sciatic nerves and spinal cords from 7gEx;C324R/- mice showed
similar expression of Cntnapl at the paranodes both 2 and 7 weeks after tamoxifen induction
(Figures 6E-6L). At 2 weeks, the juxtaparanodal K,1.2 channels (green) were still partially
overlapping with the paranodal area, but by 7 weeks post injection, most of the K,1.2
channels were separated from the paranodal region (Figures 6G and 6J). The reorganization
of the paranodes and separation of the juxtaparanodal K,,1.2 from the paranodal area were
quantified, showing that 7 weeks after expressing Cntnapl, the paranodal domain formation
was indistinguishable from control heterozygous myelinated fibers (Figure 6L). Similarly,
immunostaining at 2 and 7 weeks after tamoxifen induction was compared to R765C/~
(Figures 6M-6R). The Cntnap1l protein levels in PNS and CNS from TgEx;R765C/- mice
revealed a significant increase in Cntnapl levels at 2 or 7 weeks post tamoxifen treatment,
which is comparable to the control (Figure 6S). The reorganization of the paranodes and
separation of the juxtaparanodal K, 1.2 from the paranodal area follow the same trend as the
C324R/-rescue (Figure 6T).

Moreover, the NCV values were indistinguishable from controls in mice with earlier
induction of TgEx;C324R/-and TgEx;R765C/— (Figures STA-TF) at 2 and 7 weeks after
tamoxifen induction. These results strongly support the idea that early induction of wild-type
Cntnapl leads to a near complete rescue of the phenotypes observed in Cntnapl mutants.

C324R/- and R765C/- mutant proteins remain in the neuronal soma and reveal reduced
binding with Contactin

Mutations in protein-coding genes that alter amino acids often lead to conformational
changes in protein structure resulting in altered and potentially misfolded proteins. Mutant
proteins within the cell either get retained in the endoplasmic reticulum (ER)4%-51 or

get further processed through autophagy and degraded through the ubiquitin/proteasome
pathway.>2 In both Cntnap1©324R and Cntnap1R765C mutant proteins, potential alterations
in disulfide bonds or conformational changes are predicted to significantly change the
native state of the Cntnapl protein. Immunostaining of spinal cords revealed that both
Cntnap1©324R and Cntnap1R765C mutant proteins were present in the neuronal soma

(white arrowheads), which was not observed in the control +/- neurons (Figures 7A-7D).
Interestingly, the Contactin protein was also retained in the neuronal somas of C324R/-
and R765C/-mutants (white arrows), which was not observed in control somas or the KO
mutant neuronal somas. The paranodal staining of Cntnapl and Contactin is robustly visible
in Figure 7Aa, b, overlapped in Figure 7Ad, and is absent in KO, C324R/-, and R765C/-
mutant neurons (Figures 7B-7D). These data indicate that Cntnap1©324R and Cntnap1R765C
mutant proteins are retained in the neuronal soma, most likely in the ER, and are unable

to be properly transported out of the neuron, unlike the normal Cntnapl protein, whose
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levels are very low within the neuronal soma but is localized at the paranodal domains of
myelinated axons.

The Cntnapl protein at the paranodal axo-glial junctions on the axonal membrane side is
believed to exist in a ¢is complex with the paranodal Contactin (schematic in Figure 7E)
forming the critical axo-glial junctional complex between the axon and the myelin paranodal
loops.4>7 To determine if Cntnap1©324R and Cninap1765C mutations had any deleterious
effects on inter-protein interactions and protein-protein complex formation between Cntnapl
and Contactin, we carried out immunoprecipitations (IPs) using membrane-enriched protein
preparations from spinal cords (Figure 7F). This showed the relative levels of Cntnapl

were low in C324R/-and R765C/- lysates compared to other genotypes. The Contactin
protein levels were unaffected in C324R/-and R765C/- mutants, and the relative Contactin
levels were similar to control +/— mice. The solubilized membrane preparations were
immunoprecipitated with anti-Contactin antibodies followed by immunoblotting against
Cntnapl. The levels of immunoprecipitated Cntnapl were significantly low in C324R/-

and R765C/- preparations indicating that the binding between mutant Cntnap1324R and
Cntnap1R765C proteins and Contactin was severely affected (Figure 7F). These IP data
suggest that C324R and R765C amino acid changes affected protein-protein interactions
between Cntnapl and Contactin.

Next, we obtained human Cntnap1 expression construct (oCMV-Cntnapl-AG [MR223061])
from OriGene and generated independent constructs of Cnitnap1¢324R and Cntnap17765¢
mutations using site-directed mutagenesis. After confirming the mutations, the wild-type
Cntnapl, Cnitnap1©324R or Cntnap1R765C cDNAs, and Contactin cDNA (MG50933-CF,
SinoBiological) were co-transfected into HEK cells. We first examined Contactin surface
expression by immunostaining of live, non-permeabilized HEK cells followed by fixation
and permeabilization and immunostaining with an anti-Cntnapl antibody to detect the
expression of Cntnapl. The wild-type Cntnapl protein was readily localized at the

cell surface of the HEK cells; however, the surface localization of Cntnap1¢324R and
Cntnap1R765C mutant proteins was strongly affected (Figures 7G-71). Similarly, the
Contactin protein surface expression was robust in the presence of wild-type Cntnapl

as visualized by anti-Contactin-FC immunostaining®3; in HEK cells co-transfected with
either Cntnap1©324R or Cntnap1R765C constructs, the surface expression of Contactin

was dramatically reduced. The Cntnapl protein expression was mostly cytosolic in both
Cnitnap1©324R or Cnitnap1R765C transfected HEK cells as was the Contactin localization.
These data strongly indicate that Cntnap1©324R or Cntnap1R765C mutant proteins are unable
to co-transport with Contactin to the cell surface and are mostly retained in the cytoplasm
possibly ER, as is also observed /n vivo in the spinal cord neurons (Figures 7C and 7D). We
also carried out IP of cell lysates from HEK cells that co-expressed the wild-type Cntnap1,
Cntnap1©324R and Cntnap1R765C proteins, and Contactin. The expression levels of these
proteins were similar in HEK cells transfected with respective expression constructs. As
shown in Figure 7J, colP using anti-Contactin antibodies showed reduced levels of Cntnapl
in Cntnap1©324R (60% compared to Cntnapl) or Cntnap1=765C (10% compared to Cntnapl)
co-transfected HEK cell lysates, further demonstrating that Cntnap1©324R and Cntnap1R765C
mutant proteins fail to bind efficiently with Contactin compared to the wild-type Cntnapl.
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Surface biotinylation assay showed surface expression of wild-type Cntnapl and
Cntnap1C324R or Cntnap1R765C mutant proteins was severely impaired when expressed
without Contactin; however, Contactin was expressed at the cell surface in the absence

of Cntnapl (Figure 7K). These data demonstrate that in the absence of Contactin, the
Cntnapl protein is unable to get transported to the cell surface indicating that Contactin
is necessary for cell surface expression of Cntnapl, which is consistent with previous /n
vivo studies in the Contactin-null mutants.®> Next, we examined the surface expression of
Cntnapl or Contactin when the wild-type Cntnapl, Cntnap1©324R, or Cntnap1R765C were
transfected into HEK cells along with Contactin (Figure 7L). There is ~80% reduction

in Cntnap1©324R syrface protein levels and ~90% reduction of surface protein expression
for Cntnap1R765C protein when compared to surface expression of the wild-type Cntnapl
protein (Figures 7L and 7M). Interestingly, the surface expression of Contactin was also
reduced (~50%) in Cntnap1©324R and Cntnap1R765C mutant co-expressed cells compared
to wild-type Cntnapl/Contactin co-expression (Figures 7L and 7N). Together, these data
demonstrate that Cntnap1©24R and Cnitnap1765C mutations disrupt the protein-protein
interactions between Cntnapl and Contactin, which also leads to defective co-transport and
reduced cell surface expression of Cnitnap1¢324R and Cntnap1R765C mutant proteins.

DISCUSSION

Since the late 1800s, a large spectrum of hereditary neuropathies have been identified,

some of which display brain disorders with progressive muscle weakening,?1:22:54-56 ang
others display childhood hypomyelinating neuropathies (CHNSs), which have been linked

to mutations in several genes associated with myelination.>457:58 CA/TNAPI mutations

in human diseases are associated with CHN. Now, with the rapid development of next-
generation sequencing, over 40 cases in individuals from diverse backgrounds (American,
Chinese, English, French, Irish, and Palestinian) around the globe have been identified.

All presented with hypomyelination and hypotonia, consistent with phenotypes observed in
Cntnapl-null mutant mice.* These rare disorders demonstrate an autosomal recessive pattern
of inheritance, whereby an individual must inherit two mutated alleles of CNTNAPI to
manifest disease. Homozygosity or compound heterozygosity for null mutations, such as
nonsense, frameshift, or splice site variants in CNTNAPI, are implicated in pathogenesis.
Parents who are carriers of a single mutant allele are typically unaffected.32:59 Most

cases reported have occurred in the offspring of consanguineous parents, which confers

an increased risk for autosomal recessive conditions due to a higher probability of inheriting
identical mutant alleles from a common ancestor.32 Delineation of CNTNAPI mutation
status provides insight into diagnosis, prognosis, and recurrence risk for this spectrum of
autosomal recessive hypomyelinating disorders.

Here we report the generation and characterization and rescue of two mouse models each
harboring a single nucleotide mutation in the mouse Cntnap gene, C324R/-and R765C/-
representing two human CNTNAPI mutations. Our studies provide proof of concept of
utilizing the wild-type copy of Cnitnapl to provide potential treatment options for human
CNTNAPI genetic deficiency-associated neurological disorders.
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Protein stability and transport defects in C324R/- and R765C/- mutants

Phenotypic analysis of C324R/-and R765C/- mutants revealed major defects in the
paranodal domain organization even though the mutant proteins are expressed. Our
biochemical analyses revealed a marked reduction in the amount of C324R/-and R765C/-
mutant proteins at the paranodes in the peripheral and central myelinated axons; and in

the CNS, these proteins were essentially undetectable at the paranodes. These observations
suggest that the functional deficits and the transport mechanisms may be distinct between
the PNS and CNS myelinated axons. Both mutant proteins were retained in the soma of
motor neurons as well as the DRG neurons, unlike the wild-type Cntnapl, indicating that
these mutant proteins fail to either get properly sorted through the protein transport system
and/or are primarily retailed in the ER due to potential misfolding as a result of these amino
acid substitutions.

Further Jn vitro biochemical analysis with co-expression of Cntnapl, Cntnap1©324R and
Cntnap1R765C with Contactin in human HEK cells revealed that the surface expression
of the mutant proteins is compromised. Biotin-labeling and pull-down assays revealed
that the surface expression of Contactin protein was barely detectable in HEK cells
expressing Cnitnap1765C and Contactin, while Cnitnap1©324R still maintained detectable
surface expression levels of Contactin. Together, our findings on the Cntnap1©324R and
Cntnap1R765C mutant proteins indicate that distinct amino acid substitutions in Cntnap1 lead
to unique deleterious effects on protein folding, stability, and functionality, and that these
changed properties have an impact on proper protein transport to the cell surface. What
causes retention of the mutant Cntnap1l proteins and Contactin in these mutants will be
addressed as part of our future investigations.

Relevance to human disease and potential therapies

Several mouse and human studies related to axonal domain disorganization have been linked
to various neurological diseases with auditory, motor, and nerve conduction impairments.
Our study has designed mouse models carrying the human CNTNAPI mutations, which can
be utilized for further clinical studies. These humanized Cntnapl mouse models showed
similar detrimental changes in the structure and function of the axonal domains, affecting the
electrical and physiological properties of myelinated axons in both the CNS and PNS, and
resulting in severe ataxia and paralysis. Our studies demonstrate that restoring the functional
axonal domain organization in Cntnap1 mouse models is possible by re-expressing the wild-
type Cntnapl protein. These rescue strategies could be used to determine the time course

of reversing pathologies in human patients carrying CNTNAPI mutations and provide
plausibility to further human studies using viral vector-based strategies with gene therapy.
Taken together, our strategies serve as a great starting point for examining the therapeutic
potential to alleviate the consequences of human CNTNAPI mutations-related neurological
diseases, and they open avenues to help slow down or cure the genetic diseases related to
myelinated axon pathologies.

Limitations of the study

While the current study provides critical insights into the mechanistic impact of human
CNTNAPI mutations, we do find some discrepancies and limitations in the study. Our
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previous study published more than 2 decades ago reported that CrtnapZ™"~ mutant mice
did not display any significant myelination deficits based on manual estimations of both
the myelin thickness and g-ratios,* which is contradictory to our current results that
showed more hypomyelination in the Cntnap1~/~ mutants. However, in the current study,
we used the latest semi-automated software, MyelTracer.#° This technological progression
not only reduces human errors but also permits the assessment of axonal myelination at

a significantly larger and more detailed level, which has gained widespread recognition in
recent studies.®%-66 Using this method, our analyses consistently revealed hypomyelination
in Cntnap1©324R, Cnitnap1R765C, and Cntnap1™~ mutant mice to varying degrees with
CntnapI™"~ mutants displaying the most severe phenotype. Manual analyses also revealed
an increase in unmyelinated axons in Cntnap1©324R, Cntnap1R765C, and Cntnapl™~ mutant
mice, and these phenotypes were rescued by neuronal expression of the wild-type Cntnapl
transgene. The increase in unmyelinated axons in CrtnapI™~ mutant mice reported in

this study is consistent with recently reported findings.8” Furthermore, ultrastructural
analysis of sural nerves from human subjects carrying CNTNAPI mutations also revealed
hypomyelination.33:36.:43 Collectively, these observations indicate that Cntnap1 does indeed
play a role in ensuring proper myelination. Future studies should focus on establishing the
role of Cntnapl and its interacting proteins in developmental myelination as well as in
adult myelin formation and/or maintenance, as the outcomes of these studies will be highly
relevant to human CNTNAPI-associated hypomyelinating neuropathies.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Manzoor Bhat (bhatm@uthscsa.edu).

Materials availability—All mouse lines and DNA constructs generated in this study are
listed in Key resource table.

Data and code availability

. All data, including mouse lines, DNA constructs and original western blot and
confocal images, reported in this paper can be shared by the lead contact upon
request.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cntnapl mouse mutants—All transgenic mice described here, except the ones
purchased from Jackson laboratory, were generated in the Mouse Genome Engineering
and Transgenic Facility at UT Health Science Center in San Antonio. Cntnapl
knockout mice have been reported previously.# To introduce the Cysteine 324 to
Arginine (C324R) and Arginine 765 to Cysteine (R765C) mutations in the mouse
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Cntnap1 single guide (sg) RNAs 5'-GCCTACCGCCATAACTTCCG-3’ (for C324R) or
5'-CTCAAATTCTGAAGCTCAGT-3’ (for R765C) were selected with minimum off-target
effects (designed by CRISPR). 198 base pairs (bp) ssDNA donors with sequences changing
TGC>CGC (C324R) or CGC>TGC (R765C) were used along with guide RNAs and Cas9
protein complex for pronuclear microinjection (All gRNA and donor DNA sequences were
listed in Table S1). The pups were genotyped and screened by Sanger sequencing (Eurofins,
Inc). The entire Cninap cDNAs from each mouse mutant were fully sequenced to ensure no
additional mutation/s were created in the Cninap1 gene.

LoxP-stop-LoxP-Cntnapl transgenic mice: To generate an inducible tissue-specific
overexpression of wild-type Cntnap1, we first generated LoxP-Stop-LoxP-Cntnap1Fé9. This
construct was linearized with the Nhel enzyme and micro-injected into pronuclei. The
offspring were screened by using the primers in the Cninap1 locus that differentiated

the endogenous Cnitnap1 from the transgenic Cnitnapl. This mouse strain is referred to

as LSL-Cntnapl. LSL-Cntnap was then crossed with SL/ICK-H-CreERTZ2 (JAX:012708)
to generate SL/CK-H-CreERTZ;LSL-Cntnapl mice. To enable the expression of the
Cninapl transgene in neurons, tamoxifen (MP Biomedicals) at 1 mg/uL was delivered

by intraperitoneal (i.p.) injections for 5 consecutive days at postnatal (P)-21 at a dose

of 1 mg/12.5 g body weight. At the time of experiments, age-matched control, SL/CK-H-
CreERTZ2;LSL-Cntnapl, C324R/-and R765C/-and a combination of appropriate genotype
littermates were evaluated by electrophysiological, immunohistochemical, biochemical, and
ultrastructural techniques. All animal experiments were performed according to NIH, and
Institutional Animal Care and Use Committee approved guidelines for the ethical treatment
of laboratory animals at the University of Texas Health Science Center, San Antonio.

METHOD DETAILS

DNA constructs and cell transfections

Wild-type mouse Cninapl cDNA plasmid was purchased from OriGene (MR223061); and
Contactin cDNA cloning plasmid was obtained from SinoBiological (China) (MG50933-
CF). Cntnapl C324R or R765C mutant forms were generated by using a QuikChange
site-directed mutagenesis kit (Stratagene, CA). All DNA primers used are listed in Table
S2. The presence of TGC>CGC (for C324R) or CGC>TGC (for R765C) mutations in
Cntnapl and the full Cntnap1 cDNA were verified by full coding sequence sequencing
(Eurofins Genomics LLC). HEK cells for Cntnapl expression were obtained from ATCC
and maintained in a humid 5% CO,, 37°C incubator with high glucose DMEM containing
10% fetal bovine serum (FBS) and antibiotics. DNA constructs were transiently transfected
into HEK cells using Lipofectamine 2000 (Invitrogen) 24 h after plating of the cells on 60-
mm dishes (collecting cells for western blotting) or 4-chamber slides (for immunostaining).
Then, the cells were ready for downstream experiments 4872 h after transfection.8

Antibodies and other reagents

All chemicals and reagents were purchased from Sigma-Aldrich unless otherwise specified.
All antibodies used in this study are listed in the Key resources table. Conjugated-secondary
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antibodies for immunostaining (Alexa Fluor 488, 568, 647) were purchased from Invitrogen
(USA).

Rotarod test

Motor function performance was assessed using the Rotarod apparatus (Ugo Basile) (Steele

etal., 1998). At least 6 mice per genotype and both male and female mice were included for
motor performance studies. Mice were trained on the Rotarod apparatus at 5 RPM for 5 min

for three consecutive days. For testing, the speed was gradually accelerated to 25 RPM or 35
RPM over 2 min. Latency to fall was recorded for each trial. Each mouse went through three
trials. Results are shown as a mean of the three trials +SEM.

Beam-walking test

This test was used for the assessment of fine motor coordination, particularly of the
hindlimb. Firstly, animals were placed on a round beam (50 cm long, 1.5 cm diameter)

that is secured over a tray and allowed to walk across the beam from one end to the other for
at least three times. This training step can be useful to achieve a stable baseline measurement
(see the videos attached). The time taken to cross the beam was recorded for each trial.

Tissue preparation and immunostaining

Animals were anesthetized with i.p. injection of Avertin (400 mg/kg mouse body weight)
and transcardially perfused with phosphate-buffered saline (PBS) (pH 7.2—7.4). The cervical
region of the spinal cord (SC) was dissected and postfixed in 4% paraformaldehyde (PFA)
overnight at 4°C and then immersed in 30% sucrose in 0.1M phosphate buffer until they
settled to the bottom. The tissue was rinsed several times in PBS and frozen in Tissue-Tek
O.C.T. Compound (Sakura Finetek USA, Inc). Longitudinal 20 pm sections for SCs were
cut with a cryostat (Leica), mounted on slides, and processed for immunostaining. For

the peripheral nerves, proximal sciatic nerves (SNs) were dissected out from anesthetized
animals, fixed in 4% PFA for 30 min, washed in PBS and teased into individual nerve
fibers, dried overnight at room temperature, and stored at —80°C. Samples received primary
antibodies at room temp overnight, followed by washing and secondary antibodies for 1 h at
room temperature,*11.68.69

Chemical labeling of surface proteins in HEK cells

The expression of plasma membrane proteins on HEK cells was analyzed with cell surface
protein extraction kit. Briefly, Sulfo-NHS-SS-Biotin was first dissolved in 0.1% DMSO in
PBS. Forty-eight hours after transfection, HEK cells were washed three times with PBS
(with CaZ* and Mg2*) and then treated with 2 mM Sulfo-NHS-SS-Biotin/PBS for 30 min
at 4°C. The cells were then collected in chilled lysis buffer containing protease inhibitors
and kept on ice for 1 h. The total protein concentration was determined by MicroBCA kit
(Pierce), and equal amounts of total protein were mixed with Streptavidin beads for 1 h at
room temperature. Biotinylated proteins were eluted from Streptavidin beads using 100 pL
of eluate buffer after 3x washes with washing buffer. The eluted sample was immunoblotted
by anti-Cntnapl, and anti-Contactin antibodies. Anti-EGFP or GAPDH were served as a
surface protein marker or loading control.
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Image analysis

Confocal images were acquired with a Zeiss LSM 710 Microscope.11:70 Briefly, identical
settings were used to capture images from the control and all mutant samples, and

the images shown are maximal-intensity projections from 5 to 8 Z-stacks with 0.25-um
intervals. For the quantification of nodal intensities, z stack images were used to quantify
intensities for each genotype, and a minimum of 50 nodes for each nodal marker per sample
were quantified.

Immunoblotting

SCs and SNs were harvested and stored at —80°C until processed. Tissues were
homogenized using glass mortar and pestle in ice-cold lysis buffer with protease inhibitors
(#A32953, Thermo Scientific). The lysates were incubated for 30 min on ice and then
centrifuged at 10,000 x g for 30 min at 4°C. Supernatants were collected, and protein
concentrations were estimated using a Pierce BCA protein assay Kit (Thermo Scientific).
Equal amounts of protein were resolved by 4-12% SDS-PAGE and transferred onto
nitrocellulose membranes. The membranes were blocked in 10% non-fat dry milk for 1

h followed by incubation with appropriate primary antibodies in TBST overnight at 4°C.
After three-time washes in TBST, membranes were incubated with IR-conjugated secondary
antibodies for 1 h and scanned using Li-COR Odyssey infrared imager. The intensities of
immunoblot bands were quantified using ImageJ software (RRID:SCR_003070; NIH) and
normalized to B-Actin as the loading control.

In vivo nerve conduction recordings

Animals were anesthetized by continuous isoflurane (5% aerosolized) for /in vivo Nerve
Conduction Velocity (NCV) recordings using a Nicolet Teca Synergy system (Natus
Neurology Inc., Middleton, WI). In order to maintain body temperature to 33°C-34°C
during recordings, a warming lamp was kept above mice. NCVs and amplitudes were
recorded from the tail and SN of anesthetized mice.”%.71 For SN recording, two separate
recordings were made in the dorsum of the foot with a stimulus first given at the ankle
(0.02ms, 2mA) and secondly at the sciatic notch (0.02ms, 8mA). Once traces were acquired,
NCV was calculated by the distance divided by the latency and amplitude was measured

as the height of the peak. For sciatic NCV, the distance between the notch and ankle was
divided by the latency between the notch and ankle.

Transmission electron microscopy

For transmission electron microscopy (TEM), all tissue were processed using freshly
prepared solutions on the day of perfusion.”%:72 In brief, animals were anesthetized

and transcardially perfused with normal saline followed by 2.5%glutaraldehyde/4%
paraformaldehyde EM fixative (dissolved in 0.16 M NaH,P0O4/0.11M NaOH buffer, pH
7.2-7.4) for 30 min. After perfusion, entire mouse carcasses were post-fixed for at least 1
week in the same EM fixative. SNs, SCs were dissected out and incubated overnight in 0.1M
sodium cacodylate buffer followed by incubation in 2% OsO, solution and gradient ethanol
dehydration. Samples were incubated in propylene oxide, left in 100% PolyBed resin for 36
h and embedded in flat molds at 55°C for 36 h. After embedding, the molds were processed
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and imaged on a JEOL 1230 electron microscope at the UTHSCSA Electron Microscopy
Lab. TEM Images were analyzed by ImageJ software (NIH).

g-ratios of myelinated axons

The g-ratios of SNs and SCs myelinated fibers from TEM images were measured by
MyelTracer software.#> At least 20 images per animal taken at 5600x magnification were
used for the g-ratio measurement using at least 150 axons in 3 independent mice for each
genotype. The g-ratio was measured as the ratio of the inner axonal radius to the outer fiber
radius with the myelin sheath.

Co-immunoprecipitation assay

Mouse brains were homogenized in IP lysis buffer (50 mM TrisHCI pH 7.4, 150 mM NacCl,
1% NP-40, 1 mM EDTA, 5% glycerol with proteinase inhibitors).1® Nuclei and cell debris
were removed by low-speed centrifugation (3,000 x g for 10 min at 4°C). The supernatants
were centrifuged at 400,000 x g for 60 min at 4°C to obtain the microsomal membrane
protein fraction. The membrane pellets were solubilized in Triton X-100 lysis buffer (50 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 1% Triton x-100, 5 mM EDTA). After clearing at 10,000 x
g for 15min, the membrane fraction supernatants were incubated with desired antibody and
Protein A/G beads (Santa Cruz, sc-2003) overnight mixing at 4°C. The beads were washed
three times with Trion X-100 lysis buffer the next day, and all binding proteins were eluted
with 2x SDS PAGE sample buffer. The membrane input and eluted fractions were subjected
to immunoblotting assays.

For in vitro cell experiments, total cell lysates were prepared in IP lysis buffer as
described above and only cleaned at 13,000 x g for 30 min at 4°C. Then, the supernatant
was incubated with desired antibody and Protein A/G beads overnight and processed as
described for brain tissues.

QUANTIFICATION AND STATISTICAL ANALYSIS

For immunostaining, tissues were processed from 3 mice per group per time point, then 50—
70 nodes from PNS and CNS were quantified per animal. For immunoblotting, tissues were
processed and quantified from 3 mice per group at the terminal time point. For ultrastructure
analyses, tissues were processed from 3 mice per group, and for each mouse, a minimum of
200 axons for SN and SC were imaged. Data measurements and analysis were performed by
one examiner in a non-blinded manner. All data are presented as mean + S.E.M. n represents
the number of animals (unless otherwise stated statistically significant differences between
control and mutant groups were determined by 1- or two-way ANOVA with Tukey’s post
hoc test using GraphPad Prism software and are represented by *p < 0.05; **p < 0.01; ***p
<0.001, ****p < 0.0001. All p values are provided in the Table S3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Mouse models of human CNTNAPI mutations display deficits in nerve
conduction motor function

Cntnapl C324R and R765C mutants show hypomyelination and paranodal
ultrastructural defects

Cntnapl C324R and R765C proteins have diminished stability and are
retained in neuronal soma

Neuronal Cntnapl expression rescues neurological deficits, opening avenues
for gene therapy
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Figure 1. Generation of Cntnapl mouse mutants carrying human CNTNAP1 mutations and their
phenotypic analysis

(A) Schematic of Cntnapl protein and the approximate locations of amino acid changes.
(B) Sequence alignment of the Cntnapl protein showing high conservation of Cys324 and
Arg765 across multiple species.

(C) Genomic DNA sequences from wild-type controls and Cninapl mutants.

(D) Body weights at postnatal day 40.

(E) Immunoblots showing expression of Cntnapl in the CNS (spinal cords). p-actin was
used as loading control.

(F) Quantification of relative protein band intensities for Cntnapl in the CNS.
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(G) Quantification of relative mMRNA expression for Cntnap1 in the CNS.

(H-K) Immunostaining of sciatic nerves. Scale bar: 5 um.

(L and M) Measurement of relative fluorescence intensity and distribution of Cntnapl at the
paranodes in the sciatic nerves.

(N-Q) Immunostaining of spinal cords. Scale bar: 5 pm.

(R and S) Measurement of relative fluorescence intensity and distribution of Cntnapl at

the paranodes in the spinal cords. Data are represented as the mean + SEM of three to six
biological replicates.
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Figure 2. Cntnap1©324R/~ and Cntnap1R765C/~ mutants display severe motor disability and
decline in nerve conduction properties

(A and B) Beam walking motor coordination performance.

(C and D) Motor learning ability as measured by rotarod test.

(E-L) Representative electrical impulse traces from P20 sciatic nerves (E) showing
amplitude, velocity, and latency (F-H, respectively) and ankle (I) showing amplitude,
velocity, and latency (J-L, respectively). Data are represented as the mean = SEM of five
biological replicates.
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Figure 3. Cntnap1C324R/' and Cntnap1R765C/' mutants display hypomyelination and loss of the
paranodal axo-glial junctions
(A-D) Transmission electron microscopy (TEM) images of cross-sections from P21 spinal

cords.

(E-H) TEM of cross-sections from P21 sciatic nerves.

(I'and J) Morphometric analysis measuring the g-ratios of myelinated axons (1, spinal cords;
J, sciatic nerves).

(K-M) TEM images of longitudinal sections of P21 spinal cords at the level of the paranodal
region showing axo-glial junctions.

(N-P) TEM images of longitudinal sections of P21 sciatic nerves. White arrowheads in (K)
and (N) indicate distinct ladder-like septate junctions between myelin loops. White arrows
in (L), (M), (O), and (P) indicate lack of axo-glial septate junctions in the CNS and PNS
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myelinated axons. Scale bars: 2 um (A-H) and 0.2 um (K-P). Data are represented as the
mean + SEM of three biological replicates.
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Figure 4. Neuronal expression of the wild-type Cntnapl7ggg}e progressively restores axonal

R

domain organization in Cntnap1C324R/_ and Cntnapl

~ mutant myelinated axons

(A) Schematic representation of the generation of LoxP-Stop-LoxP (LSL) Cntnap1FLAG

transgenic mice.

(B) Representative immunoblots showing expression of FLAG-tagged Cntnapl

(Cntnap1FLAG) in the spinal cords. B-actin was used as a loading control.
(C) Immunostaining of sciatic nerves. Scale bar: 10 pm.
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(D and E) Representative immunoblots showing expression of Cntnap1F-AC in spinal cord
tissues at 2 or 7 weeks after tamoxifen injection. p-actin was used as loading control. The
relative protein intensities are quantified in (E).

(F-K) Immunostaining of sciatic nerves (F—H) or spinal cords (I-K) from 7gEx;C324R/-
mice at 2 weeks (G, J) or 7 weeks (H, K) after tamoxifen injection. Scale bar: 5 um.

(L and M) The relative fluorescence quantification of Cntnapl in both the CNS and PNS.
(N and O) Representative immunoblots showing the expression of Cntnap1FLAG in the
spinal cords from 7gEx,R765C/—mice at 2 or 7 weeks after tamoxifen injection. The
relative protein intensities of Cntnapl are quantified in (O).

(P-U) Immunostaining of sciatic nerves (P-R) or spinal cords (S-U) from TgEx;R765C/-
mice at 2 weeks (Q, T) or 7 weeks (R, U) after tamoxifen injection. Scale bar: 5 um.

(V and W) The relative fluorescence quantification of Cntnapl in both the CNS and PNS.
Data are represented as the mean + SEM of three to six biological replicates.
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Figure 5. Neuronal expression of the wild-type Cntnapl restores myelination and paranodal
axo-glial junctions in C324R/- and R765C/— mutants

(A-C) 7 weeks after tamoxifen injection, TEM of cross-sections from the spinal cords.
(D) Morphometric analysis showing g-ratios of spinal cord myelinated axons.

(E-G) 7 weeks after tamoxifen injection, TEM of cross-sections from the sciatic nerves.
(H) Morphometric analysis showing g-ratios of sciatic nerve myelinated axons.

(I'and J) TEM images of longitudinal sections of spinal cords at the level of the paranodes
from 7-week-post-tamoxifen-injection TgEx,C324R/- (1) and TgEX;R765C/~ (J). Black
arrowheads point to paranodal septa.
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(K and L) TEM images of longitudinal sections of sciatic nerves at the level of

the paranodes from 7 weeks post tamoxifen injection from TgEx,;C324R/~- (K) and
TgEX;R765C/- (L). Black arrowheads point to paranodal septa.

(M-P) TEM images of longitudinal sections of spinal cords and sciatic nerves. Black
arrowheads point to paranodal septa, and black arrows point to everted loops. Scale bars:
(A-G) 2 um; (I-L) 0.2 pm; (M-P) 0.4 um. Data are represented as the mean + SEM of three
biological replicates.
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Figure 6. Early neuronal expression of Cntnapl completely rescues deficits in C324R/- and

R765C/— mutants
(A) Schematic outline of the experimental strategy.

(B) Body weight at 2 and 7 weeks after P5 tamoxifen injecti

on.

(C) Distance traveled on the beam at 2 or 7 weeks after P5 tamoxifen injection.
(D) Rotarod assay at 2 or 7 weeks after P5 tamoxifen injection.
(E-J) Immunostaining of sciatic nerves (E-G) or spinal cords (H-J) from 7gEx,C324R/-

mice at 2 weeks (G, J) or 7 weeks (H, K) after P5 tamoxifen

injection. Scale bar: 5 um.

(K and L) The relative fluorescence quantification of Cntnapl in both the CNS and PNS.
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(M-R) Immunostaining of sciatic nerves (M-0) or spinal cords (P-R) from 7gEx,R765C/-
mice at 2 weeks (N, Q) or 7 weeks (O, R) after P5 tamoxifen injection. Scale bar: 5 um.

(S and T) The relative fluorescence quantification of Cntnapl in both the CNS and PNS.
Data are represented as the mean + SEM of three to six biological replicates.
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Figure 7. Cntnap1C324R and CntnaplR765C mutant proteins remain in the neuronal soma and
show reduced binding with contactin

(A-D) Immunostaining of spinal cord cross-sections. Scale bar: 5 pm.

(E) Schematic showing protein domains in Cntnapl and Contactin.

(F) Co-immunoprecipitation from spinal cord lysates.

(G-I) Representative immunostaining images of Cntnapl and Contactin co-staining in live
non-permeable co-transfected HEK cells. Scale bar: 5 pm.

(J) Co-immunoprecipitation of Cntnapl and Contactin from HEK cells.

(K) Cell surface/membrane expression of Cntnapl and Contactin in HEK cells.
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(L-N) Cell surface/membrane expression of Cntnapl (WT) or mutant C324R or R765C in
HEK cells co-transfected with cDNAs for Cntnapl (WT) or Cntnapl mutants and Contactin.
EGFR was used as the cell surface protein marker, and GAPDH was used as negative control
for cell surface expression. Data are represented as the mean + SEM of three independent
experiments.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-Cntnap1 Bhat et al.4 N/A

Guinea Pig anti-Cntnap1 Bhat et al.4 N/A

Rat anti- NFCT Pillai et al.” N/A

Guinea Pig anti- NF186 Thaxton et al.10 N/A

Rabbit anti- IV Spectrin Saifetiarova et al.1? N/A

Rabbit anti-AnkG Saifetiarova et al.12 N/A

Rabbit anti-Neurofascin155

Mouse anti- pan NaV Channels

Mouse anti- KV1.2
Mouse anti-NeuN
Mouse anti-B-actin
Rabbit anti-Flag
Mouse anti-Flag

Rabbit anti-Contactin-Fc

Cell Signaling Tech.
Sigma-Aldrich
NeuroMab
Sigma-Aldrich
Sigma-Aldrich

Cell Signaling Tech.
Sigma-Aldrich

Generously provided by the laboratory of Dr. James L. Salzer

Cat# 15035, RRID:AB_2798693
Cat# S8809, RRID:AB_477552
Cat# K14/16, RRID:AB_2877295
Cat# MAB377, RRID:AB_2298772
Cat# A2228, RRID:AB_476697
Cat# 14793, RRID:AB_2572291
Cat# F-1804, RRID:AB_262044
N/A

DNA constructs

Mouse Cntnapl ORF clone OriGene, USA MR223061
Mouse Cntnapl %247 clone This manuscript N/A
Mouse Cntnl ORF clone SinoBiological, China MG50933-CF
Mouse Cntnapl #76°C clone This manuscript N/A
LSL-GAG-Cntnap1Flag This manuscript N/A
Mouse lines

Cntnapl KO mice Bhat et al.4 N/A
Cntnap1©32*R mice This manuscript N/A
Cntnap1R765C mice This manuscript N/A
LSL-Cntnap1Flag This manuscript N/A

Slick-H-CreERT?

Jackson Laboratory

RRID:IMSR_JAX:012708

Software

ImageJ NIH

Graphpad Prism 9.0 Dotmatics

MyelTracer Kaiser et al.*® N/A
Commercial kits

Cell Surface Protein Isolation Kit  Pierce™ at ThermoFisher Cat# 89881
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