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Abstract

Christianson syndrome (CS), an X-linked neurological disorder characterized by postnatal
attenuation of brain growth (postnatal microcephaly), is caused by mutations in SLCIA6 (also
termed NVHEB), the gene encoding endosomal Na*/H* exchanger 6 (NHEB). To hasten treatment
development, we established CS patient-derived induced pluripotent stem cell (iPSC) lines
representing a mutational spectrum, as well as biologically related and isogenic control lines. We
demonstrated that pathogenic mutations lead to loss of protein function by a variety of
mechanisms: the majority of mutations caused loss of mMRNA due to nonsense-mediated mMRNA
decay; however, a recurrent, missense mutation (the G383D mutation) had both loss-of-function
and dominant-negative activities. Regardless of mutation, all patient-derived neurons demonstrated
reduced neurite growth and arborization, likely underlying diminished postnatal brain growth in
patients. Phenotype rescue strategies showed mutation-specific responses: a gene transfer strategy
was effective in nonsense mutations, but not in the G383D mutation, wherein residual protein
appeared to interfere with rescue. In contrast, application of exogenous trophic factors (BDNF or
IGF-1) rescued arborization phenotypes across all mutations. These results may guide treatment
development in CS, including gene therapy strategies wherein our data suggest that response to
treatment may be dictated by the class of mutation.

One Sentence Summary:

Neurons from patient-derived iPSCs demonstrate mutation-specific responses to potential
therapeutic strategies for Christianson syndrome.

Introduction

Christianson syndrome (CS) is an X-linked neurological disorder characterized by impaired
cognitive development and epilepsy, with a distinctive social communication phenotype (1,
2). CS is caused by diverse mutations in SLC9A6 (also termed NHEBG), the gene encoding
the endosomal Na*/H* exchanger 6 (NHESG) (2, 3). Given the social phenotype, which
includes a happy demeanor and autistic features, and the presentation of seizures and
postnatal microcephaly, CS was originally termed X-linked Angelman syndrome (AS) (3).
Postnatal microcephaly (as opposed to primary microcephaly) is diagnosed when children
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are born with typical head circumference yet undergo subsequent attenuation of the expected
brain growth in the first years of life (4). The human brain increases in size by
approximately two- to three-fold in the first years of life, coincident with the emergence of
experience-dependent acquisition of brain function and behavior. Thereby, study of human
genetic disorders with postnatal microcephaly, such as CS or AS, may allow for the
identification of mechanisms involved in early childhood brain development, including those
governing cognitive, motor, and social development (4). As neurogenesis is largely complete
in human brain prior to birth, postnatal microcephaly genes often regulate later
neurodevelopmental processes involved in neuronal connectivity such as neuronal
axonogenesis, axonal and dendritic arborization, and synaptic development.

Endosomes play an important role in the development of neuronal connectivity via a range
of mechanisms, including by their involvement in the trafficking, recycling, and degradation
of cargo, as well as by serving in endosomal signaling (5, 6). In particular, neurotrophin
signaling, such as through the brain-derived neurotrophic factor (BDNF)/tropomyosin
receptor kinase B (TrkB) pathway, represents the classically studied endosomal signaling
mechanism essential for neurite outgrowth and arborization (5). Tight regulation of intra-
endosomal proton concentration serves an essential role in endosome maturation and
function (7). The vacuolar H*-ATPase (V-ATPase) is a pump that mediates acidification of
endosomes and lysosomes. The endosomal NHEs (particularly NHE6 and NHE9) allow
proton efflux and counter the V-ATPase by regulating relative alkalization of the lumen (8).
Loss of NHES6 in primary mouse neurons revealed a unique endosomal phenotype, namely,
over-acidification of the endosome lumen (9). Reduced endosomal pH in developing NHE6-
null neurons was associated with attenuation of BDNF signaling via TrkB and diminished
neuronal arborization in vitro and in vivo. Exogenous addition of BDNF to NHE6-null
murine cultures rescued the arborization defect, consistent with the previously shown pH-
dependent decrease in ligand-receptor binding (10).

Given the disease burden experienced by people with CS, we sought to develop an induced
pluripotent stem cell (iPSC) system that could be utilized to study the cellular mechanisms
of CS in human neurons, as well as serve for therapeutic development. In CS, a majority of
mutations are nonsense mutations or strong splice mutations; however, additional mutations
representing missense or in-frame amino acid deletions have also been reported (2, 3).
Patient-derived iPSCs offer the opportunity to dissect mechanisms mediated by specific
human mutations from the endogenous genomic locus. As has been well demonstrated
recently for therapeutic development for cystic fibrosis, specific patient mutations show
evidence of mutation-specific responses to treatments (11). Given our prior data on BDNF,
one rescue strategy examined here is the exogenous, or cell-non-autonomous, addition of
trophic factors. Such factors might include not only BDNF but also insulin-like growth
factor-1 (IGF-1). BDNF and IGF-1 have demonstrated activity on neurite growth and
arborization (12), and further still, IGF-1 is in clinical trials for other neurodevelopmental
disorders with postnatal microcephaly and/or autistic features (for example, NCT01970345,
NCTO01525901; clinicaltrials.gov). We also examined a rescue strategy involving re-
expression of NHEG via transfection of human NHE6 cDNA into mutant neurons. This
therapeutic strategy may be pursued through gene therapy or perhaps through upregulation
of the related endosomal NHE9 in patients with CS.
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In this study, we present a substantial iPSC resource that we have developed to study CS
disease mechanisms and therapeutic responses. This resource includes a series of pathogenic
mutations, as well as genetically related controls and isogenic controls. We utilized this
resource to determine specific action of mutations in patient-derived neurons, as well as
distinct mutation-specific responses to rescue strategies. Whereas exogenous addition of
BDNF or IGF-1 to patient neurons rescued neuronal phenotypes regardless of patient
mutation, gene transfer strategies showed successful rescue in a fashion that is dependent on
the nature of the mutation.

A majority of CS mutations lead to loss of protein through nonsense-mediated decay
(NMD) mechanisms

In order to establish a patient-derived cellular model for translational research in CS, we
reprogrammed peripheral blood mononuclear cells (PBMCs) from five families into iPSCs.
The cells from the affected child each contained a distinct mutation in NHE6 (13) (Table 1).
A majority of NHE6 mutations in CS appear to be loss-of-function, such as putatively
protein-truncating due to early frameshift, nonsense, or splicing mutations, whereas several
missense or in-frame deletions have also been reported, likely with residual protein (2, 3).
Our iPSC collection included a mutational series of four distinct frameshift/nonsense
mutations and one recurrent missense mutation in NHES, the latter of which we
hypothesized could also affect mRNA splicing. These mutations are as follows: Family 1, a
single base pair duplication in exon 11 leading to a frameshift and premature stop codon
between predicted transmembrane domains (TM) 10 and 11 (c.1414dupA, p.R472fsX4);
Family 2, a nonsense mutation in exon 12 in predicted TM12 (c.1568G>A, p.W523X);
Family 3, a missense mutation at the first base pair of exon 9 in predicted TM8 (c.1148G>A,
p.G383D); Family 4, an eight base pair duplication in exon 3 leading to a frameshift and
premature stop codon in predicted TM4 (c.540_547dupAGAAGTAT, p.F183fsX1); and
Family 5, a nonsense mutation in exon 14 located in the cytoplasmic tail (c.1710G>A,
p.W570X) (2) (Fig. 1A; Table 1; and figs. S1 and S2). iPSCs were also derived from each
proband’s genetically related, non-carrier male sibling for use as a paired control. Control
and CS iPSCs had similar morphologies to human embryonic stem cells (hESCs), expressed
endogenous pluripotency markers, had normal karyotypes, formed embryoid bodies in vitro,
and formed teratomas in vivo, thereby demonstrating successful reprogramming (table S1
and figs. S3 to S10).

To determine the effects of the pathogenic mutations on NHEG6 gene and protein expression,
we conducted mMRNA and western blot analyses of representative mutations and subclonal
lines. In all four of the putative protein-truncating nonsense mutations, we found NHE6
MRNA to be absent. These MRNA results were corroborated using two distinct methods:
northern blot (Fig. 1B and fig. S11) and NanoString nCounter (Fig. 1C). These results are
most consistent with a loss of MRNA by nonsense-mediated decay (NMD).

To test if NHE6 mRNA is degraded by NMD, we treated iPSCs with cycloheximide (CHX),
which prevents NMD by inhibiting translation and thereby interfering with recognition of a
premature stop codon. Upon CHX treatment, the NVHEG transcript was recovered in CS lines
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with these nonsense mutations (Fig. 1, B and C). Notably, the NHE6 missense mutation
G383D behaved differently than the nonsense mutations. The NHE6 mRNA transcript in
cells with the missense mutation was not absent but instead was reduced to 58% + 18.4% of
control amounts by northern blot analysis and to 56.4% + 4.7% by NanoString nCounter
analysis. However, the amount of transcript was recoverable with CHX treatment to 77.9% +
6.4% of control amounts, suggesting some component of NMD (Fig. 1, B and C). Because
CHX may have broad effects beyond blocking NMD, we conducted additional controls. To
further implicate NMD as the cause for loss of NHE6 mRNA in mutant lines, we targeted
NMD using specific siRNA targeting of NMD factors UPF1 and UPF3 (14, 15) (Fig. 1D).
Again, we observed a strong recovery of NHE6 mRNA after siRNA-mediated reduction of
NMD factors. Alone, reduction of UPFI showed the strongest result, whereas combination
SiRNA against UPFI and UPF3showed additive effects on recovery of NHE6 mRNA (Fig.
1E).

Loss of MRNA in the nonsense/frameshift mutations was associated with an apparent
complete loss of protein. Using western blot on NHE6 immunoprecipitates, NHE6 protein
appeared to be absent in all CS lines carrying nonsense/frameshift mutations (Fig. 2, A and
B). Therefore, these results establish that the majority of CS mutations, namely those
leading to nonsense mutations, are likely to cause disease by a loss-of-function mechanism
involving NMD. The results further indicate that truncated NHE®6 proteins are unlikely to be
translated in large quantities.

The missense G383D mutation demonstrates complex effects on mRNA splicing and on
protein coding

We have previously reported a patient with a de novo ¢.1148G>A (p.G383D) mutation (2).
Through international ascertainment of patients, we have identified a second unrelated
pedigree with this same mutation presented here (see Supplementary Materials for details on
patients); therefore, we have now determined this mutation to be recurrent in patients with
CS. The NHES®6 gene and protein in cells with the missense mutation G383D behaved
differently than the nonsense mutations. By contrast to nonsense mutations, the amount of
NHES® protein in the G383D cells was decreased, but NHEG6 protein was not entirely absent.
Relative to control, NHE6 G383D protein in cells was 20.7% + 4.7% (NHE6 monomer) and
3.1% + 1.1% (NHES6 dimer) (Fig. 2C). The reduction in amount of detectable NHE6 protein
was more prominent for the dimer as compared to the monomer, such that the proportion of
available monomer (reflected by monomer to dimer ratio) was substantially elevated in the
G383D cells compared to control cells (Fig. 2C).

In addition to creating a missense coding change, the G383D mutation occurs at the first
base pair of exon 9 and therefore directly adjacent to the 3’ splice acceptor site (fig. S1). We
predicted that this mutation may disrupt splicing, namely, skipping of exon 9 and splicing of
exon 8 to exon 10, thereby leading to a frameshift and premature stop codon two codons
downstream of the exon 8/10 junction. RT-PCR and sequencing of cDNA from iPSCs with
the G383D mutation revealed the presence of an alternative splicing event generated by
skipping of exon 9 (Fig. 2D). Therefore, two mRNAs are produced: one with exon skipping
leading to a nonsense mutation (subject to NMD, as supported by transcript recovery in the
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presence of CHX, which reduces the amount of mRNA in these cells); and a second mMRNA
encoding for a protein product with the G383D missense mutation.

With regard to the G383D mutation, through use of structural modeling of the protein, we
investigated whether this missense mutation was predicted to affect protein structure. We
constructed a homology model of NHEG6 based on the crystal structure of the Escherichia
coliNa*/H* exchanger NhaA (16), which was previously used to model other members of
the SLC9 family (17). Consurf analysis, which calculates the rate of evolution at each amino
acid based on phylogenetic relations between homologous sequences, showed the highest
conservation score for the G383 residue (Fig. 2E). (See also fig. S12 for sequence
comparisons demonstrating conservation of the G383 residue across NHE homologs.) The
NHES structural model showed that, similar to other membrane proteins, hydrophobic
residues are located in the TM (transmembrane domains), whereas polar residues are located
in loops (Fig. 2F); these results increased our confidence in the model. The model predicted
that the G383 residue is positioned toward the endosomal end of NHEG6 facing the core of
the transporter on TM8. This domain has been proposed to function in the regulation of ion
transport mediated by NHE family members (18). Mutation of this nonpolar glycine residue
to an acidic aspartate residue is therefore likely to impact the transporter’s structure by
disrupting helix packing between TM7 and TM8. Modeling of the G383D variant suggested
that this residue may also disrupt the transporter structure by forming a hydrogen bond with
N166 on TM2 (Fig. 2G). Alternatively, the G383D variant could form a salt-bridge with
R500 on TM11, thereby stabilizing the inward open NHE6 conformation (Fig. 2G). Taken
together, structural modeling suggests that the G383D mutation hampers the structure and
dynamics of TM of NHESG, negatively affecting ion transport. In summary, the G383D
mutation is predicted to be loss-of-function by complex mechanisms, including defects in
splicing and a protein missense mutation. The residual mutant protein product is predicted to
have impaired transport based on structural analyses.

Postnatal microcephaly is associated with defects in neuronal arborization in patient-
derived neurons and is not attributable to differences in proliferation or cell death

Postnatal microcephaly, such as observed in patients with CS, may result from deficiencies
of neuronal arborization in the neocortex, as opposed to differences in progenitor cell
proliferation; in contrast, primary microcephaly generally occurs as a result of defects in
cortical progenitor neurogenesis, cell fate determination, or cell death pathways (4). To
investigate the potential mechanisms of postnatal microcephaly in CS, we differentiated CS
and control iPSCs to an excitatory cortical neuronal fate using a monolayer differentiation
protocol involving dual SMAD inhibition (19) (fig. S13). Our differentiation protocol
demonstrated robust downregulation of stem cell genes and upregulation of neuronal genes
in iPSC-derived neurons (figs. S14 and S15).

In order to examine the possibility that differences in neuronal progenitor proliferation, cell
fate determination, or cell death could contribute to CS-associated microcephaly, CS and
control neuronal cultures were examined using immunocytochemistry and RNA expression
profiling. By immunocytochemistry, CS and control neuronal cultures had comparable
percentages of cells expressing markers for neuronal progenitors (PAX6), neurons (MAP2),
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and deep-layer cortical projection neurons (TBR1, CTIP2) (fig. S14). We further examined
the cell fate of CS and control neuronal cultures using our NanoString-based panel of
MRNAs related to neuronal cell fate determination (data file S1 and fig. S15). Upon
neuronal differentiation, iPSC-derived neurons upregulated neuronal genes and
downregulated stem cell fate genes (data files S2 to S4). Further, in differential gene
expression studies, which were performed using iPSCs or iPSC-derived neurons, we found
neurons from both genotypes to express comparable and high amounts of neuronal
progenitor, neuronal, and cortical markers, and very low amounts of mesodermal,
endodermal, glial, and midbrain markers (figs. S15 to S21, table S2, and data files S2 to S5).
Therefore, these analyses demonstrate that cortical cell fate determination in these cultures
does not appear to be affected by NHE6 mutations in patient-derived cells. We also ruled out
differences in neuronal cell proliferation or cell death between CS and control iPSC-derived
neurons. The number of mitotically cycling cells positive for Ki67 was not statistically
different between CS and control cultures at day 35 after neuronal induction (fig. S22).
Similarly, there was no difference in the number of apoptotic cells between CS and control
neuronal cultures (fig. S22). We conclude that mechanisms frequently involved in primary
microcephaly such as alterations in cell fate determination, progenitor cell proliferation, or
cell death are unlikely to contribute to CS-associated secondary or postnatal microcephaly.

Reduced neuronal arborization may contribute to postnatal microcephaly in CS, particularly
in light of our data above showing no differences in cell proliferation or death. In prior
studies in NHE6-null mice, we identified abnormalities in neuronal arborization both in vitro
and in vivo (9). Therefore, to expand on our prior findings in mouse but now in neurons
from patients, we examined neurite outgrowth and arborization in neurons differentiated
from iPSCs from patients with CS. Across all CS mutations examined, using a variety of
different approaches, we saw prominent defects reflecting abnormal neurite growth and
arborization in CS. We conducted time-lapse live-imaging analysis of CS neurons plated on
laminin stripes (Fig. 3A). The neurons adhered along the laminin stripes and extended and
retracted their neurites. We found decreases in the elongation rates and retraction rates, in
comparison to their respective controls, for specific CS lines (Fig. 3B). Additionally, using
Sholl analysis on GFP-transfected neurons to assess arborization, we observed strong
defects in arborization in CS neurons regardless of the CS mutation studied (Fig. 3, C and D,
and fig. S23). Taken together, these data from live imaging and Sholl analysis suggest that
defects in arborization might underlie phenotypes of patients with CS such as postnatal
microcephaly.

Gene transfer leads to cell-autonomous rescue of neuronal arborization in patient neurons
with nonsense mutations but not in neurons with the missense mutation

Using Sholl analysis to assess arborization, we observed strong reductions in neuronal
arborization regardless of the CS mutation studied (Fig. 3D). However, with regard to rescue
of these defects using cDNA transfection in patient-derived neurons, cells with nonsense
mutations behaved alike to each other, but differently from the cells with the G383D
missense/splice mutation. For these studies, we transfected CS and control neurons with a
single construct encoding for GFP or with a construct encoding for GFP together with a
construct encoding for full-length NHE6 tagged with HA (Fig. 3C). Expression of NHE6-
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HA by gene transfer led to prominent, cell-autonomous rescue of arbor complexity (by Sholl
analysis) in neurons with nonsense mutations; however, rescue completely failed in neurons
from the patient with the complex missense/splice mutation, G383D (Fig. 3D and fig. S23).

G383D missense mutant protein has both loss-of-function and dominant-negative

properties

The ability to rescue patient-derived neurons with nonsense mutations by way of expression
of wild-type NHES, but the failure to rescue arborization in G383D-mutant neurons with the
same strategy suggests that the residual endogenously expressed NHE6 G383D protein may
exert a dominant-negative function. We hypothesized that the mechanism may be potentially
through formation of non-functional heterodimers with exogenously expressed NHE6. This
is an important question with regard to therapy because if residual, non-functioning protein
is active as a dominant-negative in this class of CS mutations, then gene therapy strategies
will probably not be a feasible approach in these patients.

To assess the functional properties of G383D protein, we next tested the ability of G383D
mutant protein to alkalinize endosomes, an established function of endosomal NHEs. For
these studies, we generated a CRISPR (clustered regularly interspaced short palindromic
repeats)/Cas9 genome-edited HEK293T cell line wherein deleterious mutations were
induced in NHE6 and in which we observed a decrease in endosomal pH relative to control
(fig. S24). Exogenous expression of wild-type NHE6 in NHE6-null HEK293T cells resulted
in an alkalization of endosomes, as compared to untransfected NHE6-null HEK293T cells.
However, exogenous expression of NHE6 G383D in NHE6-null HEK293T cells did not
alkalinize endosomes (Fig. 4A). These results indicate that the G383D missense protein fails
to function appropriately in cation exchange, consistent with loss-of-function predictions by
the structural modeling (Fig. 2G). Co-expression of NHE6 G383D together with wild-type
NHES inhibited the ability of exogenously expressed wild-type NHES to alkalinize
endosomes (Fig. 4A).

To dissect the biochemical mechanism of the dominant-negative activity exerted by the
G383D protein, we investigated if the G383D protein could form heterodimers with wild-
type NHES protein in HEK293T cells. We found that exogenously expressed G383D protein
could form homodimers with itself, as well as heterodimers with exogenously expressed
wild-type NHES protein (Fig. 4, B and C). Using super-resolution structured illumination
microscopy (srSIM) in cells expressing exogenous wild-type NHE6 or G383D-mutant
NHES, the cellular localization of G383D protein was altered relative to control. Control
protein showed a strong co-localization with fluorescent-conjugated transferrin in early
endosomes, whereas G383D-mutant NHEG6 protein demonstrated minimal co-localization
with transferrin-positive early endosomes (Fig. 4, D and E). In summary, we find that the
NHE6 G383D mutant does not function in the alkalization of endosomes, reflecting the loss-
of-function nature of this mutation. In addition, our dimerization and pH studies also
demonstrate that the G383D-mutant protein functions as a dominant-negative, potentially by
inhibiting the wild-type NHES protein function upon formation of (non-functional)
heterodimers.
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Patient neurons exhibit rescue of neuronal arborization by exogenous trophic factor
treatment (BDNF or IGF-1) regardless of mutation

Herein, we have established a substantial cellular resource that may be used in cell-based
assays for pre-clinical development of therapeutics. In addition to a gene therapy strategy,
we considered two alternative strategies for cell rescue that might serve as potential CS
treatments: 1) agents that alkalinize the early endosome, such as quinolines (such as,
chloroquine), weak bases, or V-ATPase inhibitors; and 2) growth factors such as BDNF,
which we have shown to have efficacy in NHE6-null primary mouse cultures (9). To assess
the premise for studying agents that alkalinize the endosome, we conducted extensive
studies of intra-endosomal pH across all available subclonal lines derived from patients with
CS using two methods: ratiometric analysis of cells following endocytosis of pH-sensitive
and pH-insensitive fluorescent conjugates of transferrin; and ratiometric analysis of cells
expressing vesicle-associated membrane protein 3 (VAMP3)-pHluorin2. In the context of
either method, we identified decreases in intra-endosomal pH that were recoverable by
correction of the mutation using CRISPR/Cas9 (Fig. 5A-C and figs. S25 to S27). (See
Supplementary Materials and Methods and figs. S25 to S31 for detailed methods and
additional results on intra-endosomal pH studies, including studies in patient-derived lines,
and in lines in which NHE6 mutations have been induced in a founder cell line.) However,
we did observe variability in the strength of the effect of over-acidification of the endosome
across different families. Some families showed strong effects, whereas other families did
not show a phenotype of endosome over-acidification (figs. S27 to S29). Given this
variability, we did not pursue the alkalinizing agents further as a rescue strategy.

We next tested the extent to which neuronal arborization could be restored in patient-derived
neurons pharmacologically through treatment with exogenous BDNF or IGF-1. We tested
these two growth factors as proof-of-principle molecules, as we have previously shown that
BDNF signaling via TrkB is diminished and the related arborization defects may be rescued
by exogenous application of excess BDNF (9). Further still, IGF-1 is also a trophic factor
that augments neurite growth, and this agent is currently in clinical trials for a number of
neurodevelopmental disorders (20, 21).

When CS and control neurons were treated for three days with exogenous addition of either
BDNF or IGF-1, we observed substantial rescue of the arborization defect in all family lines
tested, regardless of mutation (Fig. 6, A and B). Treatment with BDNF or IGF-1 increased
the mean length per neurite as well as the number of branchpoints per neurite in all CS lines
tested, as compared to untreated CS neurons (Fig. 6B). Therefore, neurite morphology
defects in CS cultures may be restored by exogenous trophic factor treatment. Together,
these results suggest that independent exposure to BDNF or IGF-1 can rescue the neuronal
arborization phenotype in CS neurons and that these growth factor treatments warrant
further exploration in existing animal models and other pre-clinical studies. Unlike the gene
transfer experiments above, these exogenous trophic factors demonstrate efficacy in vitro
across patient-derived neurons with diverse mutations.
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Discussion

Despite increasing CS diagnoses in the clinic, much remains to be understood concerning
the pathogenesis of CS, and there are currently no specific treatments. The generation of
iPSCs derived from patients with CS presents a new opportunity to study the pathogenesis of
CS and to develop treatment strategies. In this study, we examined the properties of patient-
derived neurons that underlie deficits in circuit development as well as two rescue strategies.
We show that human neurons derived from patients with CS have reduced complexity of
neuronal arbors regardless of the nature of the mutation. These deficits in neuronal growth
and arborization may underlie the postnatal microcephaly reported in CS (2). We also
demonstrate that the neuronal arborization defect could be rescued by expression of wild-
type NHES® in cells with an NHE6 nonsense mutation and loss of protein due to NMD;
however, cells from a patient with residual, non-functional NHE6 protein, namely cells from
a patient with the recurrent G383D missense mutation, could not be rescued. We further
provide biochemical evidence that residual, non-functional G383D protein can act as a
dominant-negative through heterodimerization with the exogenously added wild-type
protein. By contrast, the neuronal arborization defect could be rescued in vitro by exogenous
addition of BDNF or IGF-1 regardless of mutation.

Our analyses of iPSCs from patients with CS spanning a series of mutations demonstrate at
least two mechanistic classes of mutations. The majority of known mutations in patients
with CS (Class 1 mutations) are predicted to be loss-of-function based on disruption of
coding through introduction of nonsense mutations (2). Loss-of-function mutations by way
of splicing mutations are also common and may act similarly, yielding complete loss of
protein. We show here through measurement of mMRNA expression in patient-derived cells,
including in human neurons, that the mRNA is absent in CS cells, consistent with nonsense-
mediated mRNA decay. We implicate NMD directly through recovery of mRNA after
inhibition of NMD by CHX or siRNA-mediated reduction in expression of different
components of the NMD machinery.

Our studies also examine the G383D mutation in depth as a model of a second class of
mutations wherein residual, non-functional protein remains (Class 2 mutations). We
demonstrate here that the G383D mutation is recurrent in CS, as we herein report two
families with this mutation (Supplementary Materials). In patient cells, we show that this
mutation has complex effects on mRNA and protein coding: First, we find that the G to A
mutation at the first base of exon 9 leads to exon skipping and production of an mRNA with
a nonsense mutation that is recoverable with CHX treatment. We estimate that this
mechanism reduces mMRNA amounts by approximately 50% compared to control. Second,
importantly, this mutation leads to residual protein with the G383D mutation, which is
predicted to perturb exchanger function based on our structural predictions. We also find that
this residual protein appears to alter the cellular distribution of NHES6, with mutant NHE6
exhibiting reduced co-localization to transferrin-positive endosomes. Finally, we find that
the G383D protein can heterodimerize with wild-type NHEG6 protein. The G383D protein
cannot function in the alkalization of endosomes, and when co-expressed with wild-type
NHES protein, the G383D protein can interfere with wild-type NHEG6 function in the
alkalization of endosomes. Thereby, this G383D mutation represents a distinct class of

Sci Transl Med. Author manuscript; available in PMC 2021 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lizarraga et al.

Page 11

NHE6 mutations wherein the mutation has both loss-of-function properties and also
dominant-negative properties through residual expression of a mutant protein. At this time
there are several published examples of mutations in patients with CS that might fit this
second class of NHE6 mutations wherein residual dominant-interfering protein is likely
(22).

The fact that CS has distinct mechanistic classes of pathogenic mutations has critical
therapeutic importance. Our data show mutation-specific responses to treatments with regard
to gene transfer using DNA transfection. Neurons with nonsense mutations in NHE6 exhibit
clear rescue of arborization phenotypes via cDNA transfer; however, cells expressing the
G383D missense mutation fail to be rescued by this strategy. This result indicates that gene
therapy based in gene transfer strategies is unlikely to be effective in patients with mutations
of this class with residual protein. Mutation-specific mechanisms of treatment response may
well be more the rule than the exception in genetic disease, as has been studied in depth in
cystic fibrosis (11). However, exogenous treatments of CS neurons with growth factors such
as BDNF or IGF-1 rescue arborization defects regardless of the mutation class. BDNF
agonists have been subject to efforts in pre-clinical studies of neurological disease with
mixed results (23). Alternatively, IGF-1 has been shown recently to be a potential therapy
for the autism-associated syndromes Rett syndrome and Phelan-McDermid syndrome. Pre-
clinical studies in Rett syndrome showed that treatment of iPSC-derived neurons with IGF-1
increased numbers of glutamatergic synapses (24). Furthermore, treatment of a Rett
syndrome mouse model with IGF-1 rescued brain size, synapse density, and excitatory
synapse transmission to control values (25). In a phase I clinical trial for IGF-1 in Rett
syndrome, patients showed improvement in symptoms of anxiety and breathing difficulty
(20). In addition, IGF-1 treatment of iPSC-derived neurons from Phelan-McDermid
syndrome patients improved deficits in mature excitatory synapses, as compared to controls
(26). A preliminary clinical trial of IGF-1 in Phelan-McDermid syndrome showed
improvement of social withdrawal and restricted behaviors (21). Additionally, a phase Il
clinical trial for IGF-1 is in progress with respect to a potential treatment for autism
spectrum disorder (NCT01970345), and phase 1l trials have been completed with respect to
the use of an IGF-1 analog (NNZ-2566) as a potential treatment for Fragile X syndrome
(NCT01894958) and Rett syndrome (NCT02715115). Careful attention assessing the
efficacy of IGF-1 in these other disorders may have relevance to therapeutic development in
CS. Additionally, further research into efficacy of IGF-1 treatment may also be warranted in
CS mouse models in vivo.

Results of our study of intra-endosomal pH across a diverse range of patient-derived and
induced (through genome editing) mutations also provide new insights into the function of
NHES6 as an endosomal proton/cation exchanger. Prior data from our laboratory and others
have demonstrated reductions in organellar luminal pH in the context of NHE6 mutation or
deficiency in inbred, laboratory strains in mouse (9) and in immortalized, mammalian cell
lines (27, 28). A similar phenotype is observed upon Nhx1 mutation in yeast (17, 29). Here
we observed the predictable responses, that is, elevation of endosomal pH with correction of
the NHE6 mutation using CRISPR/Cas9; however, using patient-derived lines, compared to
biologically related controls from human populations, we observed a range in the strength of
the effect on intra-endosomal pH. There may be several explanations for this, among them
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are that cells in culture undergo genetic changes that compensate for the effect of the NHE6
mutation. In addition, it is possible that there is more redundancy or induction of
compensatory mechanisms in some lines as compared to others, given the wide range in
background genomic variation in these human lines. Our transcriptome data support a link
between loss of NHE6 and potential compensatory changes in expression of V-ATPase genes
(figs. S19 to S21, table S2, and data files S2 to S5), thereby further implicating a role for
NHES in cross-membrane proton transport.

Although it is likely that mutation of NHEG affects proton leak, the defective mechanisms
may also involve protein functions that are not best exemplified by measurable changes in
proton concentration within the endosome lumen. At the same time, the defects observed in
neuronal development, such as in arborization, do not appear to clearly correlate with the
strength of the effects on acidification of the endosome lumen. Overall, the weight of the
data here suggests that NHEG6 also functions in a process yet to be determined (not
apparently attributable solely to alterations in intra-endosomal pH) that perturbs neuronal
development. These results also might have therapeutic relevance, as they raise the question
as to whether alkalinizing agents (such as V-ATPase inhibitors or weak bases) will be
effective in treating CS. In developing potential alternative treatments, in this description of
this new iPSC resource, we demonstrated that there are distinct mutational classes in CS
and, further, that these classes need to be considered carefully as we embark on studies of
treatment development. Our data indicate that CS mutations with residual protein are
unlikely to respond to gene transfer strategies, whereas growth factor treatments may
represent a more fruitful approach to treatments.

Through the results of our studies described here, we present merits and potentially some
limitations in using iPSC systems. Our studies have examined highly penetrant pathogenic
mutations, yet there remains variation in the prominence of some cellular phenotypes likely
due to modulation by background genetic variation. Other limitations of this study include
that our experiments are in vitro, and that the iPSC-derived neurons represent early
embryonic differentiating neurons. Further still, we have examined only one neuron type,
excitatory neurons, in monolayer cultures. In the future, cellular phenotypes in distinct
neural cell types, as well as in more complex tissue models such as organoids, may be
examined. Also, moving forward, successful rescue strategies presented here would be
ideally corroborated in animal studies in vivo.

Finally, a major strength of our study is the establishment and validation of these iPSC
resources for the study of cellular mechanisms of disease and pre-clinical drug development
in CS. Our resource, which will be widely shared, in part through the National Institute of
Mental Health (NIMH) Repository and Genomics Resource (Study 200), has established
patient-derived cells with both related (unaffected brother) and isogenic (from mutation
correction) controls, as well as induced mutations in a normal male founder iPSC line and in
HEK?293T cells. An important strength of these iPSC systems is the access to multiple
human mutations, which are often hard to model in the genome of experimental animals. As
we have done here, this sort of patient cell resource permits in depth study of the
consequences of disease-causing mutations and potential rescue strategies in this cellular
context.
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Materials and Methods

Study design

Statistics

The objective of the current study was to identify the underlying cellular and molecular
mechanisms associated with mutations in NHE6 (encoded by SLC9A6) in patients with CS
and to establish rescue of cellular phenotypes. To generate iPSCs, peripheral blood was
obtained from five different patients with CS and from unaffected genetically related
brothers. CS status was defined as the presence of a pathogenic NHE6 mutation, and
families were recruited sequentially, wherein a patient with CS and a non-carrier brother
were present, from our CS study described previously (2). Commercially available human
iPSCs derived from fibroblasts of a healthy male were also obtained, and NHE6 mutations
were induced in these cells using CRISPR/Cas9-based genome editing. A similar approach
was also used to induce NHEG mutations in the HEK293T cell line. The Institutional Review
Boards (IRBs) at Brown University and Lifespan Healthcare approved all human subjects
research protocols. The study involved controlled laboratory experiments and
bioinformatics-based analyses. We determined cellular (neuronal arborization, endosomal
acidification, cell death, and cell fate) and molecular (changes in gene expression)
phenotypes and tested potential rescue strategies using patient-derived iPSCs or iPSC-
derived neurons. Some assays were also performed in cells (iPSCs or cultured cells) that had
undergone CRISPR/Cas9-based genome editing to induce or correct NHE6E mutations.
Samples were chosen and allocated based on genotype. Statistical design and analyses were
guided by a study statistician (R.N.J.) (see Statistics section). Experiments were replicated at
minimum three times across multiple subclonal lines from the various patient-derived and
control iPSC lines. Different numbers of replicates were used for experiments as specified in
the figure legends. Multiple distinct family mutations and different subclonal lines were
used, and orthogonal experimental approaches were taken. For studies in which analysis of
cellular phenotype using microscopy images was performed, such as neuronal arborization
and neurite outgrowth studies, the analyzer was blinded as to the genotype. See the Materials
and Methods section in the Supplementary Materials for more detailed methods. Also, see
data files S6 and S7 for primary data for main text and supplemental figures, respectively, in
which experiments had an 77< 20.

Statistical tests used in comparing data have been indicated in the legends to figures. Unless
otherwise indicated, unpaired Student’s ftests were used to compare data. Cell proliferation
and cell death, neurite elongation and retraction, and neurite length and branching were
compared using two-tailed Welch’s ttests. Analysis of Sholl data was performed using two-
way ANOVA followed by Bonferroni correction for multiple comparisons. NanoString gene
expression differences were tested for significance with two-tailed Welch’s #tests followed
by Benjamini-Yekutieli FDR adjustment. Fold changes with an adjusted P-value < 0.05 were
considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Analysis of NHEG6 gene expression in iPSCs from patients with NHE6 mutations and from
related controls.

(A) iPSCs were derived from five patients with CS and from their genetically related,
unaffected brothers without NHE6 mutation as controls. Shown is a schematic of the NHE6
protein with the predicted locations of the proband mutations, based on NHEG6 transcript
NM_001042537. NHE6 TM were predicted by the transmembrane hidden Markov model
(TMHMM) (30) for Ensembl transcript ENST00000370695 and protein ENSP00000359729
(31). (B) NHE6 mRNA expression in control and CS iPSCs was quantified based on
northern blots. Northern blotting was performed using samples from CS and control iPSCs
treated (+) or untreated (-) with CHX. Expression of NHE6 mRNA was normalized to
GAPDH and plotted as a percentage of untreated control cells. 7= 3 experiments. (See fig.
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S11 for northern blots of Families 4 and 5, and data file S7 for mMRNA expression
quantification data.) (C) NHE6 mRNA expression in control and CS iPSCs was quantified
based on NanoString data. RNA samples collected from CS and paired control iPSCs treated
(+) or untreated () with CHX were analyzed using a customized NanoString platform.
Expression of NHE6 mRNA was normalized to hybridization controls and to a set of
housekeeping genes: B2M, GAPDH, GUSB, HPRT1, RPL13a, RPL27, POLRZA (left
panel). Fold change in NHE6 mRNA expression, in the presence or absence of CHX
treatment, was quantified for each CS and paired control iPSC (right panel). 7= 15 samples
per group (3 replicate wells from each of 5 control lines with or without CHX treatment and
3 replicate wells from each of 5 CS lines with or without CHX treatment). (D) UPF1 and
UPF3 mRNA expression in CS iPSCs from Family 1 treated with a control set of scrambled
siRNA oligonucleotides or siRNA oligonucleotides targeting UPF genes was quantified.
Following siRNA treatment, expression of UPF1 and UPF3 mRNA was determined using a
customized NanoString platform (left panel). Western blotting was performed using
antibodies against UPF1 (top) to test for knockdown of UPFI and against tubulin (bottom)
as a loading control (right panel). Shown is a representative blot using control and CS
samples from Family 2. (E) NHE6 mRNA expression in CS iPSCs from Family 1 treated
with a control set of scrambled siRNA oligonucleotides or siRNA oligonucleotides targeting
UPF genes was quantified. Following siRNA treatment, expression of NHE6 mMRNA was
determined using a customized NanoString platform (left panel). NHE6 mRNA was
normalized to hybridization controls and to a set of housekeeping genes: B2M, GAPDH,
HPRT1, RPL13a, POLRZ2A. Fold change in NHE6 mRNA expression after knockdown of
UPF1, UPF3, or UPF1+ UPF3was quantified. Shown are results for samples from Family 1
CS iPSCs (right panel). n= 4 replicates. Data represent means £ SEM. Unpaired Student’s ¢
tests were used. * £< 0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Fig. 2. Analysis of protein expression of pathogenic NHE6 mutations and additional study of the
complex alternative splicing and missense mutation G383D.

(A) Western blotting was performed to determine NHEG protein expression in control and
CS iPSCs. Lysates of CS and paired control iPSCs from Families 1, 2, 4, and 5 were
immunoprecipitated using a custom-made anti-NHEG6 antibody and subsequently analyzed
by western blot using the same antibody. Blotting against tubulin was used as a loading
control. (B) NHEG6 protein expression, based on western blots such as those presented in (A),
was quantified. The signal from immunoprecipitated NHE6 was normalized to the respective
signal from tubulin and the average signal intensity for the control of Family 1 was set to a
value of 1. n= 3 experiments. (C) Western blotting was performed to determine NHEG6
protein expression specifically in control and CS iPSCs from Family 3 (left panel). Samples

Sci Transl Med. Author manuscript; available in PMC 2021 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lizarraga et al.

Page 21

were prepared and analyzed as described for panel (A). Amounts of NHE®6 protein monomer
and dimer in CS and paired control samples from Family 3 were quantified and the
monomer:dimer ratios determined (middle and right panels). The signal from
immunoprecipitated NHE6 was normalized to the respective signal from tubulin; the data
are plotted as a percent of control. 7= 7 experiments. (D) The G383D mutation generates an
alternative transcript by exon skipping. RT-PCR was performed on cDNA collected from
iPSCs treated or untreated with CHX. The resulting bands were sequenced and revealed the
presence of an alternative splicing event in which exon 9 was skipped. The red asterisk in the
diagram indicates the approximate location of the ¢.1148G>A/p.G383D mutation. (E)
Conservation of NHEG6 protein was analyzed using ConSurf. Shown are variable and
conserved regions (turquoise through maroon) mapped onto the NHE® structural model. (F)
Hydrophobicity analysis of the NHE6 structural model was performed. Hydrophobic
(orange) residues are located in TM, whereas hydrophilic (blue) residues are located in loop
regions. (G) The protein structure of wild-type (WT) and G383D-mutant NHE6 was
modeled. The model of NHE®G predicts that the G383D mutation disrupts helix packing
between TM8 and TM2, possibly due to hydrogen bonding of D383 with N166 and loss of
an interaction between N166 and E377 (insets, dotted lines). Alternatively, the G383D
variant could form a salt-bridge with R500 on TM11 (lower inset, dotted line). Data
represent means = SEM. Unpaired Student’s ftests were used (B and C). ** P< 0.01, ****
P<0.0001.
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Fig. 3. Rescue of deficitsin neuronal arborization by re-expression of NHE6 in CSlineswith
frameshift or nonsense mutations but not in the CS missense mutation line.

(A) Neurite outgrowth dynamics were monitored in iPSC-derived neurons. Time-lapse
images of iPSC-derived neurons plated on laminin-striped coverslips were acquired using
\olocity software at four XY positions every 5 min for 12 hr. Representative images are
shown from the CS and paired control lines for Family 3, G383D. Tracings of neurites are
shown in purple and cyan for the control line to demonstrate tracking of different neurites.
Scale bars, 20 um. (B) The rates of neurite elongation and retraction were measured using
ImageJ software for the first 2 hr. Control Family 1: 7= 17 cells/ 32 neurites/ 841
measurements; Family 1, R472fsX4: n= 13 cells/ 25 neurites/ 875 measurements; Control
Family 2: n=12 cells/ 15 neurites/ 635 measurements; Family 2, W523X: 7= 8 cells/ 9
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neurites/ 724 measurements; Control Family 3: /7= 28 cells/ 55 neurites/ 827 measurements;
Family 3, G383D: =52 cells/ 126 neurites/ 2,163 measurements; Control Family 4: n=8
cells/ 17 neurites/ 622 measurements; and Family 4, F183fsX1: n=9 cells/ 13 neurites/ 708
measurements. (C) Representative images reflective of each condition of gene transfection
experiments are shown from Family 1, R472fsX4. iPSC-derived neurons were transfected
with a construct encoding for GFP alone or with two constructs together encoding for GFP +
full-length human NHE6-HA and analyzed after 5 days. Scale bars, 20 ym. (D) Sholl
analysis of control iPSC-derived neurons (black lines), CS iPSC-derived neurons (magenta
lines), and CS iPSC-derived neurons transfected with a construct encoding for NHE6-HA
(cyan lines) was performed. The average number of neurite intersections with Sholl radii
was plotted as a function of distance from the soma for each condition. 7= 20-25 cells per
condition. Data represent means £ SEM. Welch’s ttests (B) and two-way ANOVA followed
by Bonferroni correction for multiple comparisons (D) were used. * £< 0.045, ** < 0.008,
*** P<0.00008 (B). * P<0.05, ** P<0.01, *** P<0.0001, **** P< 0.00001 (D).
Magenta asterisks denote significance when comparing CS to control cells. Cyan asterisks
denote significance when comparing CS to CS cells transfected with a construct encoding
for NHEG-HA.
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Fig. 4. Loss-of-function and dominant-negative activity of NHE6 G383D mutation in regulation
of intra-endosomal pH, and mislocalization in cells.

(A) The ability of NHE6 G383D-mutant protein to rescue endosomal pH defects in NHEG-
null HEK293T cells was determined. Endosomal pH was assayed using a transferrin-based
method in which cells were incubated with pH-sensitive and pH-insensitive fluorescent
conjugates of transferrin and then analyzed by flow cytometry. Endosomal pH was measured
in wild-type HEK293T cells (WT) (black font), HEK293T cells lacking NHE6 by way of
gene editing (NHE6-null) (black font), and HEK293T cells lacking NHE®6 but expressing
mCherry-tagged WT (red font) and/or G383D-mutant NHEG6 (red font). Data are presented
as a bar graph (top) and as individual data points wherein each dot represents the average of
three replicates from one independent experiment (bottom). /7= 3 experiments. (B) Lysates
from HEK293T cells expressing HA- or GFP-tagged forms of NHES, as indicated, were
immunoprecipitated using an anti-HA antibody and subsequently analyzed by western blot
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using antibodies against GFP (top panel) and HA (middle panel). Protein input was
determined by western blot of lysates that had not undergone immunoprecipitation for HA-
tagged protein using an antibody against GFP (bottom panel). (C) The relative amount of
immunoprecipitated NHEG6 dimer was quantified based on results shown in panel (B). (D)
HeLa cells expressing HA-tagged WT or G383D-mutant NHE6 were incubated with Alexa
Fluor 568-conjugated transferrin (red) for 10 min and subsequently immunostained for HA
(green) and imaged using srSIM. Arrows (white) in the magnified images indicate areas of
co-localization between transferrin and NHE6 in endosomes. Scale bars, 5 um. (E) Co-
localization of NHE6 WT protein vs. NHE6 G383D-mutant protein with transferrin was
quantified using ImageJ, and a Mander’s coefficient was determined. Data represent means
+ SEM. Unpaired Student’s ftests were used. * £<0.05, ** < 0.01, *** £<0.001.
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Fig. 5. Correction of endosomal pH defectsin genome-edited CSiPSCs.
(A) Western blotting was performed to confirm expression of NHEG protein in CS iPSCs

that had undergone genome editing to correct the R472fsX4 mutation. Lysates of paired
control, CS, and genome-corrected iPSCs from Family 1 were immunoprecipitated using a
custom-made anti-NHE®6 antibody and subsequently analyzed by western blot using the
same antibody. Blotting against tubulin was used as a loading control. (B and C) Whether
correction of the NHE6 R472fsX4 mutation might rescue endosomal pH defects present in
mutant iPSCs was determined. Endosomal pH was assayed using two different ratiometric
methods, a transferrin-based method (B) and a VAMP3-pHluorin2-based method (C). For
the transferrin-based method, cells were incubated with pH-sensitive and pH-insensitive
fluorescent conjugates of transferrin and then analyzed by flow cytometry. For the VAMP3-
pHIluorin2-based method, cells were transfected with a construct allowing for expression of
VAMP3-pHIuorin2 and then analyzed by flow cytometry. Endosomal pH was measured in
paired control, R472fsX4-mutant, and genome-corrected iPSCs. Data are presented as
individual data points wherein each dot represents a technical replicate. 7= 3 experiments.
Data represent means + SEM. Unpaired Student’s ¢tests were used. * < 0.05, ** £<0.01,
***x Pp<0.0001.
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Fig. 6. Rescue of deficienciesin neuronal arborization, regardless of mutation type, by BDNF or
IGF-1 treatment.

(A) Immunostaining of control and CS iPSC-derived neurons left untreated or treated with
BDNF or IGF-1 was performed for MAP2 (red), a marker of dendrites, and TAU (green), a
marker of axons. Nuclei were labelled using DAPI (blue). Representative images are shown
from the CS and paired control lines for Family 2, W523X. Scale bar, 50 pm. (B) The
recovery of deficiencies in neuronal arborization present in CS iPSC-derived neurons by
way of growth factor treatment was quantified. Average length (top panels) and number of
branchpoints per neurite (bottom panels) were measured using Neurolucida tracing software
for control and CS iPSC-derived neurons left untreated (UNT) or treated with BDNF or
IGF-1 (IGF). Neurites stained with either MAP2 or TAU were analyzed; no distinction was
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made between dendrites or axons during measurements. Control Family 1: 7= 18 (UNT), 35
(BDNF), 26 (IGF) neurites; Family 1, R472fsX4: n= 24 (UNT),19 (BDNF), 36 (IGF)
neurites; Control Family 2: n= 54 (UNT), 48 (BDNF), 28 (IGF) neurites; Family 2, W523X:
n=53 (UNT), 37 (BDNF), 37 (IGF) neurites; Control Family 3: 7=30 (UNT), 35 (BDNF),
32 (IGF) neurites; and Family 3, G383D: 7= 32 (UNT), 31 (BDNF), 35 (IGF) neurites. Data
represent means + SEM. Welch’s ztests were used. * £< 0.05, ** P< 0.005, *** P<
0.0005.
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iPSC resourcesfor study of CS.
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Resources include: 1) iPSCs derived from five families with distinct mutations in NHE6, including paired
patient and biologically related, non-carrier, unaffected male siblings (Family 1-5); 2) isogenic CS and
genome-corrected iPSC lines (Isogenic Pair 1); and 3) isogenic control and NHE6 induced-mutation iPSC
lines (Isogenic Pair 2). Mutations in NHEG are listed based on Ensembl transcript ENST00000370695. TM
were predicted using TMHMM based on ENSP00000359729.

Patient-derived iPSCs

Family  Disease status

NHE6 mutation

Location of mutation

1 Cs ¢.1414dupA, p.R472fsX4 Exon 11, Loop between TM10 + 11
Unaffected brother Y/i+ -

2 CS €.1568G>A, p.W523X Exon 12, TM12
Unaffected brother Y/i+ -

3 CS €.1148G>A, p.G383D Exon 9, TM8
Unaffected brother Y/i+ -

4 CS ¢.540_547dupAGAAGTAT, p.F183fsX1 Exon 3, TM4
Unaffected brother Y/i+ -

5 CS ¢.1710G>A, p.W570X Exon 14, cytosolic tail
Unaffected brother Y/i+ -

Genome-edited iPSCs

Pair Genotype NHEG mutation Location of mutation

1 CS (Family 1) ¢.1414dupA, p.R472fsX4 Exon 11, Loop between TM10 + 11
Isogenic corrected c.[1404T>A; 1407T>C; 1408T>C; 1410G>A,; 1413T>A], p. Mutation corrected (+ silent mutations)

(L468=; N469=; L470=; G471=)
2 Control line Y/+ (2 clones) -

NHEG induced mutations

€.346_424del, p.L116YfsX3 (4 clones) Exon 2, TM3
€.343_424del, p.V115YfsX3 Exon 2, TM3
€.[336_352del; 423_427del], p.G113WfsX7 Exon 2, TM3
.345_424del, p.L116TfsX5 Exon 2, TM3

Sci Transl Med. Author manuscript; available in PMC 2021 August 10.




	Abstract
	One Sentence Summary:
	Introduction
	Results
	A majority of CS mutations lead to loss of protein through nonsense-mediated decay (NMD) mechanisms
	The missense G383D mutation demonstrates complex effects on mRNA splicing and on protein coding
	Postnatal microcephaly is associated with defects in neuronal arborization in patient-derived neurons and is not attributable to differences in proliferation or cell death
	Gene transfer leads to cell-autonomous rescue of neuronal arborization in patient neurons with nonsense mutations but not in neurons with the missense mutation
	G383D missense mutant protein has both loss-of-function and dominant-negative properties
	Patient neurons exhibit rescue of neuronal arborization by exogenous trophic factor treatment (BDNF or IGF-1) regardless of mutation

	Discussion
	Materials and Methods
	Study design
	Statistics

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table 1.

