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Figure 1  Christianson syndrome-associated NHE6 mutations. A total of 31 unique NHE6 mutations were identified in 44 CS male probands across 37
families. Pathogenic NHE6 mutations include: Frameshift and/or nonsense (n=15, cyan or orange), deleterious missense (n=4, black), splice (n=9), CNVs
(n=2, green) and one that removes the first methionine residue. Out of CS pedigrees with known inheritance (78%, 29 out of 37 families), 55% were
inherited (16 out of 29 pedigrees) and 45% were de novo (13 out of 29 pedigrees). A total of 5 mutations were recurrent across multiple pedigrees:
€.899+1delGTAA (mutation 14, 2 pedigrees), c.1024G>A (mutation 16, 2 pedigrees), ¢.1148G>A (mutation 17, 2 pedigrees), ¢.1498C>T (mutation 25, 3
pedigrees) and ¢.1710G>A (mutation 30, 2 pedigrees). The following mRNA isoforms are used: NM_001042537.1, NM_006359, NM_001379110.1 and
NM_001177651. CS, Christianson syndrome; CNVs, copy number variants; TM, transmembrane.

Angelman syndrome diagnosis and Autism Spectrum Disorder
(ASD) diagnosis occurred in 29% and 18% of the current
sample, respectively. ASD diagnosis and prior Angelman diag-
nosis were more common in the older groups, perhaps reflecting
more access to accurate genetic testing in the younger group.
Scoliosis occurred in 39% of participants; two participants had
corrective surgeries for scoliosis between 15 and 20 years of age.

While the core symptoms were relatively stable across age
groups, there were several changes in frequency across ages that
were notable. Absence of phrase speech, ID, ataxia and epilepsy
were always observed in all patients. We found that 80% of the
youngest age group (strictly below our cut-off for core symp-
toms) had microcephaly which elevated to 100% in all older
age groups, reflecting the idea that the microcephaly in CS has
a strong postnatal component (table 3). This variation in head
circumference data reflecting decreases across ages approached
significance (p=0.089). Similarly, 73% of participants had a
high pain threshold in the youngest age group (0-5 years old)
which elevated to above 85% (our cut-off for core symptoms)
in the older age groups therefore, although prevalent in the
youngest age group, high pain threshold may not be considered
a strict core symptom in the youngest age group (table 3). In the
current group, ataxia was present in 82% of participants in the
youngest age group and in 100% of subsequent age groups, again
suggesting that ataxia worsens with age. In line with these obser-
vations, with regard to the ability to walk, 100% of participants
report walking unaided by or before age 5; however, the ability
to walk unaided is lost in approximately 20% of participants
in the 6-16 groups and 30% are reported as not able to walk
unaided in the oldest group (17+ yearsold). Finally, with regard
to hyperkinesis, this core symptom was present in 100% of the
participants in the two younger age groups and 92% and 82% of
the oldest age group suggesting that hyperkinesis does not meet
the cut-off for a core symptom in the oldest age group. Concur-
rent with these data, we observe that the hyperactivity subscale
scores on the ABC are most severe in the younger groups and

less prominent in the oldest group (table 2), although this does
not reach statistical significance.

There were statistically significant differences across devel-
opmental groups for some reported symptoms or phenotypic
features that are particularly notable. There were significant
group differences in the rate of current constipation, prior
history of regression, adaptive function (including social,
communication and daily living subscores) and number of
hospitalisations (p<0.05). Each of these experiences were
most common in the adult group (table 2). Importantly, 100%
of participants in the oldest age group reported notable prob-
lems with constipation (p=0.002). With regard to regres-
sion, reports of any regression at some point in their lifetime
increased significantly with age from toddlers (30%), children
(4490), adolescents (50%) and adults (90%) (p=0.047). With
regard to adaptive functioning, age-normed Vineland scores
appeared stable in toddlers and children, and then dropped in
the adolescent group and again in the adult group (p<0.001
for communication, p<0.001 social and daily living, and
p<0.0005 for adaptive functioning). While not representing
a statistically significant difference across groups (p=0.305),
it is notable that the highest level of inability to walk is expe-
rienced in the adult group at approximately 30% (table 2).

Longitudinal assessment of growth and physical stature
across the lifespan in CS

Adult patients with CS have been described as having a thin
body habitus’; however, systematic analysis of growth in CS
across the lifespan has not been conducted. To study growth
in CS across the lifespan, raw measurements of height and
weight were converted to age-normed percentiles (WHO
growth standards for 0-2years'®; CDC growth curves for
2-20 years') and to z-scores. To model physical stature
across development, we used a linear mixed model (with
random slopes and intercepts) for each variable of interest
(ie, height, weight) with the age of the child as the time
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Table 2  Clinical characteristics of CS males across developmental cohorts

Toddlers Children Adolescents Adults
Total sample  (2.5-5 years; (6—11 years; (12-16 years; (17-32 years;
n (n=44) n=11) n=9) n=13) n=11) Fiy? P value
General
Age at enrolment 44 12.2 (7.1) 44(13) 7.5(1.5) 14 (1.6) 21 (4.1) 106 <0.001
Age at CS diagnosis, M (SD) 44 8.0 (6.6) 3.4(1.5) 4.0(2.2) 7.4 (3.6) 16.5 (7.0) 223 <0.001
Able to walk currently (%) 41 34 (83) 11 (100) 7(78) 9(82) 7 (70) 3.6 0.305
Core symptoms
Intellectual disability 42 42 (100) 11 (100) 9(100) 12 (100) 10 (100) - -
Phrase speech 44 0% 0% 0% 0% 0% - -
Microcephaly 4 39 (95) 8 (80) 9(100) 12 (100) 10 (100) 6.5 0.089
Epilepsy 44 44 (100) 11 (100) 9(100) 12 (100) 10 (100) - -
Ataxia 39 37 (95) 9(82) 8(100) 11(100) 9 (100) 5.4 0.147
Hyperkinesia 43 40 (93) 11(100) 9(100) 11(92) 9(82) 3.7 0.300
High pain tolerance 43 39 (91) 8 (73) 9(100) 12 (100) 10 (91) 6.37 0.095
Secondary symptoms
Autism spectrum disorder 40 7(18) 1(9) 2 (29) 3(25) 1(10) 2 0.574
Prior Angelman diagnosis 42 12 (29) 0(0) 4 (44) 3(25) 5 (50) 7.8 0.050
Unprovoked laughter 42 26 (62) 5 (45) 4 (44) 9 (75) 8 (80) 4.69 0.19
Contractures 39 14 (36) 2 (20) 3(33) 4(36) 5 (56) 2.6 0.451
Visual acuity problems 42 22 (52) 7 (64) 4 (44) 6 (50) 5 (50) 0.84 0.841
Eye movement abnormalities 38 26 (68) 6 (60) 7(78) 10 (83) 3(43) 4.1 0.257
Medical status, n (%)
Swallowing problems 43 19 (44) 5 (45) 2(22) 5 (42) 7 (64) 3.5 0.323
GERD 4 23 (56) 7 (64) 2(22) 7 (58) 7(78) 6.2 0.103
Current constipation 40 22 (55) 6 (55) 3(33) 2(22) 11 (100) 14.6 0.002
Osteopenia 39 2(5) 0(0) 0(0) 1(10) 1(10) 2 0.572
Current sleep problems 43 22 (51) 7 (64) 5 (56) 5 (42) 5 (45) 1.3 0.722
Frequent infections 4 9(22) 2(18) 2(22) 0(0) 5 (50) 7.78 0.051
# of hospitalisations, M (SD) 35 4.4(4.2) 3.1(1.4) 33(33) 3.3(2.6) 7.7 (6.2) 3.01 0.045
Regression
Any regression, n (%) 4 22 (54) 3(30) 4 (44) 6 (50) 9 (90) 7.9 0.047
Age at regression, M (SD) 17 7.2 (6.1) 2.1Q.7) 1.8(1.6) 9.233.2) 11(7.2) 3.76 0.038
Type of regression, n (%)
Social skills 39 4(10) 0(0) 3(33) 0(0) 1(11) 7.6 0.055
Eating 40 11 (28) 2 (20) 2(22) 3(30) 4(36) 0.87 0.832
Speech 40 9(23) 0(0) 3(33) 1(9) 5 (45) 7.7 0.053
Motor ) 13 (32) 1(10) 3(33) 3(25) 6 (60) 6.1 0.105
Adaptive functioning and behaviour
Irritability (ABC) M (SD) 31 4.7 (6.6) 33(4.7) 9.2 (12) 4.8 (6.1) 3.6 (5.0) 0.972 0.420
Hyperactivity (ABC) M (SD) 27 22 (15) 24 (13) 30 (11) 23 (17) 12 (12) 1.89 0.159
Adaptive functioning (VABS-2) M 31 35(13) 49 (10) 46 (6.9) 28 (2.6) 24 (4.2) 30.82 <0.0005
(SD)
Communication (VABS-2) M (SD) 31 34 (10.6) 46 (11) 42 (5) 30(1.2) 25(3.2) 22.2 <0.001
Social (VABS-2) M (SD) 31 43 (14) 58 (10) 53 (5.8) 36 (4.5) 31 (11) 18.5 <0.001
Daily living (VABS-2) M (SD) 31 35(12) 46 (11) 45 (7.5) 29 (3.4) 24 (2.5) 22.7 <0.001

Italicised domains represent proposed core CS symptoms by age group. Adaptive functioning score from VABS-2 is a composite of the communication, daily living skills,

socialisation and motor skills domain scores.

ABC, Aberrant Behaviour Checklist; CS, Christianson syndrome; GERD, gastroesophageal reflux disease; VABS-2, Vineland Adaptive Behaviour Scales-Second Edition.

basis. The height (n=24) and weight (n=30) obtained at
clinical appointments were analysed via mixed linear model-
ling of age-based percentiles (figure 2). While height and
weight naturally increased with time (figure 2A,B), the
age-normalised weight, i.e., the percentile (n=30; total
data points=116; range=1-12 points per person) linearly
declined over time (slope p<0.001) (figure 2C). Height
percentile (n=24; total data points=81; range=1-11 points
per person) also linearly declined over time (slope p<0.001).

Of note, the predicted intercept for the model at birth was
within normal ranges; however, as shown the model demon-
strates a progressive slower growth in CS relative to normal
growth with age (figure 2). Of relevance to challenges in
growth and nutrition, approximately 30% (13/44) of partic-
ipants had G-tubes placed. Approximately 38%, 23%, 23%
and 15% had their G-tubes placed during ages of 0-5, 6-11,
12-16 or 17 +years of age. Indications for G-tube placement
have been failure to thrive, most often at the younger ages,
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Table 3 Core symptoms of Christianson syndrome by age group

Core symptom  Toddlers Children Adolescents Adults
(>85%) (2.5-5years) (6-11 years) (12-16 years)  (17-32 years)
Non-verbal v v v v
Intellectual v/ 4 4 4
disability

Epilepsy v v v v
Microcephaly v v v
Ataxia v v v
Hyperkinesia v v v

High pain v v v
tolerance

List of core symptoms found in >85% of CS males across the following age groups: toddler
(2.5-5 years), childhood (6-11 years), adolescence (1216 years) and adulthood (17-32
years).

CS, Christianson syndrome.

and inability to eat across all ages, generally related to chal-
lenges with swallowing.

Adaptive, behavioural and motor functioning across the
lifespan

Cross-sectional  findings.  Parent-reported adaptive and
behavioural data were also available for a subsample of the
males (n=27-31). When examining differences across the
cohort by current developmental stage (cross-sectional analysis),
a statistically significant difference across groups was identi-
fied (p<0.0005) in age-normed overall adaptive functioning.
Specifically, older participants had lower age-normed abilities
than younger participants, in that the younger participants had
abilities more similar to their same-aged peers while the abili-
ties of the older participants were further below those of their
same-aged peers (table 2). In further examining across these
cross-sectional age groups, there were no significant differences
between age groups in hyperactivity or irritability at baseline
(table 2; ABC).

Adaptive/motor findings. Importantly, we also conducted a
longitudinal follow-up analysis through investigation of change
in adaptive function in individuals (n=22) at baseline and at
a 1 year follow-up time point. The change in skills between

baseline and follow-up was correlated with age at enrolment.
Results showed that participant age was negatively correlated
with a change in fine motor skills (r=—0.50; p=0.028) and
gross motor skills (r=-0.63; p=0.002; figure 3). Specifi-
cally, 5 of 6 adults (83%) experienced a loss in multiple fine
motor skills such as picking up small objects with thumb
and fingers and moving objects from one hand to the other.
Expressive language and interpersonal skills change were not
significantly correlated with age (figure 3). These longitudinal
studies suggest that older participants are at risk for losing
previously acquired skills, particularly in the motor domain,
which is observable by parents/guardians at a 1year follow-up.
Therefore, these longitudinal studies augment the above cross-
sectional studies.

Neurological examination. Standardised, in-person motor
examination was performed by a board-certified neurologist
(JSL). 12 patients were directly examined (online supplemental
table 2). The cross-sectional direct assessment of patients addi-
tionally supports the interpretation that there is age-related wors-
ening of motor function. Subjects have evidence of cerebellar
dysfunction including tremor and truncal ataxia as evidenced by
wide-based gait. Importantly, also older patients (ie, age 20 and
greater) present with evidence of motor dysfunction with signs
of corticospinal tract, i.e., upper motor neuron damage such
as increased tone, weakness, increased and abnormal reflexes.
Thus, the clinical phenotype includes upper-motor neuron
involvement that emerges particularly in adulthood as well as
cerebellar dysfunction that is also progressive but presents first
in early adulthood.

Participant deaths

Three of the 44 participants in this described cohort died (6.8%)
during the duration of the study. One participant, who also may
have had other contributing genetic mutations, died between 6
and 10 years of age due to complications caused by a worsening
neurological state and increased seizure frequency. The adult
participants died between the ages of 20-25 and 30-335 years in
their homes due to conditions related to infirmity and illnesses
such as pneumonia.
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Figure 2 Changes in height and weight across development. (A) Raw score of height (inches) by age (years) from 24 CS probands spanning <1-19
years. Height increases over time (Pearson’s correlation, R?=0.92). (B) Raw score of weight (pounds) by age (years) from 30 CS probands spanning <1-19
years. Weight increases over time (Pearson’s correlation, R?=0.90). (C) Estimated age-normed height and weight based on liner mixed model analysis. Both
age-normed height (slope p<0.001) and age-normed weight (slope p<0.001) significantly decline over time. Raw height (n=24, total data points=81)

and weight (=30, total data points=116) measurements were converted to age-normed percentiles (WHO growth standards for 0-2years'®; CDC growth
curves for 2-20years') and z-scores. Our linear mixed model (random slopes and intercepts) of age-based percentiles for height and weight modelled

the intercept and age at time point as fixed and random effects, respectively. Covariance parameters for height were large relative to their standard errors
with statistically significant intercept (slope p=0.003), slope (p=0.016) and covariance of intercept and slope (p=0.046). Covariance parameters for weight
were large relative to their standard errors with statistically significant intercept (slope p=0.002), slope (p=0.016) and covariance of intercept and slope
(p=0.023). CS, Christianson syndrome; CDC, Centers for Disease Control and Prevention.
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Figure 3  Changes in motor, language and social functioning as a function of baseline age over a 1year period. Parent-rated changes in gross motor

(A), fine motor (B), expressive language (C) and interpersonal/social functioning (D) from enrolment to 1year follow-up (n=22). Each point represents an
individual proband. Raw score change between enrolment and 1year follow-up is plotted by age at enrolment. Changes in gross (A, R*=0.40, p=0.002)
and fine (B, R?=0.25, p=0.028) motor is significantly correlated with age; older age is associated with greater loss of motor skills over a 1-year period. There
is no association between age and changes in expressive language (C, R?=0.002, p=0.83) or social functioning (D, R?=0.00, p=0.96) over this time span.

Pearson’s correlation.

DISCUSSION

This study represents the largest to date of Christianson
syndrome (CS). This also is the first study to date as part of the
International Christianson Syndrome and NHEG6 (SLC9A6) Gene
Network Study presenting longitudinal follow-up and systematic
study of CS into adulthood. 44 individuals with 31 unique NHE6
mutations, age 2-32 years, were followed prospectively, herein
reporting baseline, 1year follow-up and retrospective natural
history. Among the most prominent results are; first, the large
range of mutations wherein there are some notable new missense
mutations (discussed below); second, we have also defined the
core symptoms of CS and the dynamics of these symptoms across
the lifespan, and also, added a novel and important new core
symptom, namely the high pain threshold that children exhibit,
particularly after age 6; third, we present longitudinal follow-up
data demonstrating that patients with CS do show decrease in
motor function with age; fourth, we present data exhibiting the
challenges in maintenance of a healthy weight and reductions of
body mass index with age; and finally, fifth, in this study through
longitudinal follow-up, we were able to provide important infor-
mation with regard to CS features in adulthood and we begin
to address the question of life expectancy and mortality. This
international CS study has thereby defined future treatment

targets and also provides natural history data of the sort that will
support future clinical trials.

Genetic diversity in CS and genotype—phenotype
relationships

We present 31 unique mutations in 44 affected males with CS.
The vast majority are likely complete LOF mutations, with more
than 80% as frameshift/nonsense, splice (29% of total) or highly
deleterious copy number variants. A minority represent missense
mutations which are also likely LOF; however, further study will
be needed to address this functionally. In the current dataset,
there is no statistical evidence of genotype—phenotype correla-
tions, providing further support that the majority of NHE6 muta-
tions are complete LOF. Prior studies in patient-derived induced
pluripotent stem cells (iPSCs) have demonstrated that nonsense
mutations are subject to nonsense-mediated mRNA decay.'* Of
note, the G383D mutation which has been studied functionally
in iPSCs exhibits some residual protein expression.'* Another
notable finding, in terms of genetic mutations, is that we present
here a patient with the L582P mutation which represents a rare
missense mutation in the cytoplasmic tail of NHE6 that is asso-
ciated with the CS phenotype.

Kavanaugh BG, et al. / Med Genet 2024;61:1031-1039. doi:10.1136/jmg-2024-109973
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Natural history of primary and secondary CS symptoms with
age

Previously established core diagnostic features of CS' were
confirmed including ID (100%), epilepsy (100%), non-verbal/
non-phrase speech (100%), postnatal microcephaly (95%),
ataxia (95%) and hyperkinesia (93%). All families reported a
prior diagnosis of ID and available IQ data are consistent with
the profound to severe range. Conducting rigorous IQ testing
at this level of function is challenging. Where IQ information
was available (n=10) or performed directly by our team (n=35),
IQ estimates ranged from 18 to 40. High pain tolerance, not
previously identified as a core feature of CS, was present in 91%
of probands. Therefore, we support the inclusion of high pain
tolerance as a new core diagnostic feature. Clinicians and care-
givers should be aware of this symptom in order to understand
how people with CS may respond to injury. Overall, with regard
to core symptoms of CS, we show here that there is some evolu-
tion of these symptoms with age such that microcephaly, ataxia
and high pain threshold have lower expression until after age 6.
Notably, this provides further support that the microcephaly in
CS is indeed postnatal microcephaly. Furthermore, hyperkinesia
appears to dissipate with age.

Secondary symptoms of CS' were also highly represented
including GERD (56%), eye movement abnormalities (68%),
prior regression (54%) and prior diagnosis of Angelman
syndrome (29%) and autism (18%). We suspect a prior diagnosis
of Angelman syndrome will become less common in younger
CS males in the future due to advances in genetic testing. No
toddlers were diagnosed with Angelman syndrome. Importantly,
the adult cohort experienced a higher rate of select medical
complications, particularly gastrointestinal symptoms such as
constipation. Adult patients with CS had significantly greater
hospitalisations. Also, importantly, scoliosis occurred in greater
than a third of patients which worsens with age and required
surgery in a subset. In terms of dysmorphology, Dr Christianson
first noted males with prominent straight nose, square prog-
nathic jaw, large ears and sunken eyes.” These features were
found to be somewhat inconsistent, so they are not a focus here.
Also noted is the unilateral inward deviation of the eye with eye
movement abnormalities consistent with Duane anomaly; this
was found in 68% of the current group (table 2) often leading to
surgical correction.’

Challenges in maintaining a healthy weight during growth
and aging in CS

Clinical records were analysed to examine height and weight
growth across development as they represent secondary
CS symptoms.! While probands continued to make raw
score gains in pounds and inches across time, their rate of
growth relative to normative values resulted in a pattern
of decreasing age-normed scores across development for
height and weight. Mixed model results estimated height
and weight to be in the average or typically developing
range at birth. However, height fell to below one SD below
the mean by 7 years and two SDs by 19 years old. Weight
fell to below one SD by 8 years old and two SDs by 15 years
old. While there was little evidence of loss in body mass in
our data, models were only calculated from 0 to 20 years
(based on available developmental normative data). These
analyses of body size highlight abnormalities in growth in
CS which call for important future studies. Healthy weight
should become a target symptom in growth and adulthood.
Studies of nutrition and healthy weight in adulthood are
warranted and consideration of the caloric and nutritional

requirements of men with CS will need to become a critical
subject in future studies.

Longitudinal data in CS demonstrate progression of motor
symptoms

The majority of probands (54%) had a history of parent-reported
developmental regression that increased in prevalence across
development with 30% of toddlers, 44% of children, 50% of
adolescents, and 90% of adults experiencing prior regression.
This was not specific to any of the subdomains, although 60%
of adults had a prior motor regression and 45% of adults had a
prior speech regression. This is consistent with our prior study of
regression in 50% of CS probands, most notably in speech and
motor domains.' Additionally, loss of social skills was noted in
about one-third of children with regressions.

To complement these and prior cross-sectional and retro-
spective analyses, we examined changes in language, social, and
motor functions over a 1 year interval follow-up. Here, we find
that there was a negative association between participant age at
enrolment and fine and gross motor function loss in that adults
experienced a notable loss of motor functions in this 1year
interval. These data identify motor function as a target symptom
for treatment and prevention of decline. These prospective
follow-up data are particularly notable as we are able to observe
a measurable decline in this relatively short time-line of 1year.
This finding is particularly valuable and hopeful as clinical trials
that may target the progression of these motor symptoms will
benefit from observations of this strong effect size in time frames
that appear feasible for a robust trial.

Limitations of this study

While this is the largest study to date on CS, defining more
rare events in CS will require a larger sample. While this
study does include longitudinal data, many findings still rely
on natural history data from retrospective clinical records
or a convenience sample. This study does not examine the
clinical progression of epilepsy symptoms, treatment and
outcome. Our prior study had a detailed cross-sectional
analysis;' an in-depth analysis of epilepsy natural history
is beyond the scope of the current manuscript and is being
addressed in a parallel study. Dr Arnold Christianson in his
original study in a large South African pedigree suggested
that there may be a risk of premature mortality in CS. In
the course of our study, we have observed the death of three
participants.

Summary

We present the largest study to date of male patients with
CS. Overall, this study has identified a large range of LOF
mutations, including also several novel missense variants.
This study is notable for the identification of a new core
symptom (high pain threshold) and the natural progression
into adulthood. This study has the largest group of adults
with CS, and we have defined the clinical progression of
motor symptoms. In addition, we identify a decline in
body mass index with age as an important treatment target
moving forward. In conclusion, this study identifies several
target symptoms—particularly healthy weight gain and
motor symptoms—that progress with a natural history that
may make them amenable to intervention in a future clin-
ical trial. The findings presented here and emerging from
this network study will enhance clinical trial readiness as
targeted treatments become available.
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Correction notice The article has been corrected since it was published online. A
number of typographical errors were corrected, and the Ethics approval statement
was corrected for clarity.

Acknowledgements The authors would like to thank the families for participating
in this study. We would also like to thank the Christianson Syndrome Association for
their help with this study. EMM had full access to all of the data in the study and

takes responsibility for the integrity of the data and the accuracy of the data analysis.

Contributors Conceptualisation: BCK, EMM. Data Curation: BCK, JE, CRB, DGSP,
MFP, QO, JB, RSB. Formal Analysis: BCK, JSL, RNJ. Writing: BCK, EMM. Guarantor:
EMM.

Funding This work was supported by National Institutes of Health Grants
ROTNS113141, ROTNS121618, ROTMH102418, ROTMH 105442, R21MH 115392,
and ROTAG087455 to EMM.

Competing interests None declared.
Patient consent for publication Consent obtained from parent(s)/guardian(s).

Ethics approval This study involves human participants and was approved by
Lifespan Healthcare and Brown University, IRB project #: 842130; IRB committee #:
403516.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. All
data relevant to the study are included in the article or uploaded as supplementary
information.

Supplemental material This content has been supplied by the author(s). It

has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely those
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local requlations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Eric M Morrow http://orcid.org/0000-0003-3430-3520

REFERENCES
1 Pescosolido MF, Stein DM, Schmidt M, et a/. Genetic and phenotypic diversity of NHE6
mutations in Christianson syndrome. Ann Neurol 2014;76:581-93.

2

w

4

w1

(o]

~

[ee]

o

Gilfillan GD, Selmer KK, Roxrud |, et a/. SLC9A6 mutations cause X-linked mental
retardation, microcephaly, epilepsy, and ataxia, a phenotype mimicking Angelman
syndrome. Am J Hum Genet 2008;82:1003—10.

Christianson AL, Stevenson RE, van der Meyden CH, et a/. X linked severe mental
retardation, craniofacial dysmorphology, epilepsy, ophthalmoplegia, and cerebellar
atrophy in a large South African kindred is localised to Xq24-q27.J Med Genet
1999;36:759-66.

Schroer RJ, Holden KR, Tarpey PS, et a/l. Natural history of Christianson syndrome. Am
J Med Genet A 2010;152A:2775-83.

Tarpey PS, Smith R, Pleasance E, et al. A systematic, large-scale resequencing screen
of X-chromosome coding exons in mental retardation. Nat Genet 2009;41:535-43.
Ouyang Q, Lizarraga SB, Schmidt M, et al. Christianson syndrome protein NHE6
modulates TrkB endosomal signaling required for neuronal circuit development.
Neuron 2013;80:97-112.

Pescosolido MF, Ouyang Q, Liu JS, et a/. Loss of Christianson Syndrome Na*/

H* Exchanger 6 (NHE6) Causes Abnormal Endosome Maturation and Trafficking
Underlying Lysosome Dysfunction in Neurons. J Neurosci 2021;41:9235-56.

Lee Y, Miller MR, Fernandez MA, et al. Early lysosome defects precede
neurodegeneration with amyloid-p and tau aggregation in NHE6-null rat brain. Brain
(Bacau) 2022;145:3187-202.

Stremme P, Dobrenis K, Sillitoe RV, et al. X-linked Angelman-like syndrome caused by
Slc9a6 knockout in mice exhibits evidence of endosomal-lysosomal dysfunction. Brain
(Bacau) 2011;134:3369-83.

Xu M, Ouyang Q, Gong J, et al. Mixed Neurodevelopmental and Neurodegenerative
Pathology in Nhe6-Null Mouse Model of Christianson Syndrome. eNeuro
2017;4:ENEURO.0388-17.2017.

Fernandez MA, Bah F, Ma L, et al. Loss of endosomal exchanger NHEG leads to
pathological changes in tau in human neurons. Stem Cell Reports 2022;17:2111-26.
Garbern JY, Neumann M, Trojanowski JQ, et al. A mutation affecting the sodium/
proton exchanger, SLC9A6, causes mental retardation with tau deposition. Brain
(Bacau) 2010;133:1391-402.

Bosemani T, Zanni G, Hartman AL, et a/. Christianson syndrome: spectrum of
neuroimaging findings. Neuropediatrics 2014;45:247-51.

Lizarraga SB, Ma L, Maguire AM, et al. Human neurons from Christianson syndrome
iPSCs reveal mutation-specific responses to rescue strategies. Sci Trans/ Med
2021;13:eaaw0682.

llie A, Gao AYL, Boucher A, et al. A potential gain-of-function variant of SLC9A6
leads to endosomal alkalinization and neuronal atrophy associated with Christianson
Syndrome. Neurobiol Dis 2019;121:187-204.

Sparrow S, Balla D, Cicchetti D. Vineland Adaptive Behavior Scales. American
Guidance Service, 2005.

Achenbach TM, Rescorla LA. Manual for the ASEBA School-Age Forms & Profiles: An
Integrated System of Multi-Informant Assessment. University of Vermont, Research
Center for Children, Youth, & Families, 2001.

Organization WH. WHO child growth standards: length/height-for-age, weight-for-
age, weight-for-length, weight-for-height and body mass index-for-age: methods and
development. World Health Organization; 2006.

Kuczmarski RJ, Ogden C, Grummer-Strawn L, et al. CDC growth charts: united states
advance data report 314. National Center for Health Statistics; 2000.

Kavanaugh BG, et al. / Med Genet 2024;61:1031-1039. doi:10.1136/jmg-2024-109973

1039

"ybBuAdoa Aq pa1osioid 1sanb Aq 202 ‘2T JoquSAoN uo Jwod fwqg Buwily:dny wouy papeojumoq "20z Joquaidas G uo £/660T-720Z-BWl/9eTT 0T Se paysignd 1sii ;18U paN


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-3430-3520
http://dx.doi.org/10.1002/ana.24225
http://dx.doi.org/10.1016/j.ajhg.2008.01.013
http://dx.doi.org/10.1136/jmg.36.10.759
http://dx.doi.org/10.1002/ajmg.a.33093
http://dx.doi.org/10.1002/ajmg.a.33093
http://dx.doi.org/10.1038/ng.367
http://dx.doi.org/10.1016/j.neuron.2013.07.043
http://dx.doi.org/10.1523/JNEUROSCI.1244-20.2021
http://dx.doi.org/10.1093/brain/awab467
http://dx.doi.org/10.1093/brain/awab467
http://dx.doi.org/10.1093/brain/awr250
http://dx.doi.org/10.1093/brain/awr250
http://dx.doi.org/10.1523/ENEURO.0388-17.2017
http://dx.doi.org/10.1016/j.stemcr.2022.08.001
http://dx.doi.org/10.1093/brain/awq071
http://dx.doi.org/10.1093/brain/awq071
http://dx.doi.org/10.1055/s-0033-1363091
http://dx.doi.org/10.1126/scitranslmed.aaw0682
http://dx.doi.org/10.1016/j.nbd.2018.10.002
http://jmg.bmj.com/

