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Abstract

Mutations in NHE6 (also termed SLC9A6) cause the X-linked
neurological disorder Christianson syndrome (CS) in males.
The purpose of this study was to examine the phenotypic
spectrum of female carriers of NHE6 mutations. Twenty fe-
male carriers from 9 pedigrees were enrolled, ranging from
approximately age 2 to 65. A subset of female carriers was
assessed using standardized neuropsychological measures.
Also, the association of NHE6 expression with markers of
brain age was evaluated using 740 participants in the Reli-
gious Orders Study (ROS) and Rush Memory and Aging Proj-
ect (MAP). A majority, but not all, female carriers demonstrat-
ed a deficit in at least one neurocognitive domain (85%). A
recognizable neuropsychological profile emerged, reveal-

ing impairments in visuospatial function, attention, and ex-
ecutive function. Common neuropsychiatric diagnoses in-
cluded: intellectual disability/developmental delay (20%),
learning difficulties (31%), speech/language delays (30%),
and attention-deficit/hyperactivity disorder (20%). Notable
neurological diagnoses in aging CS female carriers include
corticobasal degeneration and atypical parkinsonism. In
postmortem brains from the ROS/MAP dataset of normal
and pathological aging, decreased NHE6 expression was cor-
related with greater tau deposition. Our study provides an
examination of the phenotypic range in female carriers of
NHE6 mutations. The findings indicate that NHE6-related
disease in females represents a new neurogenetic condition.
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Introduction

Christianson syndrome (CS) is a monogenic, X-
linked neurological disorder caused by mutations in
the gene encoding endosomal Na*/H* exchanger 6
(NHES6) (also known as SLC9A6) [1]. NHE proteins are
generally 12-transmembrane-domain proteins that ex-
change hydrogen ions for cations (e.g., Na* or K" ions).
Affected CS males usually harbor loss-of-function mu-
tations and present with intellectual disability (ID)/de-
velopmental delay (DD), epilepsy, postnatal micro-
cephaly, and ataxia [1-4]. Notable neurological symp-
toms reported in a subset of CS patients include
cerebellar/brainstem atrophy and eye movement prob-
lems (closest to Duane syndrome Type I, i.e. an inward
gaze deviation), as well as regressions in adaptive and/
or motor functioning [2, 3, 5]. Female carriers in these
CS pedigrees exhibit heterogeneous phenotypes, rang-
ing from unaffected to presenting with mild-moderate
ID/DD, neuropsychiatric disorders including atten-
tional difficulties, mild ataxia, and/or microcephaly
[1-8]. Recurrent developmental features of female car-
riers include learning problems, difficulty in school,
speech disorder, and/or behavioral problems [2-4, 7].
However, the full phenotypic spectrum in females with
NHE6 mutations, particularly across the lifespan, is
currently unknown.

Progressive symptoms, some potentially reflecting
neurodegeneration, have been identified in CS males. For
example, symptoms that may develop and/or worsen
with age include cerebellar/brainstem atrophy, motor de-
cline/ataxia, cognitive/behavioral regressions, and low
weight/height [2, 3, 9]. Postmortem examination of 2 CS
males in their 40s and 50s found widespread neuronal
and glial loss, as well as accumulation of tau-positive tan-
gle-like inclusions [9]. Furthermore, neurodegenerative
features have been reported in an Nhe6-null mouse mod-
el such as loss of Purkinje cells in the cerebellum, loss of
tissues and synapses, and a strong microglial response
[10].

The wide phenotypic spectrum reported in girls and
women who are carriers of NHE6 mutations is consis-
tent with other X-linked conditions wherein the tissues
of female carriers are likely mosaic for gene expression
(with a variable proportion of cells expressing from the
mutant gene locus) based on random X-chromosome
inactivation. Indeed, female Nhe6-heterozygous mice
exhibit similar, yet less severe, neurological and motor
phenotypes as Nhe6-null male mice [11]. As part of an
international CS registry, we enrolled the largest cohort
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of female carriers (20 participants) across multiple CS
pedigrees (n = 9). We conducted standardized assess-
ments to ascertain the range and severity of neurological
and adaptive symptoms in female carriers. To investi-
gate the cognitive profile of female carriers, neuropsy-
chological testing was conducted on 13 female carriers
from 7 pedigrees. Given progressive features in CS male
probands and Nhe6-null mice, neurological histories
and brain imaging from CS female carriers at age 50
years or older were assessed. Finally, the relationship be-
tween NHEG6 expression and neurodegenerative charac-
teristics was examined using brain transcriptome data
from two large normal aging and dementia cohorts. The
brain transcriptome analysis included brain samples
from 740 participants enrolled in the Religious Orders
Study (ROS) [12] and the Rush Memory and Aging
Project (MAP) [13].

Materials and Methods

Participants

Institutional Review Boards at Brown University and Lifespan
Healthcare approved this research. All participants provided writ-
ten informed consent. Female carriers were identified as part of an
international CS registry [2]. Clinical information was collected by
direct interviews with participants and from available medical re-
cords. DNA was isolated from either blood or saliva from all female
carriers. Heterozygosity for an NHE6 mutation known to cause
CS in a related male was confirmed in participating females by
sequencing all coding exons (1-16) and exon/intron junctions,
as previously described [2]. Some pedigree features have been
changed to assure anonymity.

Neuropsychological Assessments

Neuropsychological function was assessed in a subset of
available participants. Neurocognition in adults (i.e., 218 years
old) was assessed by the following measures: Wechsler Abbrevi-
ated Scales of Intelligence-Second Edition (WASI-II), Repeat-
able Battery for the Assessment of Neuropsychological Status
(RBANS), Trail Making Test A&B (TMT A&B), Controlled Oral
Word Association Test (COWAT), and Mini-Mental State Exam
(MMSE). Neurocognition in children (i.e., <18 years old) was
measured using the following assessments: A Developmental
Neuropsychological Assessment-Second Edition (NEPSY-II),
Wechsler Preschool Primary Scales of Intelligence-Fourth Edi-
tion (WPPSI-IV), WASI-II, Children’s Memory Scales (CMS),
TMT A&B, Wechsler Intelligence Scale for Children-Fourth
Edition (WISC-IV), Rey Complex Figure Test (RCFT), Beery-
Buktenica Developmental Test of Visual-Motor Integration
(Beery), and COWAT. Domain composite scores were calcu-
lated to assess IQ (RBANS), language (RBANS, WPPSI-1V), vi-
suospatial function (RBANS, NEPSY-II, RCFT, Beery), atten-
tion (RBANS, WPPSI-IV, WISC-1V), memory (RBANS, NEP-
SY-II, CMS), and executive function (TMT A&B, COWAT,
NEPSY-II).
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Brain Transcriptome Data

NHEG6 expression in brain was analyzed from two aging and
dementia cohorts — ROS [12] and MAP [13]. Postmortem brain
specimens were collected from 740 participants and analyzed by
researchers affiliated with these studies (N.P., T.L.Y.-P., P.L.D.].).
Data collection and methods for this analysis have been reported
elsewhere [14] and are briefly summarized. RNA-Seq expression
data were obtained from gray matter of the dorsolateral prefrontal
cortex. RNA extraction was performed with Qiagen’s miRNAeasy
mini kit and RNase-free DNase. An RNA-Seq library was curated
via a strand-specific dUTP method [15] with poly-A selection [16].
Finally, sequencing was performed on an Illumina HiSeq platform
using 50 million paired-end reads at 101 bp.

Alzheimer’s disease (AD)-related neuropathological findings
such as neurofibrillary tangles, diffuse plaques, and neuritic
plaques have been detailed elsewhere [14]. Immunohistochemical
techniques employed the Avidin-Biotin Complex staining meth-
od, using alkaline phosphatase as the color developer. For Ap and
tau accumulation, 20-pm tissue sections from 8 brain regions were
analyzed: entorhinal cortex, CA1/subiculum of the hippocampus,
superior frontal cortex, mid-prefrontal cortex, inferior temporal
cortex, angular gyrus, anterior cingulate cortex, and calcarine cor-
tex. Images for neocortical (90 images) and non-neocortical (20
images) of Ap-stained sections were quantified using an automat-
ed analysis. AP mean percentage was quantified as the percentage
of area with amyloid and calculated both within and across each
brain region. Tau abundance was quantified as the density of tan-
gles per mm? and averaged both within and across each brain re-
gion.

NHES6 Sequencing in Females with Idiopathic

Parkinson-Related Syndromes

Female samples from the National Institute of Neurological
Disorders and Stroke neurodegeneration biorepository were se-
quenced for NHEG6 variants. A total of 156 samples were sequenced
from females diagnosed with either progressive supranuclear palsy
(PSP) (n=150) or corticobasal degeneration (CBD) (n = 6) (online
suppl. Table 1; see www.karger.com/doi/10.1159/000496341 for all
online suppl. material). All exons and 15-20 bp into exon/intron
junctions (i.e., to accurately identify splice variants) were se-
quenced in the NHEG6 gene. PCR was performed for NHE6 target
enrichment using the Fluidigm platform. GC-rich exon 1, how-
ever, was Sanger sequenced using the following primers: 5'-TTG-
GTTACACTGAGCCGATG-3' (forward) and 5'-AAGCGAAA-
AAGGTGTGGAGA-3' (reverse). Samples were sequenced using
the MiSeq platform (Illumina). Raw read sequences were analyzed
and clipped using Trimmomatic version 0.32 [17]. Reads were not
included in variant analysis if they met any of the following criteria:
possible adapter sequences, low quality bases of single reads (Phred
score <20), reads with low average quality threshold (window size
4 bp, Phred score <20), reads clipped at bases with a Phred Score
<3, and clipped reads shorter than a threshold length of 80 bp.
Reads were mapped using BWA-MEM version 0.7.10 (http://bio-
bwa.sourceforge.net). Filtered read pairs were mapped to their am-
plicon sequences, not the entire human genome, to prevent misla-
beling pseudogenes and additional loci with similar sequences.
Variant analysis was conducted by VarScan version 2.3.6 [18].
Reads with >1 Phred Quality Score were analyzed. Single nucleo-
tide polymorphisms and insertions or deletions (indels) were an-
notated by snpEff version 4.0 [19]. The pathogenicity of missense
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variants was assessed in silico using PolyPhen-2 [20]. All poten-
tially deleterious variants identified via MiSeq were confirmed by
Sanger sequencing.

Statistical Analysis

Pearson correlation analyses were conducted to examine the
association between age (i.e., pediatric or adult) and neurocogni-
tion. A linear regression analysis was performed on the brain tran-
scriptome data to determine the association between NHEG6 ex-
pression in brain and multiple AD-related pathology outcomes.
AP load and tau accumulation were added into the model as con-
tinuous measures. Covariates included age, gender, and study (i.e.,
ROS or MAP). To correct for multiple testing, the Benjamini-Ho-
chberg procedure was used. Statistical analyses were performed
using SAS version 9.3.

Results

Female Carriers Identified from CS Cohort

A total of 20 female carriers of NHE6 mutations were
enrolled across 9 pedigrees. All mutations were predicted
to be loss-of-function and were identified in pedigrees
wherein there was at least one hemizygous male with the
same mutation who was affected with CS. Mean age of
female carriers was 30.3 £ 17.6 years, with an age range
spanning from approximately 2 years to 65 years. Five
non-carrier females across four CS pedigrees were also
enrolled to serve as a familial control. The mean age for
non-carrier females was 29.7 + 21.1, with an age range
spanning from approximately age 10 years to 75 years.
When possible, neuropsychological testing was per-
formed on a subset of female carriers and non-carriers in
CS pedigrees. A total of 13 carriers and 3 non-carriers
from 7 CS pedigrees were assessed. Mean carrier age of
those with direct neuropsychological assessment was 30.1
+ 15.9 years, with a range of approximately 3 years to 55
years. Mean non-carrier age of those assessed was 21.7 +
18.5 years, with a range of approximately age 10 years to
45 years.

Neuropsychological Performance in Female Carriers

Most female carriers (85%) demonstrated deficits in at
least one neurocognitive domain (Fig. 1a; Table 1). Defi-
cits were defined as standardized, age-normed z-scores
<-1.5. A majority of female carriers demonstrated deficits
in two or more domains (69%). Notable impaired cogni-
tive domains included: visuospatial function (62%), at-
tention (62%), and executive function (54%). Almost all
female carriers exhibited a deficit in at least one of these
three domains (92%, 12 out of 13), while a large propor-
tion of individuals had co-occurring deficits in all three
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Fig. 1. Neurocognitive profile of female
carriers of NHE6 mutations from Chris-
tianson syndrome (CS) pedigrees. a Neu-
ropsychological assessments were per-
formed on 13 female carriers from 7 CS
pedigrees. Mean female carrier age was
30.1 £ 15.9 years, with a range of approxi-
mately 3 years to 55 years. Domains with
mean z-scores less than —1.5 in female car-
riers were visuospatial function, attention,
and executive function. Individual z-scores
are represented by red dots and mean z-

Z-scores

scores per domain are denoted by a black a
bar. The z-score range from 1.5 to -1.5 is

Visuospatial

Attention

G S
shaded in light gray to represent a non- il & ¥ \Q}*\ & ~4@K\> —
clinical range. b Distribution of visuospa- RS éz?\z A Executive function
tial, attention, and executive function defi- \@6\ < o

cits across individual female carriers (n =
12 participants with impairments in at least
one of these domains). Impairment span-
ning all domains was the most common.

Table 1. Neuropsychological profile of female carriers of NHE6 mutations

Domain Female carrier Female non-carrier Female carrier
n mean (SD) % impaired n mean (SD) domains impaired,n %
(z <-1.5)
1Q 13 -1.05 (1.3) 31 3 0.00 (0.94) 0 15
Language 12 -0.69 (1.2) 25 2 -0.24 (0.33) 1+ 85
Visuospatial 13 -1.92(0.76) 62 2 -1.14 (1.8) 2+ 69
Immediate memory 13 -1.15(0.94) 31 2 0.07 (1.2) 3+ 39
Delayed memory 13 -1.10 (1.2) 31 2 -0.67 (1.2) 4+ 39
Attention 13 -1.79(1.2) 62 2 -1.44(32) 5+ 31
Executive function 13 -1.84 (1.5) 54 3 -0.96 (1.6) 6+ 23
7+ 8

domains (39%, 5 out of 13) (Fig. 1b). Deficits in language
function were less common (25%). Approximately one-
third of female carriers tested had an overall full-scale IQ
<70 (31%, 4 out of 13). We further tested if an effect of age
could be discerned in this cross-sectional dataset. A dis-
tribution of participants’ ages at time of enrollment and
testing is shown (Fig. 2a, b). We compared neurocogni-
tive functioning in pediatric (<18 years old) and adult
(218 years old) female carriers. No significant age-related
correlations in performance across any domain were
found (Fig. 2). Neurocognitive data were also collected on
3 non-carrier female family members, all of whom per-
formed generally without impairment. Given the small

Female NHE6 Mutation Carrier
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sample size of non-carriers, it is currently difficult to es-
tablish comparison of carriers to non-carriers so as to as-
sess deficit relative to familial expectation. Therefore,
comparisons to standardized controls are presented (i.e.,
Z-scores).

Neuropsychiatric and Age-Related Symptoms in

Female Carriers

Notable neurological and neuropsychiatric features
were also present in female NHE6 mutation carriers (Ta-
ble 2). One-fifth of female carriers (20%) were diagnosed
with ID/DD, which occurred in almost half of the pedi-
grees in this female carrier cohort (44%). Of those female
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Fig. 2. Neurocognitive profile of pediatric (i.e., <18 years old)
and adult (i.e., 218 years old) female carriers of NHE6 muta-
tions. a Age distribution of all enrolled female carriers (i.e., age
at enrollment). b Age distribution of female carriers with neu-
rocognitive assessments (i.e., age at testing). c-i Comparison of
pediatric versus adult female carriers across neurocognitive do-
mains. Pearson correlation analyses were conducted to examine
the association between age (i.e., pediatric or adult) and neuro-
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cognition. There were no statistically significant age effects
found in any domain. Ages of pediatric female carriers (n = 4)
ranged from approximately 4-17 years (average age 10.3 + 4.6
years); ages of adult female carriers (n = 9) ranged from approx-
imately 25-55 years (average age 38.9 + 9.3 years). All neurocog-
nitive domains were assessed in the 4 pediatric participants, ex-
cept for language (n = 3). Neurocognitive data are reported as
mean = SEM.
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Table 2. Neurological and neuropsychiatric features of female carriers of NHE6 mutations

Diagnosis Carriers, n Carriers, % Pedigrees, n Pedigrees, %
(n=20) (n=9)
Intellectual disability (ID)/developmental delay (DD) 4 20 4 44
Learning difficulties (if no ID/DD diagnosis) 5 31* 2 22
Speech/language delay 6 30 5 56
Attention-deficit/hyperactivity disorder 4 20 4 44
Schizoaffective disorder 2 10 1 11
Autism spectrum disorder 2 10 2 22
Seizure disorder 1 5 1 11
Microcephaly 1 5 1 11
Ataxia 2 10 2 22
Hypotonia 2 10 2 22
Neuropathy 2 10 2 22
Eye problems (e.g., ophthalmoplegia) 4 20 4 44

2 Percentage calculated in 16 participants (i.e., does not include carriers diagnosed with ID/DD).

carriers not diagnosed with ID/DD, 31% were noted to
have learning difficulties. Additional features present in
more than one female carrier included: speech/language
delays (30%), attention-deficit/hyperactivity disorder
(20%), eye problems such as esotropia (akin to Duane
syndrome Type I), amblyopia, saccadic smooth pursuit,
and myopia (20%), ataxia (10%), autism spectrum disor-
der (ASD, 10%), hypotonia (10%), and neuropathy (10%).
One carrier was diagnosed with schizoaffective disorder
and presented with masked facies. It is possible that her
masked facies was caused by antipsychotic medication.
Other features noted in a single female carrier included
seizure disorder and microcephaly.

Two confirmed female carriers who were enrolled,
both over age 50, had histories consistent with a neuro-
degenerative disease, specifically atypical parkinsonism
and CBD. Across the full CS cohort of families, including
>30 families, we discerned 2 additional females (likely
carriers by pedigree but not confirmed) who, strictly by
history, were given diagnoses of CBD or multiple systems
atrophy (MSA) after age 50. Neither of these patients was
available to be enrolled.

The enrolled and confirmed female carrier diagnosed
with CBD was evaluated at approximately age 65. Symp-
tom onset occurred 1-2 years prior with multiple for-
ward falling episodes and gait disturbance. Mental sta-
tus exam was notable for a rapid cognitive decline, with
profound loss of activities of daily living, meaningful
language, and communication skills. Dysautonomic
symptoms reported included constipation and tempera-
ture dysregulation. Neurological exam was notable for

Female NHE6 Mutation Carrier
Phenotype

Fig. 3. a, b MRI scans of a female heterozygous for NHE6 muta-
tion atapproximately age 65 years show frontoparietal atrophy; the
individual was diagnosed with corticobasal degeneration (CBD).
Axial FLAIR (a) and T2-weighted (b) images show asymmetrical
atrophy of the left frontal and parietal lobes.

masked facies. She had no upward gaze, limited down-
ward gaze, and intact horizontal eye movements. Motor
exam showed bradykinesia with abnormal tone demon-
strating both cogwheeling and rigidity on her right side.
She had a resting tremor at 3-6 Hz that was greater in
the right hand, without a postural or intention tremor.
Occasional myoclonic jerks were noted. Testing of her
reflexes demonstrated hyperreflexia and sustained clo-
nus in both ankles. While she is mostly non-ambulatory,
her gait (with assistance) is notable for freezing, brady-
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Fig. 4. a-g MRI scans of a female heterozygous for NHE6 mutation at approximately age 51 show cerebellar at-
rophy; the individual was diagnosed with atypical parkinsonism. a The sagittal T1-weighted image demonstrates
cerebellar atrophy. Axial FLAIR (b-d) and T2-weighted (e-g) images through the cerebellar hemispheres further
highlight diffuse cerebellar volume atrophy.

kinesia, and shuffling. This participant had been diag-
nosed previously with PSP due to eye movement abnor-
malities; however, subsequent, and in part due to results
from MRI of the brain, the diagnosis was changed to
CBD. The MRI scan at age 65 showed asymmetric corti-
cal atrophy (Fig. 3). Specifically, the left frontal and pa-
rietal cortical areas were severely atrophic compared to
the right hemisphere. Additional notable findings in-
cluded generalized parenchymal volume loss and in-
creased ventricular size, which was likely due to central
volume loss.

We examined a second confirmed female mutation
carrier who was diagnosed with parkinsonism at approx-
imately age 55. Symptom onset began in her early 50s,
with tremors developing in her right hand and upper
limbs that have worsened over time. A brief cognitive
screen (i.e., MMSE) indicated intact functioning (score =
27). Examination of cranial nerves demonstrated subtle
left eye hypophoria and mild reduction in convergence,
as well as the presence of hypomimia and a reduced blink
frequency. Motor exam was significant for bradykinesia
and abnormalities in tone, including both cogwheeling
and gegenhalten. Her reflexes were remarkable for clonus
in the right ankle. Her gait was notable for shuffling with
reduced arm swing, and she has difficulty turning. This
participant had an MRI scan in her early 50s, which indi-
cated generalized brain atrophy and notable cerebellar at-
rophy (Fig. 4). Cerebellar atrophy was present in both the
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vermis and hemispheres, and was particularly severe in
the vermis. This finding is similar to cerebellar findings
in CS male probands [2].

Genomic and Transcriptomic Links between NHE6

and Neurodegeneration

In order to assess a potential role for NHE6 in neuro-
degeneration, NHEG6 expression in postmortem brain was
analyzed from two aging and dementia cohorts — ROS
[12] and MAP [13]. Demographic and neuropathological
information on the 740 participants has been previously
reported [14]. To summarize, the mean age at death was
88.0 + 6.7 years, 471 (63.6%) were female, and 447 (60.4%)
met diagnostic criteria for AD. Median AP load was 2.2%,
while the median tau tangle density was 3.7/mm?.

Brain transcriptome analysis examined correlations
between aging features and NHEG6 expression (Table 3).
Decreased NHEG expression was significantly associated
with greater tau tangle density using a strict transcrip-
tome-wide correction (adjusted p = 0.05). Without ad-
justing for multiple corrections, decreased NHE6 expres-
sion was further associated with greater Ap load (uncor-
rected p = 0.04) and decreased cognitive functioning
(uncorrected p = 0.03). These results did not, however,
withstand correction. NHE6 expression was not correlat-
ed with neurofibrillary tangles, neuropathological sever-
ity, or AD severity. We further investigated correlations
using the three main NHE6 isoforms: SLC9A6-001 (Tran-
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Table 3. Correlation between NHE6 expression in brain and Alzheimer’s disease variables in aging/dementia cohorts

NHES6 variant AP load Tau tangle density
intercept beta unadj. adj. intercept beta unadj. adj.
p value p value p value p value
NHE6 (ENSG00000198689.5) -0.152 -0.018 0.038  0.204 -0.696 -0.028 0.008 0.051
NHES®: isoform 1 (ENST00000370698.3) -0.424 -0.016  0.208  0.664 -1.631 0.032 0.035 0.213
NHES®: isoform 2 (ENST00000370695.4) -0.586 0.004 0833 0.961 -1.244  -0.037 0.074 0.332
NHES6: isoform 3 (ENST00000370701.1) -0.482 -0.007 0.259  0.706 -1.028 -0.024 0.002 0.031

Neurofibrillary tangles

Alzheimer’s disease pathology

intercept beta unadj. adj. intercept beta unadj. adj.
p value p value p value p value
NHE6 (ENSG00000198689.5) -0.485 -0.005 0.155  0.496 -6.189 -0.034 0.053 0.303
NHES®: isoform 1 (ENST00000370698.3) -0.625 0.004 0.408  0.828 -6.886 -0.005 0.843 0.995
NHES®6: isoform 2 (ENST00000370695.4) -0.575 -0.005 0.391  0.820 -6.884 -0.020 0.566 0.923
NHES®6: isoform 3 (ENST00000370701.1) -0.554 -0.003 0.215  0.710 -6.671 -0.024 0.052 0.510
Cognitive decline Neuropathological severity
intercept beta unadj. adj. intercept beta unadj. adj.
p value p value p value p value
NHE6 (ENSG00000198689.5) -0.205 0.002 0.029  0.150 -0.100 -0.008 0.055 0.245
NHES®6: isoform 1 (ENST00000370698.3) -0.143 -0.002 0.177  0.616 -0.317 0.003 0.614 0.872
NHES®: isoform 2 (ENST00000370695.4) -0.168 0.004 0.040  0.320 -0.279 -0.003 0.687 0.902
NHES®6: isoform 3 (ENST00000370701.1) -0.175 0.001 0.058  0.385 -0.218 -0.006 0.062 0.408

script ID: ENST00000370698), SLC9A6-002 (Transcript
ID: ENST00000370695), and SLC9A6-003 (Transcript
ID: ENST00000370701). Notably, increased tau deposi-
tion was associated with the SLC9A6-003 isoform (ad-
justed p = 0.03). Finally, we sequenced NHEG6 in 156 fe-
males diagnosed with Parkinson-related syndromes (e.g.,
150 PSP cases and 6 CBD cases) to examine whether
NHEG6 mutations may be enriched in this cohort (online
suppl. Table 1). No deleterious mutations (e.g., non-
sense, missense, indel) were identified in this analysis.

Discussion/Conclusion

This study outlines novel brain-related phenotypes as-
sociated with NHE6 mutations in female carriers from CS
pedigrees. Mutations in this gene cause CS in males, an
X-linked disorder characterized by ID/DD, epilepsy,
postnatal microcephaly, and ataxia with progressive cer-
ebellar atrophy [1]. The current study of 20 female carri-
ers across 9 pedigrees examines the phenotypic range in
females with NHE6 mutations with regard to (1) cogni-
tive functioning, (2) neuropsychiatric/medical condi-

Female NHE6 Mutation Carrier
Phenotype

tions, and (3) age-associated features. We further exam-
ined how alterations in NHEG6 brain expression correlate
with neurodegenerative variables using large transcrip-
tome datasets derived from normal and pathological ag-
ing brains at postmortem. Taken together, our results
support novel neuropsychiatric phenotypes related to
NHE6 mutations with a spectrum of severity in heterozy-
gous females from CS pedigrees, including potentially
age-related pathology.

Although some female carriers in CS pedigrees have
previously been reported with ID/DD, speech and lan-
guage problems, truncal ataxia, hyperkinesis, and psychi-
atric illness [1-4, 7], we employed standardized neuro-
psychological measures across multiple CS pedigrees
with inherited transmission to rigorously quantify per-
formance across cognitive domains. Our findings suggest
that female carriers of NHE6 mutations display a recog-
nizable neurocognitive phenotype. Overall, the majority
of assessed female carriers exhibited deficits in atleast one
cognitive domain (85%), and one-third (31%) had IQ
scores <70. Furthermore, most female carriers of NHE6
mutations demonstrated a recognizable neuropsycholog-
ical profile, with specific deficits in visuospatial function
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(62%), attention (62%), and executive function (54%), re-
gardless of IQ. The most common pattern across indi-
vidual female carriers was impairment in all three do-
mains (39%). Interestingly, visuospatial memory deficits
have also been reported in female Nhe6-heterozygous
mice using a hippocampus-dependent object placement
test [11]. Therefore, visuospatial abilities may represent a
core domain affected by NHE6 dysfunction across spe-
cies. Additionally, we determined whether differences ex-
isted in pediatric versus adult female participants, with
results indicating no differences in the current dataset.
This may be due in part to the cross-sectional design or,
alternatively, to the small sample size, or a combination
of both. Future studies in larger cohorts of patients that
are prospectively recruited and followed longitudinally
will be needed to assess these questions with greater sta-
tistical power. It is also important to note that while a pat-
tern of deficits emerged in female carriers compared to
population norms, some qualitative similarities were ob-
served in neurocognition between female carriers and
non-carriers (Table 1). Unfortunately, the small sample
size of female non-carriers from enrolled CS pedigrees
prevents appropriate statistical analysis of these differ-
ences. A critical goal for future CS research should be a
close examination of neurocognitive patterns in female
carriers with reference to familial expectations by com-
parison to related female non-carriers in the same pedi-
gree.

Visuospatial and executive function deficits have been
found in individuals with other X-linked disorders such
as Fragile X [21] and Turner [22] syndromes, as well as in
female carriers of Fragile X mutations [23, 24]. Such def-
icits may be linked to the frontoparietal white and gray
matter abnormalities [22, 25], consistent with the known
localization of visuospatial and executive functions to the
parietal and frontal regions, respectively. Alternatively, as
the lateral and posterior cerebellar regions are involved in
visuospatial and executive functions [26] and given the
cerebellar atrophy observed in some CS probands [2],
cerebellar involvement could be the underlying mecha-
nism of impaired visuospatial and executive functioning
in female carriers. Furthermore, visuospatial and execu-
tive dysfunction with associated frontoparietal abnor-
malities is also known to occur in relevant neurodegen-
erative conditions such as Fragile X-associated tremor/
ataxia syndrome [23, 24, 27] and CBD [28, 29]. Similar to
other X-linked disorders, visuospatial and executive dys-
function may represent a neurocognitive phenotype in
the female carriers of NHE6 mutations.
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While neurodegenerative features have been reported
in CS males and an NHE6 mouse model, the extent to
which female carriers may be at risk to develop these symp-
toms remains an ongoing question that will require larger,
longitudinal studies before any conclusive statements can
be made. Although we and others [7, 30] have noted cases
where aging female carriers in CS pedigrees have been di-
agnosed with neurodegenerative diseases, it is premature,
given the small sample size, to discern whether NHE6 mu-
tations in female carriers represent a bona fide risk or to
estimate what the level of risk might be. The current study
directly examined 2 female carriers who were >50 years old
and were diagnosed with Parkinson-related disorders (e.g.,
atypical parkinsonism and CBD). Two additional aging fe-
males, considered to be likely carriers, were reported by
their families to have been diagnosed with neurodegenera-
tive diseases (e.g., CBD and MSA). Again, longitudinal
studies consisting of many CS female carriers across mul-
tiple pedigrees are necessary to understand whether this
cohort is at risk for age-related features or if the reported
cases merely reflect false-positives that arise from small
sample sizes. We also sought to investigate correlations of
NHESG6 expression with age-related symptoms. Notably, our
analysis of two aging/dementia brain transcriptome data-
sets (n = 740) provides a different perspective to examine
how NHE6 expression is associated with neurodegenera-
tive features in a broader population. This analysis revealed
lower NHE6 expression was significantly correlated with
increased tau deposition, but not AP load, after use of a
conservative genome-wide correction. Thus, NHE6 dys-
function may be associated with neurodegenerative symp-
toms, particularly in tau-related disorders. Note, transcrip-
tional isoform 3 of NHE6 was largely responsible for this
finding. Compared to the other NHE6 isoforms, isoform 3
is lacking the first 52 amino acids of NHE6; the protein re-
gion absent in isoform 3 includes the N-terminus and part
of the first transmembrane domain. It is currently un-
known why this isoform is associated with increased tau
deposition to a greater extent than the other two isoforms.
The clinical diagnoses in females ascertained to date (e.g.,
CBD, PSP, MSA, and atypical parkinsonism) are often as-
sociated with tau deposition. This is particularly true for
glial tau inclusions, which, notably, was among the find-
ings in one of the few CS postmortem studies, as was the
absence of greater amyloid plaque burden [9]. Given the
endosomal function of NHES, it is plausible to hypothesize
that processing and/or clearance of amyloid precursor pro-
tein may be altered, which has been suggested by recent
published experiments [31, 32]. However, our current
study of the large ROS/MAP dataset does not appear to
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support this. One additional finding that seems plausible is
a risk of cerebellar atrophy in female NHE6 mutation car-
riers. This finding, as shown in Figure 4, appears to reflect
a pattern that is a milder form of cerebellar atrophy, as
compared to CS males. This result is also highly consistent
with preclinical studies in mouse wherein Sikora et al. [11]
identified Purkinje cell loss in female heterozygous mice.
However, at this juncture, these interpretations regarding
progressive disease in female carriers remain speculative.
Also, we did not find evidence of deleterious NHE6 muta-
tions in the DNA collection of females with idiopathic PSP,
indicating that these mutations are unlikely to be a com-
mon unrecognized cause.

In summary, with regard to neurodegenerative dis-
ease, at this time we urge caution in drawing conclusions.
However, we believe that our data call attention to this
understudied female-specific phenotype, which warrants
rigorous follow-up in larger, well-powered studies. NHE6
dysfunction may be associated with age-related features
in females, possibly related to parkinsonism or tau-relat-
ed syndromes. These results support the notion that en-
dosomal proteins are involved in the pathogenesis of both
neurodevelopmental and neurodegenerative diseases,
and that NHE6-related human disorders may be mixed
developmental and degenerative diseases. Nonetheless,
follow-up studies in larger, prospectively recruited co-
horts, as well as in animal models, are warranted to fur-
ther define this understudied female-specific condition.
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