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Objective: Recently, Christianson syndrome (CS) has been determined to be caused by mutations in the X-linked
Na1/H1 exchanger 6 (NHE6). We aimed to determine the diagnostic criteria and mutational spectrum for CS.
Methods: Twelve independent pedigrees (14 boys, age 5 4–19 years) with mutations in NHE6 were administered
standardized research assessments, and mutations were characterized.
Results: The mutational spectrum was composed of 9 single nucleotide variants, 2 indels, and 1 copy number varia-
tion deletion. All mutations were protein-truncating or splicing mutations. We identified 2 recurrent mutations
(c.1498 c>t, p.R500X; and c.1710 g>a, p.W570X). Otherwise, all mutations were unique. In our study, 7 of 12 muta-
tions (58%) were de novo, in contrast to prior literature wherein mutations were largely inherited. We also report
prominent neurological, medical, and behavioral symptoms. All CS participants were nonverbal and had intellectual
disability, epilepsy, and ataxia. Many had prior diagnoses of autism and/or Angelman syndrome. Other neurologic
symptoms included eye movement abnormalities (79%), postnatal microcephaly (92%), and magnetic resonance
imaging evidence of cerebellar atrophy (33%). Regression was noted in 50%, with recurrent presentations involving
loss of words and/or the ability to walk. Medical symptoms, particularly gastrointestinal symptoms, were common.
Height and body mass index measures were below normal ranges in most participants. Behavioral symptoms
included hyperkinetic behavior (100%), and a majority exhibited high pain threshold.
Interpretation: This is the largest cohort of independent CS pedigrees reported. We propose diagnostic criteria for
CS. CS represents a novel neurogenetic disorder with general relevance to autism, intellectual disability, Angelman
syndrome, epilepsy, and regression.
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Mutations in the X-linked endosomal Na1/H1

exchanger 6 (NHE6, also known as SLC9A6) cause

a newly recognized, neurogenetic syndrome with variable

expressivity. In a systematic, large-scale resequencing

screen of X-chromosome exons in pedigrees consistent

with X-linked intellectual disability (XL-ID), protein-

truncating mutations occurred in NHE6 at a rate of

approximately 1% (2 in approximately 200 pedigrees).
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This high rate of mutation placed NHE6 among the top 6

most recurrently mutated genes in XL-ID.1 The first

reports of mutations in NHE6 were associated with a syn-

drome resembling Angelman syndrome (AS).2 The associa-

tion of NHE6 with AS represents an exciting new

opportunity to deepen our understanding of this condition

through the exploration of an alternative gene pathway that

may provide novel mechanistic perspectives on the disease.

However, NHE6 mutations may not be uniformly associ-

ated with AS,3 and therefore this relationship needs to be

studied in larger groups of patients with NHE6 mutations.

A large South African pedigree previously reported

by Christianson et al4 was among the pedigrees deter-

mined to have an NHE6 mutation by Gilfillan et al.2

The Christianson syndrome (CS) reported in the original

publication was not noted to include AS; instead, the

affected males in the pedigree were reported to have X-

linked severe intellectual disability (ID) associated with

craniofacial dysmorphology, mutism (ie, nonverbal status)

despite normal hearing, generalized tonic–clonic epilepsy,

postnatal microcephaly, ataxia, ophthalmoplegia, and cer-

ebellar and brainstem atrophy. Christianson et al also

posited a limited life expectancy, although he studied

only the single pedigree. In addition to the features

described above, Christianson reported an association with

autistic symptoms, as has been reported subsequently.3

In parallel to the description of autistic symptoms

associated with mutations in NHE6, Morrow et al5

reported on mutations in the highly related endosomal

protein NHE9 in autism with epilepsy. Furthermore, in a

recent transcriptome study in cortex from postmortem

autism brain, we demonstrated that genes encoding

NHE6 and NHE9 were dysregulated in brains from

patients with idiopathic autism—NHE6 gene expression

was decreased and NHE9 gene expression was increased

in a fashion that was highly correlated with gene expres-

sion decreases in synapse-related genes.6 These findings

demonstrate that, in addition to the role of NHE6 in

monogenic CS, NHE6 and NHE9 may play critical roles

in the pathophysiology of complex autism, likely partici-

pating in a convergent cellular mechanism involving syn-

apse and circuit development.

In addition, NHE proteins have broad importance

in neurology, particularly given the spontaneous mutation

in Nhe1 in the slow-wave epilepsy mouse7 and the vari-

ous antiepileptic medicines that alter regulation of proton

concentrations.8,9 The structure of NHE proteins gener-

ally involves a 12-membrane spanning motif harboring

the Na1 and H1 exchange activity that is highly con-

served across family members, and the proteins also con-

tain a large, less conserved carboxyl domain that is

thought to involve protein localization and regulation.10

Other studies indicate that NHE1–5 are localized to the

cell membrane, whereas NHE6–9 are thought to be

organellar. NHE6 is localized to early, recycling, and late

endosomes in hippocampal neurons.11,12 Recent studies

indicate that NHE6 plays a role in neuronal arborization

and synapse development through modulation of neuro-

trophin signaling.12

To date, all studies of mutations in NHE6 in the

literature have reported the associated clinical phenotype

from �3 pedigrees.2–4,13–18 The vast majority of prior

publications have reported inherited mutations. Here we

report results from the prospective recruitment of 12

independent pedigrees affected by CS with confirmed

mutations in NHE6. In contrast to prior literature, we

find a high frequency of de novo mutations (7 to date).

In the current study, we quantify the clinical features of

this cohort to address the following questions: (1) What

are the core features of CS? (2) Quantitatively, what is

the range of clinical symptoms and outcomes? and (3)

Are there important differences between the inherited

mutations and the de novo mutations, either at the level

of the genetic mutation or at the level of neuromedical

features?

Subjects and Methods

Patients
Families were recruited by advertising and word of mouth among

families. Pedigrees in which a diagnosis of CS was suspected or

families with prior diagnoses were enrolled. Identified probands

and the extended pedigree were enrolled, including all available

parents, grandparents, aunts, uncles, and unaffected siblings. The

phenotype of the affected proband was considered to be consist-

ent with CS if (1) it occurred in boys, (2) it involved ID, (3) it

involved seizures, (4) it involved ataxia, and (5) there was a plau-

sible deleterious NHE6 mutation. Families were assessed by a

standardized neuromedical history and behavioral assessment that

included: Autism Diagnostic Interview–Revised (ADI-R),19 Social

Communication Questionnaire (SCQ),20 Social Responsiveness

Scale,21 neurological examination (eg, head circumference, exami-

nation of tone and reflexes, eye movements), Vineland II,22 and

Leiter-R.23 Twelve families in total were enrolled in this study.

Thirteen families were screened; however, in 1 family we deter-

mined that the variant found in NHE6 was unlikely to be patho-

genic, and a distinct, likely causative mutation was found in a

different gene (data not shown). The institutional review board

at Brown University and Lifespan Healthcare gave permission to

perform this study, and informed consent was obtained from all

enrolled participants. Some aspects of the pedigrees are changed

to assure anonymity. Information regarding phenotype of carriers

is based on pedigree and family history.

Sequencing and Variant Calling
All coding exons (exons 1–16) in the NHE6 gene, and exon/

intron junctions including >50 base pairs into the intron, were
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amplified by polymerase chain reaction (PCR) and sequenced

using Sanger methods in the proband of each family. The first

cDNA position was defined as the first adenine base pair in the

SLC9A6 start codon (exon 1). This corresponded to Ensembl

cDNA ENST00000370695. PCR primers for each exon are

shown in Supplementary Table 3. Variants were identified by

verifying the chromatogram using Chromas Lite software. All

exons were screened in the proband; however, only the putative

mutation was tested in relatives in the extended pedigree to dis-

cern the pattern of inheritance. All references to genomic coor-

dinates are based on human genome build hg19 (www.genome.

ucsc.edu).

Results

Phenotypic Presentation in Male Probands
All CS participants were males between the ages of 4 and

19 years at the time of assessment. See Figure 1 for pedi-

gree structure and mutations and Supplementary Table 1

for a summary of clinical features.

DEVELOPMENTAL PROGRESS AND REGRESSION. All

CS participants demonstrated profound developmental

delays in most or all domains, including gross and fine

motor, social, language, and cognitive domains. All of

the boys were nonverbal or had minimal words at the

time of presentation to the study. A majority of CS par-

ticipants had a history of hypotonia (79%). Walking was

delayed in many but not all cases, with onset ranging

from 1 to 3 years (mean age 5 20.2 months). All boys

exhibited some degree of truncal ataxia with unsteady

gait.

We administered the Leiter-R to 2 probands as a

measure of nonverbal cognitive functioning. Both boys

had intelligence quotients (IQs) in the deficient range

(<1%) with a Brief IQ of 36. We also administered

the Vineland II to 3 patients, who ranged in age from

7 through 17 years. For all 3 patients, composite

adaptive functioning was in the low range (<1%),

which in combination with IQ testing is indicative of

severe to profound ID. Receptive language age equiva-

lents were between 1 month and 8 months. Expressive

language age equivalents were between <1 month and

5 months. Daily living skills (eg, personal, domestic,

and community) age equivalents ranged from <1

month to 1 year 8 months. Socialization was in the

low range (<1 percentile) for all 3 patients, and subdo-

main (eg, interpersonal relationships, play and leisure

time, and coping skills) age equivalents ranged from

<1 month to 1 year 2 months. Motor skills, measured

in 2 patients, were both in the low range (<1 percen-

tile), and subdomain (eg, gross and fine motor skills)

age equivalents ranged from 7 months to 1 year

6 months.

All parents reported that their child had been diag-

nosed with ID, and 50% of parents reported regression

in walking (57%), eating (14%), eye contact/facial

expressions (14%), and other fine/gross motor skills

(14%), and loss of a few words/sounds (57%). In these

patients, the onset of regression was reported to follow a

medical illness and/or seizure cluster. The age at regres-

sion was reported as 15 months, 2 to 3 years, 4 years, 5

years (2 cases), 9 years, and 16 years (see Supplementary

Table 1).

POSTNATAL BRAIN GROWTH. A majority (92%) of

CS participants had histories of microcephaly with

delayed trajectories of postnatal brain growth (Fig 2A).

One participant provided a history of premature closure

of cranial sutures.

EPILEPSY. All 14 boys with confirmed NHE6 muta-

tions had epilepsy. All participants had epilepsy onset

between the ages of 4 months and 3 years (mean

onset 5 16.4 6 7.86 months). Seizure types included

infantile spasms (1 case), tonic seizures, tonic–clonic seiz-

ures, myoclonic seizures, drop seizures (unknown

whether tonic or atonic), and episodes described as star-

ing spells in most cases. Although most patients’ seizure

semiologies suggested generalized epilepsy, 1 patient had

seizures described with left facial grimacing, and another

had focal eye deviation, suggesting that some cases also

had focal onset seizures.

We were able to review electroencephalograms

(EEGs) for 4 cases (Patients 4, 6, 11a, and 11b) and

EEG findings from formal reports or clinical notes from

4 additional cases (Patients 1, 2, 3, and 5). Although 2

patients reportedly had normal EEG results, the majority

of EEGs were abnormal, with both background abnor-

malities and epileptiform abnormalities. Two had EEGs

that normalized after treatment, and 1 child had an ini-

tially normal EEG prior to losing the normal back-

ground. Background abnormalities included generalized

slowing and absence of normal sleep features in at least 1

case. EEG reports mention epileptiform features includ-

ing frequent generalized spike–wave complexes, irregular

generalized spike–wave pattern, and multifocal independ-

ent and sometimes synchronous spikes. One patient had

hypsarrhythmia in infancy and later focal spikes (Patient

11a). EEG findings are summarized in Supplementary

Table 1.

At least 4 patients had clinical and EEG features

consistent with epileptic encephalopathy, Lennox–Gastaut

syndrome (Patients 1, 6, and 11b) and infantile spasms

(Patient 11a), which are known to often be genetically

mediated.24 Three patients had clinical symptoms and

EEG findings suggestive of Lennox–Gastaut syndrome
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according to the information available (Fig 3A). Patient

1 had tonic, tonic–clonic, myoclonic, and clinical

absence seizures and an EEG reporting 2 to 4Hz slow

spike-wave. Patient 6 had generalized tonic–clonic seiz-

ures and drop seizures as well as focal motor features

with some seizures; the EEG showed bilateral frequent

FIGURE 1: Christianson syndrome pedigrees. (A) Pedigrees for each Christianson syndrome family (Families 1–12) are shown,
with male members (squares) and female members (circles). Affected male probands are shaded, and heterozygous female car-
riers are represented by dots inside circles. The cDNA and protein coordinates for each mutation (derived from Ensembl tran-
script ENST00000370695 and Ensembl protein sequence ENSP00000359729, respectively) are also shown beneath each
pedigree. Note that the probands from Families 3 and 7 share a recurrent de novo mutation with no known biological relation-
ship; in addition, the probands from Families 9 and 12 have a recurrent mutation that was maternally inherited in each respec-
tive family, with no known biological relationship between families. (B) Genomic deletion in NHE6 (SLC9A6) identified in
Patient 10. The deletion spanned 120.7kb (ChrX:135098247–135218928; GRCh37/hg19).
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semirhythmic slow spike-and-wave discharges. Patient

11b had generalized seizures, in the form of tonic seiz-

ures and drop attacks, as well as complex partial seizures;

interictal EEG showed frequent slow spike–wave com-

plexes with absent normal background. Patient 11a, men-

tioned above, had infantile spasms and hypsarrhythmia.

Further review of CS patients’ EEG will allow more

detailed syndrome classification. Although most patients

had generalized seizure types, the other patients’ clinical

and EEG features did not fall into clear epilepsy

syndromes.

Seizure frequency and control varied substantially,

with the most mildly affected having a period of seizure

freedom for >1 year, but some participants experiencing

seizure clusters daily. A variety of antiepileptic medica-

tions have been used (see Supplementary Table 1). Non-

medication treatment included ketogenic diet and vagus

nerve stimulator.

SYMPTOMS AND PRIOR DIAGNOSES OF AS AND/OR

AUTISTIC DISORDER. More than one-third of the

patients (43%) were originally diagnosed with AS by

clinicians. In this prospective study, clinical diagnostic

criteria by Tan et al25 were utilized. Upon direct assess-

ment, the majority of CS patients (93%) exhibited phe-

notypes similar to AS. For major criteria, all patients had

ID and limited speech. Approximately 100% of patients

had ataxia/unsteady gait (1 patient is currently nonambu-

latory). For behavioral features, a majority were reported

to have a happy disposition (100%) and unprovoked

FIGURE 2: Patient growth trajectories. (A) Postnatal head growth of current Christianson syndrome patients. The 50th (blue)
and 3rd (red) head circumference percentiles are shown as a reference. Head circumference < 3rd percentile is indicative of
microcephaly. Head circumference percentiles are reported according to Rollins et al.37 (B) Height trajectories of current Chris-
tianson syndrome patients. Height percentiles were plotted according to Centers for Disease Control and Prevention (CDC)
recommendations,38 whereby the 2006 World Health Organization (WHO) child growth standards39 were used for measure-
ments taken at £ 24 months of age and the 2000 CDC growth charts40 for measurements taken at >24 months. (C) Weight tra-
jectories of current Christianson syndrome patients. Weight percentiles were plotted according to CDC recommendations,38

whereby the 2006 WHO child growth standards39 were used for measurements taken at £ 24 months of age and the 2000
CDC growth charts40 for measurements taken at >24 months. Birth weight and percentile for probands are as follows: Patient
1, 3.6kg, 50 to 75%; Patient 2, 3.2kg, 25 to 50%; Patient 3, 4.0kg, 90 to 95%; Patient 4, 2.1kg, <2%; Patient 5, 3.5kg, 50 to
75%; Patient 6, 3.1kg, 25 to 50%; Patient 8a, 3.2 kg, 25 to 50%; Patient 8b, 3.8kg, 75 to 90%; Patient 11a, 3.7kg, 75 to 90%;
Patient 11b, 3.5kg, 50 to 75%; and Patient 12, 3.0kg, 10 to 25%. (D) Body mass index (BMI) scores of current Christianson syn-
drome patients. BMI percentile values were plotted according to the 2000 CDC growth charts.40 The 85th (blue) and 5th (red)
percentiles were chosen as reference percentiles because they designate overweight and underweight categories, respectively.
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laughter (64%). For minor AS criteria, all had seizures

and drooled, 92% were microcephalic, 64% had sleep

problems, and 29% reported a fascination with water.

Many children also sat with arms in flexed posture.

The majority of patients displayed autistic symp-

toms. Six of 14 (43%) patients were previously diagnosed

with autism clinically. Three patients were assessed with

the ADI-R, and all met criteria for autism. Evident

symptoms included absence of social play or interest in

sharing, lack of a variety of facial expressions to commu-

nicate, and poor eye contact. One patient did not point

to express interest, or nod or shake his head to commu-

nicate. Another patient had the least severe autistic symp-

toms of the patients directly assessed, yet he did not

engage in play with other children. He regularly used

other’s hands as a tool (eg, to turn a doorknob). A third

patient had unusual preoccupations and sensory interests

involving laundry baskets, metal objects, and windows.

We assessed 9 patients with the SCQ. Patient scores

ranged from 14 to 28, with an average score of 23.2

(autism cutoff score 5 15). Eight of 9 participants tested

(89%) met autism criteria. Parent responses consistently

FIGURE 3: Neurological investigations in Christianson syndrome (CS) patients. (A) Electroencephalographic referential montage
of CS patient showing diffuse slow spike-and-wave complexes with lack of normal background features, characteristic electro-
graphic findings of Lennox–Gastaut syndrome. (B, C) Magnetic resonance imaging (MRI) results showing moderate to severe
atrophy of the cerebellar hemispheres and vermis (arrow) in 1 CS patient in the current study at 2 distinct ages. (B) Sagittal T1-
weighted MRI of patient at 4 years (1.5T). (C) Sagittal T1-weighted MRI at 10 years (1.5T). [Color figure can be viewed in the
online issue, which is available at www.annalsofneurology.org.]
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reported poor eye contact, use of a caregiver’s body parts

as tools, unusual sensory interests, and a lack of recipro-

cal play and/or social interest.

EYE MOVEMENT ABNORMALITIES AND VISION. The

majority of patients (79%) had abnormal eye move-

ments. Almost one-third of patients (29%) required sur-

gery, usually to treat strabismus-related issues. The

majority of participants (54%) had known visual acuity

problems. Ophthalmic symptoms found in individual

patients include cortical visual impairment, refractive

error, and right V1 nerve palsy. None of the patients in

our study had a history consistent with known retinal

degeneration as presented previously in a young man

with CS at age 22 years.16

SLEEP. A majority of families (64%) reported sleep

problems in the proband. Two families noted that the

affected males appear to have no sleep pattern and rarely

sleep through the night. Parents generally reported that

affected males have difficulty sleeping, as they will be

active during the nighttime.

GASTROINTESTINAL-RELATED SYMPTOMS. Gastroin-

testinal (GI)-related symptoms were prominent in the CS

patients assessed. Half (50%) had gastroesophageal reflux

disease (GERD), for which 2 patients (14% of total

patients) required Nissen fundoplication. Many parents

(71% of families) reported current and past feeding diffi-

culties, such as difficulty chewing and times where the

patient refuses to eat. Feeding difficulties were also nota-

ble during the neonatal period, with latching problems.

Some parents also reported that their boys had a history

of swallowing difficulties (29%) including dysphagia,

choking, and aspiration.

HEIGHT AND WEIGHT GROWTH. The majority of

CS patients (91%) were born at average or above-average

weight. However, patients were notable for small stature

and attenuated weight gain. As infants, some were diag-

nosed with failure to thrive. Parents reported that CS

patients were unable to gain weight despite typical, and

even high, caloric intake. Many of these height and

weight measurements were in the <3 to 4 percentile

range (see Fig 2B, C). Many CS boys exhibit a body

mass index well below average that may get progressively

worse with age (see Fig 2D).

OTHER MEDICAL, NEUROLOGIC, AND BEHAVIORAL

FEATURES. All participants (100%) were hyperkinetic.

Also, in a majority of families, parents reported that the

proband had an unusually high pain threshold. Medical

conditions that were found in a minority of participants

included failure to thrive (21%), cyanosis (21%), and

eczema (21%). Three patients required extended hospi-

talization due to infectious disease problems, including 2

with suspected encephalitis. Infectious disease hospitaliza-

tions included: pneumonia; status epilepticus and possi-

ble viral encephalitis; and influenza B infection, with

myositis and possible encephalitis. A range of other med-

ical problems were observed in only a single child and

are listed in Supplementary Table 1.

MAGNETIC RESONANCE IMAGING FINDINGS. There

were 3 participants (33%) with documented cerebellar

atrophy. Magnetic resonance imaging (MRI) studies at

sequential time points for 1 of these patients with mod-

erate to severe atrophy of the cerebellar hemispheres and

vermis, associated with regression (loss of the ability to

walk), is shown in Figure 3B and C (arrow). Another

patient had bilateral lesions in the inferior cerebellum

with minimal volume loss. There were also notable find-

ings regarding increases in ventricles as well as changes in

white matter (see Supplementary Table 1).

Phenotypic Presentations in Female Carriers
Female carriers presented with diverse clinical presenta-

tions that included neurotypical functioning, mild to

moderate ID, and psychiatric illness. One female carrier

(confirmed by our laboratory) had a myriad of diagnoses,

including moderate ID, speech and language delay, selec-

tive mutism, sensory integration disorder, separation anx-

iety disorder, oppositional defiant disorder, reactive

attachment disorder, and attention deficit/hyperactivity

disorder (ADHD). Providers have also proposed child-

hood onset schizophrenia and autism spectrum disorder

in this patient. Her neuropsychological testing at 10 years

10 months revealed overall cognitive functioning in the

impaired range (Wechsler Intelligence Scale for Children-

IV Full Scale IQ 5 44, <1st percentile), with impaired

academic abilities (Wechsler Individual Achievement

Test-II reading and math, <1st percentile) and adaptive

functioning in the extremely low range (Adaptive Behav-

ior Assessment System-II, <1st percentile), consistent

with her diagnosis of moderate ID. Another female car-

rier has been characterized as having mild ID and

ADHD. She is also microcephalic with a head circumfer-

ence of 50.9 (23 standard deviations).

Allelic Series and Genotype–Phenotype
Correlations
Mutations from 12 families are represented on the

NHE6 protein in Figure 4, and pedigrees are shown in

Figure 1. Interestingly, in contrast to prior literature

regarding NHE6 mutations wherein mutations have been

largely inherited (Supplementary Table 2), a majority of

mutations in our study (58%) were de novo. Families 1
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through 7 had confirmed de novo mutations (ie, muta-

tions were not found in the mother).

Another notable finding was 2 separate recurrent

mutations. The first was found at c.1498 c>t, p.R500X.

This mutation was observed in 2 families not known to

be related, and in 1 family this mutation was determined

to occur de novo in a maternal carrier (Family 12, see

Fig 1). The mutation was carried in the mother of the

proband with CS but not in the maternal grandparents.

The same mutation was inherited in another proband

(Family 9).The 2 families share a small haplotype

around the point mutations that is approximately

171kb long (Supplementary Table 4). We also observed

a second recurrent mutation, c.1710 g>a, p.W570X, in

Families 3 and 7. Here, the mutations were determined

to be de novo in both families, although the families

again share a haplotype around the point mutation

spanning 260kb.

In total, we observed 9 single nucleotide variants

(SNVs), 2 indels and 1 copy number variation (CNV)

deletion. The majority of mutations were protein trunca-

tions (10 of 12, 83%) and occurred in exons 1, 3, 11,

12, 13, and 14. With the possible exceptions of Families

3 and 7, all protein truncating mutations occurred prior

to the end of the predicted transmembrane domains of

the protein (see Fig 4). Two mutations (17%) were splice

mutations. Family 1 represented a g>a change in the

first base of exon 9 that did result in a 20% reduction in

the protein levels (data not shown) and also a missense

mutation (glycine to aspartate) in the region of the

exchanger domain that was predicted to be highly delete-

rious by PolyPhen2.26 A second likely splice mutation

was found in Family 6, a G to A transition in the last

base of the intronic sequence upstream of the splice

acceptor for exon 3. There was 1 genomic deletion dis-

covered in the proband in Family 10 spanning from

ChrX:135098247 to 135218938 (c.1237-557). This

CNV deletion is predicted to delete exons 10 through 16

and the 30-untranslated region.

Our data support a diversity of genetic findings as

well as phenotypic findings in this cohort. Upon exami-

nation of the genetic mutations—which may be charac-

terized as early truncating versus late truncating, or

alternatively, de novo versus inherited—there are no statis-

tically strong genotype–phenotype correlations that

emerge at present.

Discussion

Core and Secondary Symptoms to Guide CS
Diagnosis
In this study, we prospectively ascertained 12 independ-

ent pedigrees, 14 affected boys in total, with mutations

FIGURE 4: Patient mutations in NHE6 protein. Mutations from all families in the present report (n 5 12) are shown in the NHE6
protein. The NHE6 protein is a 12-membrane spanning motif with the Na1/H1 exchange occurring between transmembrane
segments S4 and S5. Although most mutations are located in the transmembrane domain, 2 mutations (3 and 7) are located in
the carboxyl domain. cDNA positions are based on Ensembl transcript ENST00000370695, and peptide positions are based on
ENSP00000359729. Probands from Families 1 to 7 exhibit de novo mutations, whereas probands from Families 8 to 12 exhibit
inherited mutations.
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in NHE6. Interestingly, in contrast to prior literature, a

majority of the pedigrees enrolled exhibited de novo

mutations. Through quantitative study of clinical features

in probands across these independent pedigrees (see Sup-

plementary Table 1) and through review of prior litera-

ture (see Supplementary Table 2), we propose core

diagnostic features of NHE6 mutations and CS that are

present in >85% of the affected males. These symptoms

appear to be consistent regardless of whether the muta-

tion is inherited or de novo. These core diagnostic symp-

toms of CS (Table 1), presenting in boys in childhood,

include nonverbal status, ID (moderate to severe range),

epilepsy, truncal ataxia, postnatal microcephaly and/or

attenuation in postnatal growth of head circumference,

and hyperkinetic behavior. Secondary symptoms that are

often present (>35%) include symptoms of autism,

symptoms of AS, eye movement problems such as stra-

bismus, regressions (particularly loss of the ability to

walk after age 10 years), low weight for age, and cerebel-

lar vermis atrophy by MRI (particularly after age 10

years). Low weight and cerebellar atrophy are key fea-

tures, particularly with age, that distinguish CS from AS

due to 15q11 locus anomalies. Another possible distin-

guishing feature is that epilepsy in AS may not occur in

100% of patients,25,27 whereas in CS, as the data cur-

rently stand, epilepsy occurs in all patients. Additional

medical and behavioral symptoms are notable, including

GERD and high pain threshold.

CS may be among the most common X-linked

developmental brain disorders. In a large-scale sequenc-

ing project in 208 pedigrees with suspected XL-ID, 2

protein-truncating mutations in NHE6 were found.1

These data place NHE6 among the top 6 genes that

were found to have recurrent protein-truncating muta-

tions, and suggest that CS may constitute approximately

1 to 2% of X-linked developmental brain disorders.

Similarly, in a whole-exome sequencing project of mul-

tiplex, nonconsanguineous pedigrees with ID, 1 in 19

families exhibited a protein truncating mutation in

NHE6.28 If we assume that between 1 and 3% of the

world’s population is diagnosed with an ID, and

approximately 10 to 20% of the causes are due to

X-linked genes, then we can estimate that CS may affect

between 1 in 16,000 and 100,000 people. By compari-

son, this represents approximately 10 to 50% of the

prevalence of fragile X syndrome, the most commonly

inherited form of ID.

One uniform and notable feature of CS is epi-

lepsy. Conversations with parents indicate seizure con-

trol may represent a leading cause of concern in the

family. In the current study, we report early age of onset

of epilepsy and a mixture of seizure types. Further clini-

cal and EEG analysis of the CS group of patients will

determine how many have epilepsy in the setting of epi-

leptic encephalopathy (eg, infantile spasms, Lennox–

Gastaut syndrome) and provide refinement of the epi-

lepsy syndromes that these patients may experience. A

variety of treatments have been tested; however, rigorous

prospective studies will be required in patient cohorts

with CS to develop the most accurate treatment proto-

cols. This appears to be among the major priorities in

CS research.

Developmental and Progressive Symptomology
in CS
Mutations in NHE6 appear to lead to clinical symptoms

that reflect both developmental and progressive (perhaps

degenerative) pathophysiology. Given the very early

onset of CS, with failures in typical development

including global developmental delays, lack of language,

and cognitive and adaptive delays, neurodevelopmental

TABLE 1. Diagnostic Criteria for Christianson
Syndrome

Core diagnostic symptoms, >85%

Nonverbal

Intellectual disability (moderate to severe range)

Epilepsya

Ataxia (truncal)

Postnatal microcephaly or attenuation of growth in
head circumference

Hyperkinesis

Secondary symptoms, >35%

Symptoms of autism

Symptoms of Angelman syndrome (particularly in
first 5 years)

Eye movement problems (eg, strabismus)

Hypotonia

Gastroesophageal reflux disease

Regressions (especially after 1st decade of life)

Low height and/or weight for age group (progressing
with age)b

Cerebellar vermal atrophy (particularly after first
decade)b

aChristianson syndrome appears to be associated with 100%
epilepsy, whereas the epilepsy rate in Angelman syndrome
has been reported as 65%25 and 86%.27

bChristianson syndrome features distinct from Angelman
syndrome.
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mechanisms are likely prominent. In recent experimen-

tal studies in mouse models, impairments in neuronal

arborization and synapse development were reported.12

It seems plausible that these defects in arborization and

synapse development may represent the cellular corre-

lates for the plateau in head circumference growth dem-

onstrated in this study in patients. This hypothesis may

be confirmed by future neuropathologic studies. The

paucity of white matter and leukomalacia reported in

some MRI studies in the setting of developmental

regression may also indicate axonal loss specifically.

In this study, as in prior studies,2,14,15 we report a

high rate of prior diagnosis of AS (43%). Additionally,

patients met symptom criteria for AS (93%) upon direct

examination. The likeness of CS to AS is not apparent in

all participants, and the rate of NHE6 mutations in AS

remains to be determined and may be low.13 Of 59

patients presenting with AS-like phenotypes, 1 (1.8%)

had NHE6 mutations.13 Also, Gilfillan et al2 found 4 of

73 patients with AS-like phenotypes had NHE6 muta-

tions. As indicated by Gilfillan et al,2 the likeness of CS

to AS is prominent enough to have important clinical

relevance; that is, all boys with non-15q11 AS should be

tested for mutations in NHE6. Also, the question of a

relationship at the level of cellular mechanisms remains

intriguing.

CS is related to autism at both the clinical and the

biological level. A sizable proportion of boys with CS

have received a previous diagnosis of autism, demonstrate

autistic symptoms, and/or meet criteria for autism on

standardized examinations. Although we report here that

a large percentage of patients who were tested using

standardized assessments (ADI-R or SCQ) met criteria

for autism, this result needs to be interpreted with cau-

tion given the challenges of observing a full range of

autism symptoms in participants who are nonverbal and

have low intellectual and adaptive functioning. However,

in addition to the clinical indicators, there are important

overlaps between autism and CS at the biological level,

wherein in autism transcriptome studies the gene expres-

sion levels of NHE6 are reduced in postmortem cortex as

compared to control.6

Despite the clear neurodevelopmental components

in CS and the likenesses to related developmental disor-

ders such as autism and AS, there appear to be progres-

sive aspects to the CS phenotype. Based on observations

in the original pedigree, Christianson et al4 described a

potential progressive nature involving loss of cognitive

and adaptive skills with aging. Furthermore, there are

clear regressions that appear to be associated with CS. In

our study, these appear to be associated with febrile ill-

ness and/or seizure, and can occur even in the first dec-

ade. In other studies, these regressions were generally

described in later life past the first decade.3,15,16 A recur-

rent history involves loss of the ability to walk and loss

of words or sounds. In addition to these clinical symp-

toms, there also may be a neurodegenerative component

to CS that involves at least the cerebellum and perhaps

also regions within the brainstem. We find 33% of

patients have MRI evidence of cerebellar atrophy, which

corresponds frequently to loss in ability to walk. This

finding was also corroborated at the biological level with

regard to studies in a CS mouse model that demonstrate

Purkinje cell loss with age.29 Additional postmortem

studies have also supported cerebellar Purkinje cell

degeneration in humans.3,4 In addition, in a study of 1

pedigree by Garbern et al3 with a slightly atypical muta-

tion, tau deposition was prominently noted across the

brain, but in particular in the subcortical regions of the

brain. Finally, 1 single study has reported the possibility

of retinal neurodegeneration, perhaps retinitis pigmen-

tosa, in a patient aged >20 years with CS.16 Although

this finding has not been corroborated in our study, it

requires identification and clinical characterization of

patients after they have passed through the age window

of risk. Thus far, there have been few studies identifying

young or older men with CS (ie, >18 years

old).2–4,14–16,18 Again in Christianson et al’s4 original

description of the syndrome, they reported the possibility

of early mortality in affected males; however, this too

requires verification through larger and longitudinal stud-

ies. Low numbers of men older than 20 years with CS

could be either an issue of ascertainment, or alternatively,

relate to an increased risk of mortality in CS.

Additional Notable Medical and Behavioral
Findings in CS
NHE6 protein appears to be expressed in nearly every

cell and tissue type yet examined.30 Given this result, it

is not surprising that somatic medical symptoms appear

to represent a part of CS. A particularly notable symp-

tom is gastroesophageal reflux. Although GI symptoms

are commonly reported in neurodevelopmental disorders

such as Rett syndrome31 and 22q11.2 microdeletion syn-

drome,32 the data that 2 patients in our cohort required

surgery to correct extreme GERD raise the possibility

that this GI condition may be related to CS. In addition,

relatively low weight, particularly as the boys develop,

appears to be a common somatic symptom. This finding

likely warrants further clinical and preclinical research.

With regard to additional behavioral symptom pat-

terns that should be emphasized, the hyperkinetic behav-

ior in patients with CS seems fairly pervasive.

Interestingly, the related endosomal NHE9 protein has
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been implicated previously in attention deficit/hyperactiv-

ity disorder.33–35 Furthermore, many parents also note a

high pain threshold and convey experiences involving

serious injury wherein their son with CS exhibited little

response to pain. This symptom has not appeared in the

literature previously yet has substantial clinical relevance

related to protecting males with CS from occult injuries

or harm.

Prevailing Genetic Patterns and Novel Genetic
Findings in This Study
Causative mutations in neurodevelopmental disorders are

frequently de novo, X-linked recessive, or autosomal

recessive. In contrast to prior literature reporting largely

inherited mutations in NHE6, through prospective

recruitment, here we discover 7 highly deleterious de
novo mutations in NHE6. An eighth mutation was

found, in a 3-generation pedigree (Family 12), to be de
novo in the mother although inherited in the proband.

These de novo (and recent) mutations constitute >50%

of pedigrees in our cohort (see Fig 1). Given a spectrum

of deleterious mutations and that female carriers may

exhibit intermediate neurocognitive symptoms, one

might hypothesize that de novo mutations may be more

highly deleterious and that inherited mutations may

appear milder. However, from our data and the other

mutations in the literature (see Supplementary Table 2),

this hypothesis does not appear to be substantiated.4

There is a statistical trend toward more regressions and

earlier onset regressions in the de novo group; however,

this association will require larger studies to establish.

The majority of mutations appear to be early truncating

and/or splice mutations likely constituting loss of func-

tion mutations. Given our high discovery rate of de novo
variants and prior publications, we anticipate that CS

will constitute a spectrum of NHE6 mutations that may

be either inherited or de novo. Our findings are impor-

tant because they indicate that clinicians should be alert

to considering mutations in NHE6 in a variety of presen-

tations of neurodevelopmental disorders. Specifically,

boys who present with new diagnoses of moderate to

severe ID with seizures, language delays, and ataxia, with

or without AS-like symptoms, and with or without a

pedigree consistent with XL-ID, should be considered for

NHE6 mutations.

Finally, in 12 independent families we have discov-

ered a robust allelic series of NHE6 mutations in CS.

We discover 9 SNVs, 2 splice mutations, and a 120.7kb

genomic deletion. We also report an apparently recurrent

SNV (Family 9 and Family 12), c.1498 c>t transition

leading to p.R500X, a protein-truncating mutation in

the putative 11th transmembrane domain of the protein.

In Family 12, this mutation appears likely to be de novo
in the mother of the affected CS male (ie, not present in

the maternal grandparents). In Family 9, this mutation is

inherited. These families do appear to share a haplotype

around the mutation locus (see Supplementary Table 4),

which may be prone for recurrent mutation, although

further research will be necessary to clarify this. The

mutation occurs at a CpG location in the genomic

DNA, although not in a known CpG island or methyla-

tion hot spot; however, it remains formally possible that

this C is methylated and prone to C to T transition by

mechanisms involving deamination of a methylated cyto-

sine.36 Family 9 has been reported previously in the liter-

ature as a US-based pedigree.15 In our study, R500X

represents approximately 16% of the mutations in CS.

There are also 2 other reports of likely independent pedi-

grees with the R500X mutation.1,2 Taking all these

reports into account, conservatively R500X may represent

up to 10% of mutations in the literature currently (at

least 3 in total). Interestingly, we also discovered a second

SNV (c.1710 g>a, p.W570X), which is recurrent in

Families 3 and 7 and de novo in both families.

Summary
In summary, we report a robust series of NHE6 mutations

in 12 independently ascertained pedigrees, within which

we were able to characterize quantitatively core and sec-

ondary symptom presentations. Through this study, we

have proposed a core set of diagnostic criteria for CS and

also generated a quantitative early guide to symptom pre-

sentation to help establish initial clinical expectations for

families and clinicians. Based on current studies, CS may

be among the most common X-linked developmental

brain disorders.1 CS has broad implications for common

neurologic and behavioral syndromes including epilepsy,

ID, autism, regression, and hyperactivity.
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