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Abstract 91 

Christianson syndrome (CS) is an X-linked neurogenetic disorder resulting from loss-of-function 92 

(LoF) mutations in SLC9A6, which encodes the endosomal Na+/H+ exchanger 6 (NHE6). NHE6 93 

regulates proton efflux from endosomes and, thus, participates in regulating cargo processing and 94 

trafficking. LoF mutations in NHE6 cause aberrant acidification of endosomes. While CS arises in 95 

males generally due to clear LoF mutations, other potentially hypomorphic variants have emerged, yet 96 

most of these variants have not been evaluated for functional effects, particularly in vivo. Here we 97 

characterize an SLC9A6 variant that has been previously reported in patients, yet now also appears in 98 

exome datasets of largely control individuals—c.25G>T, p.A9S. By heterologous expression in cell 99 

lines, we show that human NHE6A9S is expressed and localizes in a manner comparable to control 100 

NHE6. By genome editing, we generated the equivalent NHE6 mutation in mouse—p.A11S—and 101 

determined that male NHE6A11S mice have normal brain size at 6 months of age and do not show 102 

cerebellar degeneration or defective neuronal arborization. Neurons from male NHE6A11S mice also 103 

did not demonstrate an abnormality in intra-endosomal pH in comparison to controls. These findings 104 

are in contrast to findings in NHE6-null mice previously reported and indicate that the NHE6A11S 105 

variant functions at a level equivalent to control NHE6 for many of the assays performed. These data 106 

stand in support of the population genetic data, which are also evaluated here, indicating that the A9S 107 

variant is unlikely to confer disease susceptibility with high penetrance.  108 
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Significance Statement 109 

Loss-of-function mutations in SLC9A6, encoding Na+/H+ exchanger 6 (NHE6), cause 110 

Christianson syndrome. Also, missense variants of unknown consequences have emerged. Functional 111 

evaluation of these mutations contributes to an understanding of the medical relevance and cellular 112 

effects of these variants. We show that human NHE6A9S protein is synthesized and localizes normally. 113 

Mice genome edited to the equivalent variant—NHE6A11S—did not show a reduction in brain size or 114 

defects in neuronal arborization. Mutant NHE6A11S neurons also did not demonstrate a significant 115 

decrease in luminal pH of endosomes. These findings are in contrast to findings in NHE6-null mice 116 

previously reported. Combined with the population genetic data, our data indicate that the NHE6A9S 117 

variant is unlikely to confer disease susceptibility with high penetrance.  118 
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Introduction  119 

Christianson syndrome (CS) is an X-linked neurogenetic disorder first described in a South 120 

African family in 1999 (Christianson et al., 1999). The core clinical features of CS include moderate to 121 

severe intellectual disability, non-verbal status, epilepsy, truncal ataxia, post-natal microcephaly, and 122 

hyperkinetic behavior (Christianson et al., 1999; Pescosolido et al., 2014). Secondary clinical features 123 

include eye movement abnormalities, motor regression, cerebellar atrophy, low body weight, and a 124 

happy demeanor resembling Angelman syndrome (AS) (Christianson et al., 1999; Gilfillan et al., 2008; 125 

Schroer et al., 2010; Mignot et al., 2013; Pescosolido et al., 2014). The genetic basis of CS is loss-of-126 

function (LoF) mutations in the X-linked gene SLC9A6, which encodes the endosomal Na+/H+ 127 

exchanger 6 (NHE6) (Gilfillan et al., 2008; Garbern et al., 2010; Takahashi et al., 2011; Tzschach et al., 128 

2011; Mignot et al., 2013; Riess et al., 2013; Pescosolido et al., 2014; Zanni et al., 2014; Masurel-129 

Paulet et al., 2016). Systematic sequencing of X-chromosome genes have indicated that CS is among 130 

the most common X-linked developmental brain disorders (Tarpey et al., 2009). 131 

NHE6 belongs to the SLC9A gene family. NHE6 mainly localizes to early, recycling, and late 132 

endosomes, while also transiently localizing to the plasma membrane (Brett et al., 2002; Nakamura et 133 

al., 2005; Ohgaki et al., 2008; Ohgaki et al., 2010; Ouyang et al., 2013). By moving H+ out of the 134 

organellar lumen in exchange for Na+ or K+, organellar NHEs such as NHE6 participate in regulating 135 

luminal pH, which is an essential aspect of the processing and trafficking of intracellular cargo (Orlowski 136 

and Grinstein, 2004; Ohgaki et al., 2011; Kondapalli et al., 2014). In neurons, NHE6 is found in growing 137 

axons and dendrites and at branch points. It also co-localizes with pre-and post-synaptic markers 138 

(Deane et al., 2013; Ouyang et al., 2013), indicating that NHE6 is involved in many cellular processes 139 

critical to normal nervous system development and function.  140 

More than 30 distinct mutations in SLC9A6 have been identified in CS patients (Gilfillan et al., 141 

2008; Garbern et al., 2010; Schroer et al., 2010; Takahashi et al., 2011; Mignot et al., 2013; Schuurs-142 

Hoeijmakers et al., 2013; Bosemani et al., 2014; Pescosolido et al., 2014; Zanni et al., 2014; Masurel-143 

Paulet et al., 2016; Trump et al., 2016; Padmanabha et al., 2017; Kerner-Rossi et al., 2018; 144 
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Weitensteiner et al., 2018). Most of the mutations in SLC9A6 are nonsense mutations thought to result 145 

in truncation of the NHE6 protein or destruction of NHE6 mRNA by nonsense-mediated decay; thereby, 146 

the majority of mutations are LoF mutations (Kondapalli et al., 2014; Pescosolido et al., 2014). As 147 

supported by mouse studies, loss of NHE6 function results in over-acidification of the endosomal 148 

compartment, attenuated TrkB signaling, decreased neuronal arborization and circuit strength (Ouyang 149 

et al., 2013), and, potentially, disruption of neurotransmitter receptor trafficking (Deane et al., 2013).  150 

Other types of mutations and variants identified in SLC9A6 include in-frame deletions, missense 151 

mutations, and splicing mutations (Fichou et al., 2009; Riess et al., 2013; Pescosolido et al., 2014; 152 

Zanni et al., 2014; Ilie et al., 2016; Masurel-Paulet et al., 2016; Padmanabha et al., 2017; Weitensteiner 153 

et al., 2018). A limited number of these mutations have been assessed in vitro (e.g., expression in 154 

heterologous cell lines), with results indicating that the NHE6-mutant proteins are unstable and do not 155 

undergo appropriate protein maturation and that their expression leads to defects in the functioning and 156 

survival of cells (Gilfillan et al., 2008; Roxrud et al., 2009; Ilie et al., 2014; Ilie et al., 2016; Ilie et al., 157 

2019). Molecular and cellular characterization of SLC9A6 variants such as missense variants will 158 

contribute to our understanding of their medical significance, as well as broaden our understanding of 159 

the function of NHE6.  160 

The purpose of the study presented here was to evaluate a missense mutation of SLC9A6 161 

reported by Fichou et al. (Fichou et al., 2009) wherein a c.25G>T mutation in SLC9A6 exon 1 results in 162 

an alanine-to-serine substitution at position 9 of NHE6 (p.A9S). This mutation was identified in a cohort 163 

of male patients with AS-like features. Subsequently, however, the NHE6A9S variant has been found in 164 

large, putative control exome sequencing databases, calling into question the medical significance and 165 

disease-causing role of this variant. We provide results here based in expression of wild-type and 166 

mutant NHE6 in cultured cells and analysis of a mouse model with an equivalent mutation (p.A11S) 167 

indicating that the alanine-to-serine mutant NHE6 performs in a manner largely similar to wild-type 168 

NHE6 with respect to the tested functional measures. Our data, combined with human population 169 

genetic data as evaluated here, provide support for the interpretation that this human gene variant is 170 
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unlikely to confer susceptibility to disease with high penetrance. As such, these results may assist in 171 

interpretation of genetic diagnostic information.  172 

 173 

Materials and Methods 174 

 Analysis of the population frequency and sex skew of the A9S variant in SLC9A6 175 

The total number of male (AN_male) and female (AN_female) chromosomes covered at the 176 

location of the A9S variant in SLC9A6, along with the number of mutant female alleles (AC_female), 177 

mutant male alleles (AC_male), and heterozygotes (AC_het), were extracted from the Exome 178 

Aggregation Consortium (ExAC) database (http://exac.broadinstitute.org/; accessed on September 20, 179 

2018) (Lek et al., 2016) (Table 1). Based on the information in Table 1, the observed number of 180 

individuals with each possible genotype for this locus was calculated using the equations below. 181 

(1) M (total number of male samples covered at this location) = AN_male 182 

(2) F (total number of female samples covered at this location) = AN_female/2  183 

(3) X(mut)/Y = AC_male  184 

(4) X(wt)/Y = M - AC_male 185 

(5) X(mut)/X(wt) = AC_het 186 

(6) X(mut)/X(mut) = (AC_female - AC_het)/2 187 

(7) X(wt)/X(wt) = F - (X(mut)/X(mut) + X(mut)/X(wt)) 188 

 The results of the above calculations are shown in Table 2 under the “Observed” column.  189 

To calculate the expected number of individuals of each genotype, Hardy Weinberg equilibrium 190 

was assumed, with q (the frequency of the mutant allele) given by ExAC, as reported in Table 1. This 191 

frequency value was used in conjunction with the F and M values defined above and the equations 192 

below. 193 

(1) p (frequency of wild-type allele) = 1 - q 194 

(2) X(wt)/Y = M*p 195 
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(3) X(mut)/Y = M*q 196 

(4) X(mut)/X(mut) = F*(q^2) 197 

(5) X(mut)/X(wt) = F*2*p*q 198 

(6) X(wt)/X(wt) = F*(p^2) 199 

 The results of the above calculations are shown in Table 2 under the “Expected” column.  200 

 201 

Cell line and mouse lines 202 

For experiments involving use of cultured cells, the HeLa cell line was used (ATCC CCL-2 203 

RRID:CVCL_0030). For studies in mouse, male mice from two Nhe6 mouse lines were used: a mouse 204 

model of the human A9S variant (A11S in mouse) of NHE6 and a new NHE6-null mouse model due to 205 

a 4-bp CAAG deletion in exon 15 that causes a frameshift and subsequent generation of a premature 206 

stop codon (ChrX: g.56658353-56658356, c.1825-1828, GRCm38; NCBI Reference Sequence: 207 

NC_000086; Ensembl Transcript: ENSMUST00000077741.11). These mouse lines were generated 208 

using CRISPR/Cas9-mediated genome editing (Mouse Transgenic and Gene Targeting Facility of 209 

Brown University) and are described for the first time herein. Both mouse lines are on the C57BL/6N 210 

mouse background. Targeting of constructs and presence of mutations were confirmed by PCR 211 

genotyping and Sanger sequencing. Western blot was used to confirm protein expression or lack 212 

thereof (Fig. 2). All experiments involving live animals were carried out in accordance with the U.S. 213 

National Institutes of Health Guide for the Care and Use of Laboratory Animals (National Research 214 

Council of the National Academies, 2011) under a protocol approved by the Brown University Animal 215 

Care and Use Committee. 216 

 217 

DNA constructs 218 

The human NHE6 gene (GenBank: NM_006359) was cloned into a pReceiver-M07 mammalian 219 

expression vector to generate a C-terminal HA-tagged pNHE6-HA construct. The pNHE6-HA construct 220 
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was then used, together with the QuickChange site-directed mutagenesis kit (Stratagene), to generate 221 

a construct encoding for an HA-tagged version of the A9S variant of human NHE6 (NHE6A9S-HA). 222 

Mutagenesis was performed according to the manufacturer’s protocol and using the following 223 

overlapping primers: (5’-GCGGAGGGGTGACCGCCGCCAGC-3’) and (5’-224 

GCTGGCGGCGGTCACCCCTCCGC-3’).  225 

 226 

PCR genotyping  227 

To confirm the G>T mutation targeting strategy in the NHE6A11S-mutant mouse model, PCR 228 

genotyping was performed using mouse tail lysates and the following primers: 141_Slc9a6_ex1F1 (5’-229 

CTGTAGGTGGGTAGACAAGCC-3’) and 147_Slc9a6_ex1R4 (5’-TTCTCGGACACGATCTCCTC-3’). 230 

Target bands of 402 bp were gel purified, followed by Sanger sequencing to determine genotype. The 231 

4-bp deletion in the NHE6-null mouse model was confirmed by PCR genotyping using the following 232 

primers: 522_Slc9a6_ex15uF3 (5’-CAGTAGAGCACTTGTAGAGCAC-3’) and 555_Slc9a6_ex15dR5 233 

(5’-CAGAAGCCTAACCCATAGAAC-3’). Target bands of 406 bp were gel purified, followed by Sanger 234 

sequencing to determine genotype. 235 

 236 

Western blotting 237 

Mouse whole-brain lysates or HeLa cell lysates were prepared and subsequently heated at 238 

70°C for 10 min in 4X NuPage LDS sample buffer (Invitrogen NP0007) with 10X NuPage sample 239 

reducing agent (Invitrogen NP0009). Samples were then subjected to SDS-PAGE in a 4-12% 240 

polyacrylamide gel and transferred to nitrocellulose membranes according to standard procedures. 241 

Western blotting was performed as follows. The membrane was blocked for 1 h at room temperature 242 

using Odyssey TBS blocking buffer (LI-COR Biosciences 927-50000), incubated overnight at 4°C in 243 

primary antibody diluted in TBS blocking buffer, rinsed 3 x 10 min with TBS-Tween, incubated for 1 h at 244 

room temperature in secondary antibody diluted in TBS blocking buffer, rinsed 3 x 10 min with TBS-245 

Tween, and scanned with a LI-COR Odyssey CLx Infrared Imaging System (LI-COR Biosciences 246 
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RRID:SCR_014579). Primary antibodies used were rabbit anti-NHE6 (048; 1:1000 working dilution) 247 

(Ouyang et al., 2013), mouse anti-alpha-tubulin (1:4000 working dilution, Sigma T6074 248 

RRID:AB_477582), and rabbit anti-HA (1:1000 working dilution, Cell Signaling Technology 3724s 249 

RRID:AB_1549585). Secondary antibodies used were goat anti-rabbit IRDye680 (1:20000 working 250 

dilution, LI-COR Biosciences 925-68071 RRID:AB_2721181) and goat anti-mouse IRDye800 (1:20000 251 

working dilution, LI-COR Biosciences 925-32210 RRID:AB_2687825). 252 

 253 

Immunocytochemistry 254 

For cultured HeLa cells, cells were first rinsed twice with 1X PBS. Cells were then fixed in 4% 255 

(w/v) paraformaldehyde (PFA) for 15 min and permeabilized with 0.25% (w/v) Triton X-100 in 1X PBS 256 

for 15 min at room temperature. Cells were then blocked with 10% normal goat serum in 1X PBS + 257 

0.1% Triton X-100 (PBST) for 1 h at room temperature followed by incubation overnight at 4°C with 258 

primary antibodies diluted in PBST containing 2% normal goat serum. Primary antibodies used were 259 

rabbit anti-NHE6 (048) (Ouyang et al., 2013) and mouse anti-HA (Roche 11583816001 260 

RRID:AB_51450). After rinsing 3 x 5 min in PBST, cells were incubated for 1 h at room temperature 261 

with secondary antibodies diluted in PBST containing 2% normal goat serum. Secondary antibodies 262 

used were goat anti-rabbit Alexa Fluor 488 (1:800 working dilution, Thermo Fisher Scientific A-27034 263 

RRID:AB_2536097) and goat anti-mouse Alexa Fluor 594 (1:800 working dilution, Thermo Fisher 264 

Scientific A-11032 RRID:AB_2534091). Additionally, nuclei were counter stained with DAPI (1:1000 265 

working dilution, Thermo Fisher Scientific) at the same time as incubation with secondary antibody. 266 

Cells were again rinsed 3 x 5 min in PBST and then mounted in Fluoromount-G (SouthernBiotech).  267 

For hippocampal cultures, wild-type and NHE6A11S-mutant neurons were first starved with 268 

Earle’s Balanced Salt Solution (EBSS) for 30 min, and then cells were incubated with 25 g/mL of 269 

Alexa Fluor 568-conjugated transferrin (Thermo Fisher Scientific T23365) for 10 min. After washing 3 270 

times with 1X PBS, cells were fixed with 4% PFA and immunostained using rabbit anti-NHE6 as the 271 

primary antibody (048) (Ouyang et al., 2013) and goat anti-rabbit Alexa Fluor 488 as the secondary 272 
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antibody (1:800 working dilution, Thermo Fisher Scientific A-27034 RRID:AB_2536097). Nuclei were 273 

counter stained with DAPI (1:1000 working dilution, Thermo Fisher Scientific). 274 

Confocal microscopy images were collected using a Zeiss LSM 710 confocal microscope. 275 

Structured illumination microscopy (SIM) images were collected using a DeltaVision OMX SR 276 

microscope. Z-series images were collected using a 60X oil objective (refractive index immersion oil-277 

1.516) and light path-SI under sequential acquisition mode. Z-series images were processed by 278 

performing OMX SI reconstruction, alignment, and maximal projection sequentially using softWoRx 279 

software. Images were analyzed using ImageJ software (NIH). 280 

 281 

Tissue preparation  282 

Mice were anesthetized with Beuthanasia-D and transcardially perfused with phosphate-283 

buffered 4% PFA. Brains were removed from skulls, stored in 4% PFA overnight at 4°C, sequentially 284 

immerged in 10%, 20%, and 30% sucrose solutions at 4°C for 1 day per solution of a specific 285 

percentage sucrose, embedded in Optimal Cutting Temperature compound, and stored at 80°C.  286 

 287 

Brain size measurement 288 

Matched male littermate pairs collected at 6 months of age were transcardially perfused with 4% 289 

PFA and imaged using a Leica MZ16F dissecting microscope. The area of the cortical hemispheres, 290 

midbrain, and cerebellum were measured using ImageJ software (NIH).  291 

 292 

Histology and immunohistochemistry 293 

For cerebellar degeneration analysis, 30- m sagittal sections were collected using a Leica 294 

Cryostat. To perform immunohistochemistry, sections were first pre-wetted with 1X PBS for 15 min. 295 

Sections were then post-fixed with 4% PFA for 15 min, permeabilized with 0.25% (w/v) Triton X-100 in 296 

1X PBS for 15 min, blocked with 10% normal goat serum in PBST for 2 h at room temperature, and 297 
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incubated overnight at 4°C with mouse anti-calbindin antibody diluted in PBST containing 2% normal 298 

goat serum (1:1000 working dilution, Swant 300 RRID:AB_10000347). After washing the sections 299 

extensively with PBST, they were incubated with Alexa Fluor 568-conjugated goat anti-mouse 300 

secondary antibody diluted in PBST containing 2% normal goat serum (1:800 working dilution, Thermo 301 

Fisher Scientific A-11004 RRID:AB_2534072) for 2 h at room temperature. The sections were then 302 

washed 3 times with PBST and mounted using Fluoromount-G (SouthernBiotech). 303 

 304 

Endosomal pH, transferrin distribution, and endosome size analyses in mouse hippocampal neurons 305 

using Opera Phenix High Content Screening System 306 

Isolated hippocampal neurons were seeded at a density of 28000 cells/well in CellCarrier-96 307 

Ultra clear bottom black microplates (PerkinElmer). For each pup, 3-4 wells of cells were seeded and 308 

analyzed, which served as a means of experimental replication. At 5 days in vitro (DIV), cells were first 309 

starved in EBSS at 37°C for 30 min. EBSS was then replaced with regular Neurobasal-A media 310 

containing 33 g/mL fluorescein isothiocyanate (FITC)-conjugated transferrin (Thermo Fisher Scientific 311 

T2871), which is pH-sensitive, and 33 g/mL and Alexa Fluor 546-conjugated transferrin (Thermo 312 

Fisher Scientific T23364), which is pH-insensitive. Nuclei were simultaneously counter stained with 313 

DAPI to facilitate data analysis. After a 10-min incubation, the cells were washed twice with warm PBS, 314 

placed in media lacking phenol red, and imaged live under 60X water objective using an Opera Phenix 315 

High Content Screening System (PerkinElmer). Twenty images were taken per well. To generate the 316 

standard curve for use in determining endosomal pH, similar procedures were followed; however, 317 

neurons were imaged in standard buffer solutions containing: 125 mM KCl, 25 mM NaCl, 10 M 318 

monensin, and either 25 mM HEPES (for standard pH 7.0) or 25 mM MES (for standards pH 6.5, 6.0, 319 

and 5.5) and adjusted to a final pH using 1 N NaOH or 1 N HCl.  320 

Confocal images were analyzed using Harmony software (PerkinElmer). The DAPI channel was 321 

used to identify nuclei and somal region using the Find Nuclei and Find Cytoplasm building blocks. 322 
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Detected nuclei were used to count cells in the assays, and a minimum nuclear area threshold criterion 323 

was applied to select for live cells. Transferrin-labeled endosomes in soma and neurites were identified 324 

using the Find Spots building block. To specify which kind of spots should be detected, the following 325 

parameters were adjusted: (1) specify region (soma or neurites) for the spots and (2) specify the filter 326 

criteria to select spots by their fluorescence intensity and area. A spot area cut-off of 15-90 pixels2 was 327 

chosen to represent endosomes, and the fluorescence intensity of each fluorophore was measured 328 

within endosomes. Also, data regarding the number of transferrin-labeled endosomes in neurites and 329 

soma and the live cell number were collected. To determine endosomal pH, the ratio of FITC 330 

fluorescence intensity to Alexa Fluor 546 fluorescence intensity was calculated. For the standard curve, 331 

the ratio was plotted against pH values; for experimental measures, the ratio was extrapolated to the 332 

standard curve. To assess transferrin distribution, endosome number and localization (soma or neurite) 333 

were determined in live cells based on the Alexa Fluor 546-conjugated transferrin signal. To compare 334 

sizes of endosomes, area values for the spots analyzed were exported and pixels2 were converted to 335 

m2. 336 

 337 

Cerebellum image quantification 338 

The “Sagittal Atlas” from the Allen Mouse Brain Atlas was used to determine sagittal sections of 339 

the cerebellum to analyze (Allen Institute for Brain Science, 2004). Sections selected for mid-sagittal 340 

analyses most closely resembled Position 195 and Position 201 from the Sagittal Atlas 341 

(http://mouse.brain-map.org/experiment/thumbnails/100042147?image_type=atlas). Images of the 342 

cerebellum were acquired as z-stacks comprising 18 x 1.63- m slices using an Olympus FV3000 343 

confocal microscope equipped with a 20X objective. Individual images were stitched into a whole image. 344 

Purkinje cell (PC) body density was calculated as the number of PC bodies divided by the length of the 345 

PC layer measured. All images were analyzed using ImageJ software (NIH).  346 

 347 
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Continuous live-cell imaging and neurite outgrowth analysis 348 

 Continuous live-cell imaging was performed using an IncuCyte S3 Live-Cell Analysis System 349 

(Essen BioScience). For analysis of neurite outgrowth, 20000 cells isolated from post-natal day 1 (P1) 350 

mouse hippocampi were seeded into 96-well plates. For each pup, 4 wells of cells were seeded and 351 

analyzed, which served as a means of experimental replication. Plates were placed into the IncuCyte 352 

S3 Live-Cell Analysis System at 1 DIV, and neurite outgrowth was followed by automated continuous 353 

live-cell imaging. Four phase-contrast images per well were imaged at intervals of 6 h with a 10X 354 

objective lens for 15 DIV in total. For neurite outgrowth analysis, recorded images were analyzed using 355 

the automated NeuroTrack image acquisition module of the IncuCyte Zoom software. The NeuroTrack 356 

algorithm automatically defines cell bodies and neurite extensions, as illustrated in Fig. 5C, to calculate 357 

and quantify the collective neurite length and neurite branch points per cell body cluster. Neurite length 358 

and neurite branch points were normalized to values for these parameters at time 0 h; data are 359 

presented as fold x values at time 0 h (time 0 h = 1). 360 

 361 

Statistical analysis 362 

A summary of statistical analyses relating to this study is provided in Table 3. Two-tailed 363 

Student’s t tests were performed for all group comparisons. For neurite length and neurite branch 364 

points measures (Fig. 5A, B), two-way ANOVA followed by Tukey’s multiple comparison tests were 365 

performed using GraphPad Prism 7 to compare the means for each genotype at each time point to one 366 

another. Data are presented as mean ± standard error of the mean (SEM). 367 

 368 

Results 369 

Population frequency analysis of the A9S variant in SLC9A6 370 

 Fichou et al. identified a missense mutation (c.25G>T, p.A9S) in SLC9A6 in a cohort of male 371 

patients from Caucasian or North-African origin with AS-like features (1/59) (Fichou et al., 2009). This 372 

mutation is localized in SLC9A6 exon 1 and substitutes a polar amino acid, serine, for a nonpolar amino 373 
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acid, alanine, at position 9 of the protein (Fig. 1A). The corresponding alanine in mouse NHE6 is at 374 

position 11 (Fig. 1B). It was proposed that alanine at position 9 (NP_006350.1) is highly conserved in 375 

several vertebrates, indicating that non-conservative mutation of this amino acid may alter the function 376 

of NHE6 (Fichou et al., 2009). To investigate whether the SLC9A6 c.25G>T variant could be found in 377 

the general population, Fichou et al. screened 400 unaffected male individuals and identified one 378 

subject (of Egyptian origin) containing the variant. Combining the affected and unaffected male 379 

populations, the SLC9A6 c.25G>T variant was suggested to be a rare polymorphism with an estimated 380 

frequency of 0.4% (2/459) (Fichou et al., 2009).  381 

The purpose of the study presented here was to investigate a larger control population in an 382 

effort to establish a better understanding of the genetic consequence of the c.25G>T variant of SLC9A6. 383 

Using data contained in the ExAC database (http://exac.broadinstitute.org/; accessed on September 20, 384 

2018) (Lek et al., 2016), 14858 SLC9A6 alleles were screened and an allele count of 114 was 385 

determined with respect to the c.25G>T variant, resulting in an estimated frequency of 0.767% 386 

(114/14858) (Table 1). The sex skew of the NHE6A9S variant was then calculated based on the data 387 

reported in the ExAC database (Table 2). Using the values presented in Table 1, together with the 388 

equations shown in the Materials and Methods, observed and expected numbers of individuals with 389 

each possible genotype for the c.25 locus of SLC9A6 were calculated. Results of these calculations are 390 

shown in Table 2. The results indicate that a greater number of males hemizygous for the NHE6A9S 391 

variant are observed than expected, whereas fewer females heterozygous for this variant are observed 392 

than expected. This suggests a lack of selective pressure against males hemizygous for the NHE6A9S 393 

variant. The predicted functional consequence of the NHE6A9S mutation was evaluated using 394 

PolyPhen-2 and SIFT. In using Polyphen-2, the NHE6A9S mutation is predicted to be benign. In using 395 

SIFT, however, this mutation is predicted to affect NHE6 function, although the number of sequences 396 

available for comparison was quite limited in using this program. 397 

  398 

In vitro functional evaluation of the NHE6A9S mutation 399 
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To evaluate the effects of the NHE6A9S mutation on the function of NHE6 in an in vitro cellular 400 

model, the G>T substitution was introduced into the cDNA of wild-type human SLC9A6 in a mammalian 401 

expression vector allowing for tagging of a protein at its C-terminus with HA (NHE6-HA for wild-type 402 

NHE6 and NHE6A9S-HA for mutant NHE6). The constructs encoding for NHE6-HA and NHE6A9S-HA 403 

were then expressed in HeLa cells, and protein expression was evaluated by western blotting. Wild-404 

type NHE6 typically migrates as multiple bands when cell or tissue lysates are separated using SDS-405 

PAGE; these bands reflect the different glycosylated and oligomeric states of NHE6 (Ohgaki et al., 406 

2008; Ilie et al., 2014). As presented in Fig. 1C, HA-tagged NHE6A9S migrates as a smear of bands 407 

spanning from 60 kDa to 150 kDa, similar to wild-type HA-tagged NHE6, with dominant bands at 408 

approximately 60 kDa, 70 kDa, and 125 kDa. These results suggest that NHE6A9S undergoes 409 

appropriate glycosylation and oligomerization. The expression levels of wild-type NHE6-HA and 410 

NHE6A9S-HA were also similar, suggesting similar levels of protein stability.  411 

Previous studies have shown that NHE6 is detected as puncta localized throughout the cellular 412 

cytoplasm and also in the perinuclear region, likely reflecting its localization to various endosomal 413 

populations and trafficking through the Golgi apparatus for post-translational modification (Brett et al., 414 

2002; Nakamura et al., 2005; Ohgaki et al., 2008; Ohgaki et al., 2010; Ouyang et al., 2013). Results 415 

from immunocytochemistry and confocal microscopy-based imaging presented here indicate that 416 

NHE6A9S-HA localizes in a similar distribution pattern (Fig. 1D). Thus, the alanine-to-serine mutation 417 

does not appear to affect the subcellular localization of NHE6. Taken together, results from these in 418 

vitro studies in HeLa cells support that the A9S mutation does not affect the maturation, stability, or 419 

intracellular localization of NHE6. 420 

 421 

Protein stability and subcellular localization of NHE6A11S in a mouse model 422 

To allow for analysis of the effects of the NHE6A9S variant on neuronal form and function and 423 

brain development, including in vivo analyses, a mouse model was generated using CRISPR/Cas9-424 

mediated genome editing (Fig. 2A). In mouse NHE6, the corresponding alanine is in position 11 (see 425 



 

15 
 

amino acid sequence alignment in Fig. 1B). Thus, sgRNAs were designed to introduce an A11S 426 

mutation into exon 1 of mouse Slc9a6 (Fig. 2A). PCR-based genotyping together with Sanger 427 

sequencing showed successful G-to-T genome editing in NHE6A11S-mutant mice (Fig. 2B), indicating 428 

that the desired missense mutation had been generated in mouse Slc9a6 using the CRISPR/Cas9 429 

system. Assessment of NHE6 protein levels in mouse brain lysates by way of western blotting 430 

supported that NHE6A11S-mutant protein, which is expressed from the endogenous Slc9a6 locus, is 431 

expressed to an equivalent level, is equally stable, and undergoes similar post-translational processing 432 

as wild-type NHE6 (Fig. 2C, quantification on right). In contrast, NHE6 is undetectable in western 433 

blotting of brain lysate from mice of a newly generated Nhe6-null line due to a 4-bp deletion in exon 15 434 

that results in a frameshift and subsequent generation of a premature stop codon (Fig. 2C) (see 435 

Materials and Methods).  436 

Next, the intracellular localization of NHE6A11S, in comparison to wild-type NHE6, was 437 

analyzed in hippocampal neurons isolated from mouse pups of the respective genotypes. As a marker 438 

for early endosomes, neurons were incubated with Alexa Fluor-conjugated transferrin for 10 min. For 439 

fixed-cell analysis, neurons were then stained for NHE6 using immunocytochemistry and imaged using 440 

confocal microscopy (Fig. 3A) as well as SIM (Fig. 3B). As shown in Fig. 3, NHE6A11S displayed a 441 

characteristic vesicular distribution that overlapped with transferrin-positive compartments, a distribution 442 

pattern similar to that of wild-type NHE6 in neurons (Ouyang et al., 2013) . In order to check if 443 

expression of the NHE6A11S variant changes transferrin distribution in neurons with respect to soma 444 

vs. neurites, we quantified the number of transferrin-positive endosomes in each region using a high-445 

throughput confocal microscope—the Opera Phenix High Content Screening System (see Materials 446 

and Methods). Our results showed that there is no significant difference in the distribution of transferrin-447 

positive endosomes to neuronal soma and neurites in wild-type vs. NHE6A11S-mutant neurons. 448 

Calculated numbers of transferrin-positive endosomes in each region for each genotype were as 449 

follows, with numbers indicated per cell: neurite transferrin-positive endosomes, 294.4 ± 41.8 (wild-450 

type), 305.9 ± 25.4 (NHE6A11S); soma transferrin-positive endosomes, 49.2 ± 4.3 (wild-type), 48.2 ± 3 451 
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(NHE6A11S); p = 0.74 for neurite transferrin-positive endosomes, p = 0.84 for soma transferrin-positive 452 

endosomes. Data were obtained from 5 animals of each genotype from 2 independent litters (Table 3). 453 

Overall, these results support that, in mouse neurons, the A11S point mutation of NHE6 does not affect 454 

its stability, maturation, or intracellular localization.    455 

 456 

 Intra-endosomal pH in neurons from the NHE6A11S mouse model   457 

 NHE6 has been identified to play an important role in the regulation of endosomal pH (Orlowski 458 

and Grinstein, 2004; Ohgaki et al., 2011; Kondapalli et al., 2014). As such, the effects of expression of 459 

NHE6A11S on intra-endosomal pH was tested, here, specifically in neurons. The pH of early 460 

endosomes in wild-type and NHE6A11S-mutant neurons was measured using a technique involving 461 

endocytosis of pH-sensitive and pH-insensitive fluorescent conjugates of transferrin and ratiometric 462 

imaging using the Opera Phenix High Content Screening System and Harmony software (Fig. 4) (see 463 

also Materials and Methods). For experimental measures, hippocampal neurons (wild-type and 464 

NHE6A11S-mutant) were pre-loaded with FITC-conjugated (pH-sensitive) transferrin and Alexa Fluor 465 

546-conjugated (pH-insensitive) transferrin for 10 min to label endosomes, followed by live imaging (Fig. 466 

4A). A calibration curve was generated as well by imaging of hippocampal neurons pre-loaded with the 467 

fluorescent conjugates of transferrin and then incubated with buffers of known pH at the time of imaging 468 

(Fig. 4B). With respect to endosomes located in the processes of neurons, the pH of early endosomes 469 

in wild-type neurons was 6.48 ± 0.04 and in NHE6A11S-mutant neurons was 6.45 ± 0.06 (n = 4 litters, 470 

9 pups, 4310 cells, 455578 endosomes for wild-type and n = 4 litters, 8 pups, 4525 cells, 683592 471 

endosomes for NHE6A11S, p = 0.67). With respect to endosomes localized in the soma, the pH of 472 

endosomes in wild-type neurons was 6.21 ± 0.05, while the pH of endosomes in NHE6A11S-mutant 473 

neurons was 6.14 ± 0.06 (n = 4 litters, 9 pups, 4310 cells, 47809 endosomes for wild-type and n = 4 474 

litters, 8 pups, 4525 cells, 47276 endosomes for NHE6A11S, p = 0.38) (Fig. 4C). Endosome area was 475 

also analyzed for these same populations of endosomes, with results as follows: neurite endosome 476 

area, 1.034 m2 ± 0.01 m2 (wild-type), 1.025 m2 ± 0.009 m2 (NHE6A11S); soma endosome area, 477 
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0.925 m2 ± 0.01 m2 (wild-type), 0.914 m2 ± 0.02 m2 (NHE6A11S); p = 0.51 for neurite endosomes, 478 

p = 0.57 for soma endosomes (Fig. 4D). These results indicate that expression of NHE6A11S does not 479 

significantly change the intra-endosomal pH or area of transferrin-labeled endosomes in hippocampal 480 

neurons.  481 

 482 

Brain development and aging in the NHE6A11S mouse model   483 

NHE6 has been proposed to play roles in axonal and dendritic branching and in formation of 484 

appropriate brain circuitry. Thus, whether expression of NHE6A11S might affect related parameters 485 

such as neurite extension and formation of neuronal branch points was investigated (Fig. 5). For these 486 

studies, time-lapse microscopy was performed on cultured hippocampal neurons isolated from P1 pups 487 

of wild-type and NHE6A11S-mutant mice using the IncuCyte Live-Cell Imaging System. Using this 488 

automated imaging platform, real-time images were generated throughout the culturing of neurons for 489 

up to approximately 15 DIV (Fig. 5C). Hippocampal cultures isolated from pups of the Nhe6-null mouse 490 

line were used as a control as well as for comparison to results obtained from the NHE6A11S mouse 491 

line. To this end, consistent with the previous finding of a neuronal arborization defect in Nhe6-null mice 492 

(Ouyang et al., 2013), the number of neuronal branch points was significantly reduced in Nhe6-null 493 

neurons in comparison to wild-type neurons (Fig. 5A). Similar defects in neuronal branch points were 494 

not, however, observed for NHE6A11S-mutant neurons (Fig. 5B), suggesting that the A11S mutation of 495 

NHE6 does not affect neurite branching. Neither mutant mouse line showed a defect in neurite length in 496 

comparison to the respective wild-type control (Fig. 5A, B). 497 

 In addition to neurodevelopmental defects caused by LoF mutations in SLC9A6, results 498 

suggesting neurodegenerative pathology, with age, in CS have been reported (Garbern et al., 2009; 499 

Garbern et al., 2010; Stromme et al., 2011; Xu et al., 2017). In mouse, Nhe6-null mice were found to 500 

have reductions in brain volume starting at 2 months old, particularly in the cerebellum. Also, a 501 

progressive loss of PCs (Purkinje cells) was observed in Nhe6-null mice, largely starting after 2 months 502 

of age and worsening over the course of a year (Stromme et al., 2011; Xu et al., 2017). Given these 503 
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results reported for the Nhe6-null mouse line, the potential for a neurodegenerative phenotype in the 504 

NHE6A11S mouse line was analyzed. In performing direct measurement of gross brain size, no 505 

significant difference was detected between brains from wild-type mice vs. NHE6A11S-mutant mice at 506 

6 months of age for all examined brain regions (cerebrum, cerebellum, cerebellum + midbrain, and 507 

whole brain) (Fig. 6A, B). Degeneration of PCs also was not observed in analyzing cerebella from 508 

NHE6A11S-mutant mice at 6 months of age that had been immunostained for calbindin, a specific 509 

marker for PCs (Fig. 6C, D). These results suggest that brain of the NHE6A11S-mutant mouse does 510 

not undergo neuronal degeneration.  511 

 512 

Discussion 513 

In the present study, a detailed examination of the molecular, cellular, and tissue consequences 514 

of a previously identified NHE6 missense variant, potentially causal of AS-like features in a male 515 

proband, was carried out. The missense mutation—NHE6A9S in human and NHE6A11S in mouse—516 

substitutes a polar serine residue for a highly conserved, nonpolar alanine residue in the N-terminus of 517 

NHE6. To carry out this overall study, both exogenous expression (in cultured cells) and endogenous 518 

expression (in a mouse model) of mutant NHE6 were used and the effects analyzed. Compared to wild-519 

type NHE6, exogenously expressed human NHE6A9S and endogenously expressed mouse 520 

NHE6A11S appeared to undergo normal protein synthesis, post-translational maturation, and 521 

dimerization. Mutant NHE6 protein also displayed a punctate localization pattern that overlapped with 522 

wild-type NHE6 and an endosomal marker, indicating that the alanine-to-serine mutation of NHE6 did 523 

not affect its ability to properly localize within cells. Expression of NHE6A11S also did not alter the 524 

distribution of transferrin-positive endosomes to neuronal soma vs. neurites or appear to affect 525 

endosome area. Furthermore, unlike previously reported for Nhe6-null mice (Stromme et al., 2011; 526 

Ouyang et al., 2013; Xu et al., 2017), NHE6A11S-mutant mice did not show statistically significant 527 

defects in neurite branching or outgrowth, intra-endosomal pH, brain size, or PC density. Taken 528 
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together, the findings presented here indicate that the alanine-to-serine mutation (NHE6A9S or 529 

NHE6A11S) is not deleterious to the function of NHE6 with respect to these phenotypes.  530 

As whole-genome sequencing and whole-exome sequencing approaches develop, more and 531 

more rare mutations are identified. To establish the functional consequences of variants identified in 532 

patients, experimental investigation of protein function may be helpful. Note, however, the designation 533 

of a variant as pathogenic is a statistical argument based in human and population genetics, i.e., 534 

presence of variant in affected individuals and absence of variant in controls. The NHE6A9S variant 535 

was reported in a male with an AS-like phenotype but lacking an identified mutation in the relevant 536 

gene—UBE3A. The individual is reported as having many of the core symptoms of CS such as 537 

profound mental retardation, secondary microcephaly, hyperkinetic behavior, and absent speech. The 538 

possibility exists that a variant such as NHE6A9S may confer susceptibility to disease in a complex 539 

fashion. For example, a particular variant may not be necessary or sufficient on its own to cause 540 

disease but rather it may increase the statistical likelihood of symptom presentation through a model 541 

involving interactions with other genetic loci and/or the presence of specific environmental factors. This 542 

genetic model has yet to be tested in large case-control or family-based studies (i.e., transmission 543 

disequilibrium tests). Nonetheless, by screening a large control population in the ExAC database, a 544 

greater number of males hemizygous for the NHE6A9S variant were observed than expected, 545 

suggesting a lack of selective pressure against this variant in males. Thus, this analysis of population 546 

genetic data indicates that the NHE6A9S variant is not pathogenic in a highly penetrant, Mendelian 547 

fashion. This does not preclude the possibility that the A9S variant has a functional impact on NHE6, 548 

yet with incomplete penetrance; however, the failure to find a fewer number of observed as compared 549 

to expected males hemizygous for the NHE6A9S variant argues against this possibility. Combined, the 550 

data are suggestive of the concept that the NHE6A9S variant is not involved in disease phenotypes 551 

indicative of CS. 552 

All assays for which results are reported here indicate that the NHE6A11S variant does not 553 

affect NHE6 function. LoF mutation of NHE6 causes aberrant over-acidification of early endosomes. To 554 
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measure intra-endosomal pH, methods involving pH-sensitive fluorophore-conjugated transferrin are 555 

frequently used. We developed a high-throughput analysis method using the Opera Phenix High 556 

Content Screening System. Using this method, we found that the A11S mutation of NHE6 did not affect 557 

intra-endosomal pH. In a prior study, approximately 83% of transferrin-positive early endosomes were 558 

found to co-stain with NHE6 (Ouyang et al., 2013). The formal possibility exists that NHE6 mutations 559 

could affect an endosome population not captured by this transferrin-based method of determining 560 

endosomal pH. However, the Opera Phenix High Content Screening System allowed us to generate a 561 

large dataset through extremely sensitive confocal imaging and collect far more data points than could 562 

have been collected in the same amount of time by other reported methods, thereby documenting, with 563 

rigor, the absence of a phenotype in the transferrin-positive compartment. 564 

In summary, the results reported here based in population genetics indicate that the NHE6A9S 565 

variant is unlikely to be pathogenic in a highly penetrant, Mendelian fashion. Results from mouse 566 

studies using a newly generated NHE6A11S mouse line are also supportive of this conclusion with 567 

respect to the phenotypes analyzed—neuronal arborization, intra-endosomal pH, brain size, and PC 568 

density. More generally, the study presented here demonstrates a novel research pipeline for the 569 

evaluation of NHE6 variants found in CS patients, including evaluation of the functional effects of 570 

variants in vivo when expressed under the endogenous promoter.  571 
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Figure legends 717 

 718 

Figure 1. Evaluation of the NHE6A9S mutant in cultured cells. A, Bar diagram of human NHE6. The 719 

predicted region of the conserved Na+/H+ exchanger domain (gold arrow) and the alanine-to-serine 720 

mutation at position 9 (A9S) are shown. B, Alignment of amino acid sequences of human NHE6 and 721 

mouse NHE6 from the predicted N-terminus through to the end of the second transmembrane domain. 722 

The alanine (A) at position 11 in mouse NHE6 corresponds to the alanine (A) at position 9 in human 723 

NHE6 (both in red font). Amino acids not conserved between the sequences or shifts in a sequence for 724 

optimal alignment are shaded. C, Western blot of lysates from HeLa cells expressing HA-tagged human 725 

forms of wild-type NHE6 (NHE6-HA) or the NHE6A9S mutant (NHE6A9S-HA). Cells transfected with 726 

vector alone were used as a control. Lysates were probed with an anti-HA antibody to detect 727 

exogenously expressed NHE6 protein and an anti-tubulin antibody to detect tubulin, as a loading 728 

control. D, Confocal microscopy images of HeLa cells expressing NHE6-HA or NHE6A9S-HA and 729 

immunostained for HA (red) and NHE6 (green). Nuclei were counterstained using DAPI (blue). Scale 730 

bars, 10 m. 731 

 732 

Figure 2. Validation and initial characterization of the NHE6A11S mouse line. A, Diagrammatic 733 

representation of the targeted exon of mouse Slc9a6 (Nhe6). The target sequence for CRISPR/Cas9-734 

based genome editing is also shown (wild-type (WT), upper; NHE6A11S, lower). The A11S point 735 

mutation (G>T) is in red font; the 20-nucleotide sgRNA target sequence (Guide) and the protospacer 736 

adjacent motif (PAM) are underlined; and the start codon is in orange font. B, Left, PCR genotyping gel 737 

showing a band of 402 bp present in littermate mice of genotypes heterozygous (het), NHE6A11S 738 

mutant, and WT; Right, Sanger sequencing chromatograms of the purified 402-bp PCR products 739 

confirming the presence of the G>T point mutation in samples from the heterozygous and NHE6A11S-740 

mutant mouse lines. The mutant T nucleotide is in red font. C, Left, Western blot of mouse brain lysates 741 

from WT and mutant mice of the newly generated NHE6A11S and Nhe6-null mouse lines. NHE6 is 742 
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detected in samples from both WT and mutant mice for the NHE6A11S mouse line, whereas NHE6 is 743 

detectable only in the sample from WT mice for the Nhe6-null mouse line. Right, Quantification of 744 

western blots. Quantifications were performed separately for bands at 70 kDa (dark gray) and 140 kDa 745 

(light gray). NHE6 expression was normalized to tubulin. Data are presented as mean ± SEM. 746 

Statistical analyses were conducted using two-tailed Student’s t tests. No statistically significant 747 

difference in NHE6 levels was detected for samples from WT vs. NHE6A11S-mutant mice.  748 

 749 

Figure 3. Distribution of NHE6A11S in mouse hippocampal neurons. A, B, Fluorescence microscopy 750 

images of dissociated hippocampal neurons from wild-type (WT) and NHE6A11S-mutant mice 751 

incubated with Alexa Fluor 568-conjugated transferrin (red) for 10 min to label early endosomes and 752 

immunostained for NHE6 (green). Nuclei were counterstained using DAPI (blue). Wide-field confocal 753 

microscopy images show colocalization (yellow) of NHE6 and transferrin at presumable early 754 

endosomes (arrows) (A). SIM images show areas of colocalization between NHE6 and transferrin 755 

(arrows), as well as areas of distinct, non-overlapping puncta. The areas boxed in white are magnified 756 

to the right (B). Scale bars, 5 m.  757 

 758 

Figure 4. High-throughput confocal microscopy-based evaluation of the effects of NHE6A11S 759 

expression on endosomal pH and endosome area in mouse hippocampal neurons. A, Opera Phenix 760 

High Content Screening System images based on a single image of hippocampal neurons showing the 761 

fluorescence image and masking for identifying transferrin-labeled endosomes (rainbow color) in soma 762 

and neurites. Soma of the identified live cells are demarcated in green (right panel). Wild-type (WT) and 763 

NHE6A11S-mutant hippocampal neurons were loaded simultaneously with FITC-conjugated transferrin 764 

and Alexa Fluor 546-conjugated transferrin for 10 min and then imaged under live conditions in regular 765 

Neurobasal-A media (pH 7.4). B, A pH calibration curve generated based on images such as those 766 

shown in A. The wells for generating the pH calibration curve were incubated with buffers of the 767 

indicated pH values at the time of imaging. C, Luminal pH values of transferrin-positive endosomes in 768 
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WT and NHE6A11S-mutant hippocampal neurons determined using the calibration curve shown in B. D, 769 

Areas of transferrin-positive endosomes in WT and NHE6A11S-mutant hippocampal neurons. pH 770 

values and endosome areas were determined for two separate populations of endosomes, those 771 

localizing to neurites and those localizing to soma, as indicated. Data are presented as mean ± SEM. 772 

Statistical analyses were conducted using two-tailed Student’s t tests.  773 

 774 

Figure 5. Live imaging-based evaluation of the effects of NHE6A11S expression on neuronal outgrowth. 775 

A, B, Measurement of neurite outgrowth with respect to neurite length (left) and branch points (right) in 776 

hippocampal neurons from an Nhe6-null mouse line (A) and the NHE6A11S mouse line (B). Wild-type 777 

(WT) and mutant neurons were analyzed for each line. Phase images were acquired from 1 DIV until 778 

~15 DIV. Neurite length and neurite branch points were normalized to values for these parameters at 779 

time 0 h; data are presented as fold x values at time 0 h (time 0 h = 1). Data are presented as mean ± 780 

SEM. Statistical analyses were conducted using two-way ANOVA followed by Tukey’s multiple 781 

comparison tests. ****p < 0.0001. C, IncuCyte S3 Live-Cell Analysis System image from a single well of 782 

hippocampal neurons showing the phase image and masking for identifying neurites (purple) and cell 783 

bodies (orange). Scale bar, 100 m. 784 

 785 

Figure 6. In vivo evaluation of the effects of NHE6A11S expression on mouse brain size and 786 

degeneration with aging. A, Images of brains from wild-type (WT) and NHE6A11S-mutant mice at 6 787 

months of age. B, Quantitative analysis of brain size based on brains from mice at 6 months of age. CX, 788 

cerebrum; CB, cerebellum; CB+MB, cerebellum + midbrain; WB, whole brain. C, Confocal microscopy 789 

images of 30- m sagittal sections of cerebella from WT and NHE6A11S-mutant mice at 6 months of 790 

age immunostained for calbindin, a marker specific to PCs. Scale bars, 500 m. D, Quantitative 791 

analysis of PC density based on cerebellar sections from mice at 6 months of age. Data are presented 792 

as mean ± SEM. Statistical analyses were conducted using two-tailed Student’s t tests. No statistically 793 
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significant differences in the sizes of the indicated brain regions (B) or PC density (D) were detected for 794 

samples from WT vs. NHE6A11S-mutant mice.  795 
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Table legends 796 

 797 

Table 1.  Values for the A9S variant of SLC9A6 reported in the ExAC database. 798 

AC, total number of chromosomes with variant allele; AN, total number of chromosomes able to be 799 

called regardless of whether reference or variant allele; ExAC, Exome Aggregation Consortium; q, 800 

frequency of variant allele. 801 

 802 

Table 2.  Observed and expected values for different genotypes of the A9S variant of SLC9A6. 803 

mut, mutant; wt, wild-type. 804 

  805 

Table 3. Summary of statistical analyses. 806 
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Table 1.  Values for the A9S variant of SLC9A6 reported in the ExAC database. 

AN_female 13626 

AN_male 1232 

AC_female 92 

AC_male 22 

AC_het 92 

q 0.00767 
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Table 2.  Observed and expected values for different genotypes of the A9S variant of SLC9A6. 

Genotype Observed Expected 

X(wt)/X(wt) = homozygous wild-type female 6721 6709 

X(wt)/X(mut) = heterozygous female 92 104 

X(mut)/X(mut) = homozygous mutant female 0 0 

X(wt)/Y = hemizygous wild-type male 1210 1223 

X(mut)/Y = hemizygous mutant male 22 9 
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Table 3. Summary of statistical analyses. 

  Wild-type (WT) NHE6A11S  

Figure, statistical test, 
and measure 

Brain region 
or cells 

Mean SEM n Mean SEM n Statistics 

Fig. 2 
Two-tailed Student’s t 
test 

Protein expression 
level 

       

 Whole brain 0.27 (70 kDa) 
0.029 (140 kDa) 

0.02 
0.003 

6 pups 0.27 (70 kDa) 
0.023 (140 kDa) 

0.02 
0.004 

4 pups p = 0.455 

        

Fig. 3 
Two-tailed Student’s t 
test 

Tfn subcellular 
localization 

 

       

Cultured 
hippocampal 
neurons 

294.4 Tfn 
endosomes 
(neurites) 

41.8 5 pups 
2723 cells 
757996 Tfn 
endosomes 

305.9 Tfn 
endosomes 
(neurites) 

25.4 5 pups 
3147 cells 
875567 Tfn 
endosomes 

p = 0.74 

 49.2 Tfn 
endosomes 
(soma) 

4.3 5 pups 
2723 cells 
132822 Tfn 
endosomes 

48.2 Tfn 
endosomes 
(soma) 

3.0 5 pups 
3147 cells 
151240 Tfn 
endosomes 

p = 0.84 

       

Fig. 4 
Two-tailed Student’s t 
test 

Endosome pH 

       

 Cultured 
hippocampal 
neurons 

6.48 (neurites) 0.04 9 pups  
4310 cells 
455578 
endosomes 

6.45 (neurites) 0.06 8 pups  
4525 cells 
683592 
endosomes 

p = 0.67 

  6.21 (soma) 0.05 9 pups  
4310 cells  
47809 
endosomes 

6.14 (soma) 0.06 8 pups  
4525 cells  
47276 
endosomes 

p = 0.38 

Two-tailed Student’s t 
test 

Endosome area 
( m2) 

       

 Cultured 
hippocampal 
neurons 

1.034 (neurites) 0.01 9 pups  
4310 cells 
455578 
endosomes 

1.025 (neurites) 0.009 8 pups  
4525 cells 
683592 
endosomes 

p = 0.51 

  0.925 (soma) 0.01 9 pups  
4310 cells  
47809 

0.914 (soma) 0.02 8 pups  
4525 cells  
47276 

p = 0.57 
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endosomes endosomes 

        

Fig. 5 
Two-way ANOVA 
followed by Tukey’s 
multiple comparison 
test 

Neurite length 

       

 Cultured 
hippocampal 
neurons 

See figure 4 pups (WT) 
3 pups (NHE6-
null) 

See figure 11 pups (WT) 
9 pups 
(NHE6A11S) 

p < 0.0001 (WT 
vs. NHE6-null) 
p = 1 (WT vs. 
NHE6A11S) 

Two-way ANOVA 
followed by Tukey’s 
multiple comparison 
test 

Neurite branch 
points 

       

 Cultured 
hippocampal 
neurons 

See figure 4 pups (WT) 
3 pups (NHE6-
null) 

See figure 11 pups (WT) 
9 pups 
(NHE6A11S) 

p = 0.99 (WT 
vs. NHE6-null) 
p = 1 (WT vs. 
NHE6A11S) 

      

Fig. 6 
Two-tailed Student’s t 
test 

Area (cm2) 

       

 Cerebrum 0.97 0.01 5 pups 0.994 0.005 4 pups p = 0.100 

 Cerebellum 0.298 0.009 5 pups 0.306 0.008 4 pups p = 0.535 

 Cerebellum + 
Midbrain 

0.348 0.009 5 pups 0.353 0.007 4 pups p = 0.688 

 Whole brain 1.31 0.02 5 pups 1.346 0.007 4 pups p = 0.155 

Two-tailed Student’s t 
test 

Purkinje cell density 
(cells/100 m cell 
layer) 

       

 Cerebellum 5 0.2 4 pups 5 0.1 4 pups p = 0.974 

 

 


