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SUMMARY

Disruption of endolysosomal and autophagy-lysosomal systems is increasingly implicated in neurodegeneration. Sodium-proton
exchanger 6 (NHE6) contributes to the maintenance of proper endosomal pH, and loss-of function mutations in the X-linked NHE6
lead to Christianson syndrome (CS) in males. Neurodegenerative features of CS are increasingly recognized, with postmortem and clinical
data implicating a role for tau. We generated cortical neurons from NHE6 knockout (KO) and isogenic wild-type control human induced
pluripotent stem cells. We report elevated phosphorylated and sarkosyl-insoluble tau in NHE6 KO neurons. We demonstrate that NHE6
KO leads to lysosomal and autophagy dysfunction involving reduced lysosomal number and protease activity, diminished autophagic
flux, and p62 accumulation. Finally, we show that treatment with trehalose or rapamycin, two enhancers of autophagy-lysosomal func-
tion, each partially rescue this tau phenotype. We provide insight into the neurodegenerative processes underlying NHE®6 loss of function

and into the broader role of the endosome-lysosome-autophagy network in neurodegeneration.

INTRODUCTION

Dysfunction of the endolysosomal and autophagy-lyso-
somal systems is a critical molecular player in neurologic
disease. Neurons are particularly vulnerable to dysfunction
of these pathways and consequent sorting and clearance
defects due to their postmitotic state, longevity, and highly
specialized morphology engendering specific trafficking re-
quirements (Giovedi et al., 2020; Malik et al., 2019). Lyso-
somal deficiencies have long been known to have neurode-
velopmental impacts and are associated with over 50
lysosomal storage disorders that profoundly affect the
CNS (Parenti et al., 2021). In addition, a central role for en-
dolysosomal and autophagy defects is increasingly appreci-
ated in many neurodegenerative disorders, with defects in
sorting and degradation leading to progressive neuronal
dysfunction and accumulation of neurotoxic proteins (Co-
lacurcio et al., 2018; Nixon et al., 2008; Van Acker et al.,
2019).

A key feature of the maturation of early endosomes to
late endosomes to lysosomes is the progressive acidifica-
tion of these cellular compartments (Casey et al., 2010).
Tight control of luminal pH is crucial for regulating many
aspects of endolysosomal function such as binding and
dissociation of receptors and ligands for proper trafficking
and recycling (Borden et al., 1990; Dautry-Varsat et al.,
1983; Yamashiro and Maxfield, 1984), activity and degra-
dative capacity of lysosomal hydrolases and other enzymes
en route through the pathway (Casey et al., 2010; Pillay

et al.,, 2002), and signaling from molecules within endo-
somes (Diering and Numata, 2014; Ouyang et al., 2013).
Proper pH of the endosomal lumen and maturation to lyso-
somes is regulated by the opposing actions of pumps and
exchangers: the vacuolar-type ATPase pumps protons
into the endosome in an ATP-dependent manner, while so-
dium-proton exchangers (NHEs, with NHE6 and 9 local-
izing to endosomes) allow for the leak of luminal protons
out of the endosome in exchange for cations (Casey
et al.,, 2010; Donowitz et al.,, 2013; Kondapalli et al.,
2014; Mellman, 1992).

Loss of NHE6 activity has profound neurologic conse-
quences. The gene encoding NHES6 is located on the X chro-
mosome (SLC9A6), and loss-of-function mutations in NHE6
in males cause the neurologic disorder Christianson syn-
drome (CS). Affected males present with a severe neurodeve-
lopmental syndrome characterized by intellectual disability,
autistic behaviors, nonverbal status, and postnatal micro-
cephaly (Christianson et al., 1999; Gilfillan et al., 2008; Pes-
cosolido etal., 2014). The cellular consequences of NHE6 loss
of function have been studied in NHE6-null mouse models.
Neurons from these CS mice exhibit endosomal hyperacidi-
fication, a consequence of loss of proton leak from the endo-
some, as well as impoverished neuronal arborization and
attendant circuit dysfunction (Ouyang et al., 2013). NHE6-
null mouse neurons also show defects in endosomal matura-
tion and trafficking, which results in enhanced exosome
secretion, decreased endosome-lysosome fusion, and lyso-
some deficiency (Pescosolido et al., 2021).
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In addition to its clear neurodevelopmental impacts,
neurodegenerative features of NHE6 loss of function are
increasingly appreciated. NHE6-null mice and rats exhibit
progressive Purkinje cell loss, cortical thinning, and gliosis
(Lee et al., 2021; Sikora et al., 2016; Stromme et al., 2011;
Xu et al., 2017). NHE6-null rats show deposition of Ap and
tau, as well as neuronal degeneration (Lee et al., 2021). In
addition, a study of postmortem brain tissue reported exten-
sive cortical and subcortical tau deposition in two CS patient
brains (Garbern et al., 2010). Moreover, heterozygous fe-
males in CS pedigrees have been diagnosed clinically with
neurodegenerative diseases associated with tau deposition,
such as progressive supranuclear palsy, corticobasal degener-
ation, and atypical parkinsonism (Pescosolido et al., 2019;
Sinajon et al., 2016). Additionally, decreased NHE6 expres-
sion in postmortem brain correlates with increased tau
deposition in the Religious Orders Study/Memory and Aging
Project (ROS/MAP) cohorts (Pescosolido et al., 2019).
Reduced NHE6 expression also has been reported in Alz-
heimer disease (AD) brains (Prasad and Rao, 2015).

We hypothesized that loss of NHE6 causes endolysoso-
mal dysfunction and changes in tau protein relevant to
AD and related disorders (ADRDs) in human neurons. We
generated cortical neurons from NHE6-null and isogenic
wild-type (WT) control human induced pluripotent stem
cell (iPSC) lines (Lizarraga et al., 2021). We report elevated
levels of phosphorylated and insoluble tau in NHE6
knockout (KO) neurons, along with changes in endosome
and lysosome size and area, reduced lysosomal protease ac-
tivity, and reduced autophagic function. Importantly, the
elevated phospho-tau phenotype was partially rescued by
treatment with trehalose or rapamycin, two enhancers of
autophagy-lysosomal function, suggesting that the tau de-
fects in NHE6 KO neurons are secondary to dysfunction of
the autophagy-lysosomal system. This study provides
insight into the connections between endolysosomal de-
fects and the etiology of tauopathies and further elucidates
key opportunities for therapeutic intervention.

RESULTS

Generation and differentiation of isogenic WT and
NHEG6 KO iPSC lines

Isogenic WT and NHE6 KO monoclonal lines described in
Figure 1A were generated using CRISPR-Cas9 gene editing.
The generation and characterization of these lines has been
previously described (Lizarraga et al., 2021). KO of NHE6
was confirmed by immunoprecipitation (IP) and western
blot (WB) of NHE6 in iPSC lysates (Figure 1B). As has
been previously reported, IP of NHE6 prior to WB is neces-
sary to mitigate antibody cross-reactivity with other NHE
proteins (Lizarraga et al., 2021).
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NHE6 KO and WT iPSC lines were differentiated into
induced layer 2/3 cortical neurons (iNs) via the expression
of NGN2 (Lagomarsino et al., 2021; Srikanth et al., 2018;
Zhangetal., 2013). WTand KO lines were plated and differ-
entiated in parallel for 21 days, at which point they express
synaptic markers and exhibit electrophysiological activity
(Lagomarsino et al., 2021; Srikanth et al.,, 2018; Zhang
et al., 2013). Immunostaining for the neuronal proteins
Tau, NeuN, and BlI-tubulin demonstrated equivalent
neuronal differentiation efficiency across lines (Figure 1C).
RNA sequencing revealed that NHE6 is most highly ex-
pressed in iNs when compared with iPSC-derived astro-
cytes and microglia (Figure S1). As shown in Figure S1, we
did not observe significant differences in cell death be-
tween WTand KO iNs as assessed by terminal deoxynucleo-
tidyl transferase dUTP nick end labeling staining.

Loss of NHEG6 leads to ADRD-related changes in tau
protein in human iPSC-derived neurons

To elucidate the effects of NHE6 loss of function on tau, we
examined whether NHE6 KO results in pathological
changes in tau protein in human iPSC-derived neurons.
We performed sequential protein extractions from the neu-
rons to obtain TBS-soluble, 1% sarkosyl-soluble, and 1%
sarkosyl-insoluble fractions, as shown in Figure S2A.
Next, we examined the levels of total and phosphorylated
tau in each fraction by WB with K9JA (Dako), an antibody
that recognizes the C-terminal half of tau, and ATS8 (Invi-
trogen), which recognizes tau phosphorylated at Ser202
and Thr205 (Figure 2A). Phosphorylation at this epitope
has been proposed to be one of the earliest phosphoryla-
tion events in AD pathogenesis (Biernat et al., 1992; Braak
et al., 1994), and we have observed elevation of phosphor-
ylation at these sites in fAD neurons (Muratore et al., 2017).
Both NHE6 KO clones showed a roughly 1.5-fold increase
in the ratio of p202 and p205 tau to total tau compared
with the isogenic WT control line in all three fractions
across independent differentiations (Figure 2B). We next
analyzed levels of tau and phospho-tau relative to total pro-
tein in each fraction. In the absence of a known loading
control present equally in these different cellular fractions,
we utilized Revert total protein staining (Licor) to
normalize for protein loading (Figure 2A). We found
increased levels of total tau relative to total protein in the
sarkosyl-insoluble fraction in NHE6 KO neurons compared
with WT neurons (Figures 2C and S2B). p202,205 tau was
elevated relative to total protein in all fractions to a similar
degree (Figures 2D and 2E).

We next examined additional phospho-tau epitopes. We
found that phosphorylation at Thr181 relative to total tau
and Ser404 relative to total protein were elevated in both
NHE6 KO clones compared with WT in the TBS-soluble
fraction (Figure 3). Individual clones also exhibited
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elevated levels of phosphorylation at these epitopes in the
1% sarkosyl-soluble fraction (Figures 3D, S2C, and S2D).
iN differentiations described in our previous work (Lago-
marsino et al., 2021; Muratore et al., 2017; Srikanth et al.,
2018) and in other published studies (Zhang et al., 2013)
are carried out with BDNF, GDNF, and CNTF in the culture
media to promote neuronal growth and survival in culture.
However, the neurodevelopmental phenotype of reduced
neuronal arborization observed in NHE6 KO primary
mouse neurons is mediated by attenuated endosomal
BDNF/TrkB signaling; this signaling deficit and impover-
ished neurite phenotype could be rescued by the addition
of exogenous BDNF (Ouyang et al., 2013). Because of these
findings, the experiments described above were carried out
without the addition of these growth factors. To determine
whether culturing neurons with these growth factors af-
fects the elevated phospho-tau phenotype we observed in
the KO lines, we performed an additional set of experi-
ments in the presence of BDNF, GDNF, and CNTE As

shown in Figure S3, we found that culture of the iNs with
growth factors using the standard NGN2 protocol dimin-
ished the elevation of p202,20S tau in the KO lines. Under
these culture conditions, we still observed a significant
elevation of p202,205 tau relative to total tau in both KO
clones, but only in the 1% sarkosyl-insoluble fraction. We
conclude that the effect on tau was still present, but damp-
ened, by supplement of media with growth factors.

To understand the specificity of the observed effects of
loss of NHE6 on tau protein, we examined these neurons
for biochemical changes in another aggregation-prone
and disease-associated protein, a-synuclein, in 1% sarko-
syl-soluble iN extracts by WB (Figure S4). We identified
an a-synuclein monomer of 14 kDa and an apparent dimer
of ~30 kDa. As shown in Figure S4B, levels of a-synuclein
monomer and dimer were not altered in NHE6 KO iNs
compared to WT iNs. This suggests that NHE6 KO does
not induce the accumulation of a second aggregation-
prone protein in iNs.
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Figure 2. NHE6 KO results in elevated phosphorylated tau and sarkosyl-insoluble tau in human iPSC-derived neurons

iNs were differentiated for 21 days. On day 21, TBS-soluble, 1% sarkosyl-soluble, and 1% sarkosyl-insoluble extracts were prepared
sequentially, and levels of total tau and phosphorylated tau examined by WB.

(A) Tau phosphorylated at Ser202/Thr205 was examined by WB using the antibody AT8 (Invitrogen), and total tau was detected using the
antibody K9JA (DAKO). Revert total protein stain (Licor) was used to normalize for protein loading across fractions to examine changes in
tau solubility.

(B) Quantification of p202,205 tau levels relative to total tau levels measured by WB from four independent differentiations, two wells per
line per differentiation.

(C) Levels of total tau in the 1% sarkosyl-insoluble fraction were quantified across four independent differentiations, two wells per line per
differentiation, and found to be elevated relative to total protein (measured by revert staining) in the 1% sarkosyl-insoluble fraction.
(D) The levels of p202,205 tau were quantified and normalized to total protein (as measured by revert staining) across four independent
differentiations, two wells per differentiation.

(E) A table summarizing the changes in p202,205 tau and total tau in NHE6 KO lines compared with WT in TBS, 1% sarkosyl-soluble, and 1%
sarkosyl-insoluble fractions. For all graphs, mean + SEM, *p < 0.05, **p <0.01, ***p < 0.005, ns = no significance by one-way ANOVA and
Sidak’s post test comparing KO to WT within each fraction.
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A CS-causing mutation in NHEG6 also leads to increased
tau phosphorylation

We generated iNs from an iPSC line obtained from a CS pa-
tient alongside two CRISPR-corrected isogenic control
clones (Ma et al., 2021). The mutation, occurring in exon
12 (predicted TMD12) of the NHE6 protein (Figure 4A),
leads to a premature stop codon and loss of NHE6 protein
(Figure 4B) (Ma et al., 2021). We examined levels of
p202,205 and total tau in RIPA-soluble lysates (Figure 4C)
and found that CS neurons exhibited an increased ratio
of phospho-tau relative to total tau compared with the cor-
rected isogenic WT controls (Figure 4D).

NHEG6 KO leads to subtle increases in amyloid
precursor protein processing by B-secretase but does
not significantly alter A levels

The membrane-spanning amyloid precursor protein (APP)
undergoes sequential proteolysis by B- and y-secretases to
generate AB, which has been implicated in the pathogen-
esis of AD (De Strooper et al.,, 2012; Haass and Selkoe,
1993; Hampel et al., 2021). The membrane-anchored B-sec-
retase is active in the mildly acidic environment of the early
endosome, so APP processing by B-secretase occurs within
the early endosome following endocytosis of APP (Das
et al., 2013; Sannerud et al., 2011; Schneider et al., 2008;

Vassar et al., 2009). This cleavage releases the soluble ecto-
domain of APP (APPsB) and leaves a remaining C-terminal
stub, CTF, within the membrane; CTFB then undergoes
intramembrane cleavage by y-secretase to liberate Ap into
the endosomal lumen (Esler and Wolfe, 2001). Alterna-
tively, APP can be cleaved at the plasma membrane by
a-secretase, which releases APPsa and precludes Ap genera-
tion. The proteolytic processing of APP is illustrated in
Figure SA.

It has been reported in non-neuronal cell lines that the
hyperacidic endosomal pH caused by experimentally
induced knockdown of NHE6 leads to increased B-secretase
activity and elevated AP production (Prasad and Rao,
2015). Additionally, we and others have shown that
changes in AB production caused by familial AD (fAD) mu-
tations in APP can lead to increased tau phosphorylation in
human iPSC-derived neurons (Israel et al., 2012; Muratore
et al., 2014) and that late-onset AD iNs can generate an
elevation of long to short AP peptides and a change in
tau oligomerization (Lagomarsino et al., 2021). For these
reasons, we interrogated whether NHE6 loss of function
leads to changes in AB production that could potentially
contribute to the tau phenotype we observed.

First, we examined levels of full-length APP and APP CTFs
present in WT and NHE6 KO iNs by WB, and we found no
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differences in the levels in these neurons (Figures 5B and
5C). Next, conditioned media were collected from iNs on
d21 and levels of APPsa. and APPsp in the media measured
by ELISA to quantify B- versus a-secretase cleavage of APP
(Figures 5D-5F). We found a slight but significant elevation
in the ratio of APPsP versus APPso (Figure 5D), suggesting
an increase in the level of APP processing by B-secretase
compared with a-secretase. We found that this elevation
in APPsB/APPsa occurred even when we cultured the cells
with exogenous growth factors, suggesting that APP pro-
cessing and secretase activities were not affected by these
culture conditions (Figure S5A). There is some variability
across clones in the amounts of APPsa and APPsp when
normalized to total protein in the lysates. This may be ex-
plained by clonal variation but more likely is due to the
less sensitive method of normalizing to total protein con-
centration of lysates compared with the more robust mea-
surement of the ratio of secreted APPsa. and APPsp.

We then measured levels of A 37, 38, 40, and 42 in the
conditioned media. We did not observe a change in the levels
(Figures 5G-5J), nor the ratios of Ap peptides released in the
media (Figures 5K-5M). Last, we did not observe a change in
the levels of AB present in iN lysates (which includes both
intracellular and cell-associated AB) (Figures SN-5P). This
same result was observed in iNs cultured without growth fac-
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tors (Figures SS5B-SSF). To summarize, the apparent subtle in-
crease in APP processing by B-secretase that we observed with
NHE6 KO did not ultimately result in a detectable elevation
in AP levels; therefore, we conclude that increased Ap levels
or alterations in AP ratios are not the cause of the elevated
phospho-tau phenotype we observed in NHE6 KO iNs.

NHEG6 KO leads to lysosomal and autophagy
dysfunction in iNs

Previous studies in NHE6-null mice and rats reported
abnormal accumulation of GM2 ganglioside and unesteri-
fied cholesterol within late endosomes and lysosomes of
neurons and reduced neuronal p-hexosaminidase activity
(Lee et al., 2021; Sikora et al., 2016; Stromme et al., 2011);
these phenotypes are typical of lysosomal storage disorders
and suggest compromised lysosomal function in NHE6 KO
neurons. In addition, we recently found that NHE6-null
mouse neurons display defects in endosome maturation
and endosome-lysosome fusion, which contribute to defi-
ciencies in lysosome function (Pescosolido et al., 2021).
Therefore, here we examined human NHE6 KO neurons
for endosomal and lysosomal defects. We first used high-
content image analysis to quantify the number and area
of early endosomes per cell by immunostaining fixed neu-
rons for the early endosome marker EEA1. Representative
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immunostaining images of endosomes in WT and KO iNs
are shown in Figures 6A and 6B. Cells were imaged using
an IN Cell analyzer, and EEA1-positive puncta within the
cell soma were identified, assigned to cells, counted, and
quantified using Cell Profiler. We found that the number
of EEA1l-labeled puncta present in the soma per cell was
increased with NHE6 KO (Figure 6C). In addition, the
average area of EEA1 puncta was decreased in the NHE6
KO lines (Figure 6D). In contrast, the area of RAB7+ late en-
dosomes was increased (Figures 6E and 6F). To examine ly-
sosomes, we used two methods: LysoTracker dye (Thermo
Fisher Scientific) or LAMP1 immunostaining (Figures 6E
and 6G-6I). We found that, compared with WT, NHE6 KO
iNs had reduced numbers of lysotracker-positive puncta in
the soma per cell (Figure 6H), while the average puncta
area (per puncta) was unchanged (Figures 6G and 6I). Of
note, LysoTracker labels lysosomes based upon their
acidic pH. Therefore, hyperacidified late endosomes also
may be labeled with this dye. Nonetheless, numbers of
LysoTracker puncta were reduced with NHE6 KO. These
changes in endosomal and lysosomal number and
morphology led to us to investigate whether functional
changes in lysosomal activity were present in the NHE6
KO neurons. We quantified lysosomal protease activity us-
ing a fluorescent cathepsin B activity assay, and as shown
in Figure 6], NHE6 KO iNs exhibited a reduction in
cathepsin B activity compared with WT neurons.

Because degradation of intracellular materials via auto-
phagy requires proper lysosomal function for clearance of
cargo, we examined whether NHE6 KO neurons also
exhibit defects in autophagy. We first measured the levels
of autophagy-specific substrate p62 in the NHE6 KO and
WT neurons by WB, as p62 accumulation is indicative of
autophagy dysfunction in cells. As shown in Figures 6K
and 6L, p62 was significantly elevated in NHE6 KO iNs
compared with WT cells. We next measured autophagic
flux. Autophagic flux is a measure of the dynamic process
of autophagosome formation and turnover by the lyso-
some; decreased flux indicates dysfunction of this pathway.
We treated neurons with either bafilomycin A or chloro-

quine (alongside vehicle controls) to block the fusion of
the autophagosome with the lysosome. We then lysed
these neurons, performed LC3 WBs to quantify the levels
of autophagosome-associated LC3-II in the treated versus
untreated neurons, and used this data to calculate autopha-
gic flux (flux = (LC3-1I/GAPDH with bafilomycin or chloro-
quine treatment) — (LC3-II/GAPDH with vehicle treat-
ment)) (Figures 6M—60). We found that NHE6 KO iNs
exhibited reduced autophagic flux compared with WT
iNs in both the bafilomycin A and chloroquine experi-
mental paradigms (Figures 6N and 60).

Elevated phospho-tau in NHE6 KO neurons is partially
rescued by treatment with trehalose or rapamycin,

two enhancers of autophagy

The evidence of endolysosomal and autophagy-lysosomal
defects in NHE6 KO iNs described above led us to hypoth-
esize that the elevated phospho-tau phenotype in these
neurons is secondary to autophagy-lysosomal dysfunction.
To probe this further, we tested whether treatment of NHE6
KO neurons with trehalose could correct this tau pheno-
type. Trehalose is a non-reducing disaccharide that has
been proposed to enhance autophagy in an mTor-indepen-
dent manner (Belzile et al., 2016; Castillo et al., 2013;
Klionsky et al., 2016; Sarkar et al., 2007; Zhang et al.,
2014). Trehalose has been studied for many years in
numerous disease models and has been shown to enhance
the degradation of a range of neurotoxic proteins, such as
mutant TDP43, mutant SOD1, and tau (Casarejos et al.,
2011; Castillo et al., 2013; Kruger et al., 2012; Rodriguez-
Navarro et al., 2010; Sarkar et al.,, 2007; Wang et al.,
2018). We treated WT and KO neurons with trehalose
beginning on d17 and analyzed the levels of p202,205
tau and total tau in RIPA-extracted lysates by WB at d22
(Figure 7A). As shown in Figure 7B, we found that KO iNs
displayed the expected elevated ratio of p202,205 tau rela-
tive to total tau, and that this phenotype was partially
rescued by treatment with trehalose. Notably, trehalose
did not alter the phospho-tau to total tau ratio in WT iNs,
indicating that trehalose treatment did not cause a general

Figure 5. NHE6 KO does not affect secreted or intracellular A levels in iNs
(A) A schematic of APP processing by a, B, and +y secretases at the cell surface and within the early endosome.
(B and C) WB analysis of APP levels in WT and NHE6 KO iN. (C) is a quantification of full-length APP levels normalized to GAPDH from four

independent differentiations.

(D-F) APPs and APPsa levels in the conditioned media of day 21 iNs were measured by ELISA and normalized to total protein as measured
by bicinchoninic acid assay of protein lysates obtained from the cells within the wells.
(G-J) AB 40, 42, 38, and 37 levels in the conditioned media of day 21 iNs were measured via ELISA. Data were normalized to total protein as

in (B) and (C).
(K-M) Ratios of ABs measured in (C)-(F).

(N-P) Levels of intracellular (and cell-associated) APs were measured in iN lysates and normalized to total protein in the lysates. For all
graphs, data are from three independent differentiations, two wells per differentiation. Mean + SEM, *p < 0.05, **p < 0.01, ns = no
significance by one-way ANOVA and Dunnett’s post test using WT as the control group.
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reduction in phospho-tau levels, but instead it led to a spe-
cific reduction of the elevated phospho-tau observed in
NHE6 KO neurons. We also demonstrated that trehalose
treatment resulted in an expected increase in levels of
LC3-II (Figure 7C). We validated that this elevation in
LC3-1II levels observed with trehalose treatment is a result
of enhanced autophagy (and not impaired degradation
by the lysosome) by treating cells with either trehalose,
chloroquine, or both trehalose and chloroquine, followed
by WB to monitor LC3-II levels. As shown in Figure 7D,
treatment with trehalose and chloroquine individually
elevated LC3-II levels, while the combined treatment
with both trehalose and chloroquine elevated LC3-II levels
even further. These results indicate that trehalose indeed
enhances autophagic flux in iNs. Previous studies have re-
ported increased levels of nuclear transcription factor EB
(TFEB) in cells treated with trehalose (Evans et al., 2018;
Jeong et al., 2021; Rusmini et al.,, 2019; Wang et al.,
2018); however, we did not find that trehalose led to a
detectable increase in nuclear localization of TFEB in iNs,
suggesting that its effects on the autophagy-lysosome sys-
tem in iNs may be TFEB-independent (Figure S6). We also
found that trehalose did not alter levels of secreted ABs
(Figures S7A-S7C), supporting the hypothesis that the
decreased levels of phospho-tau observed are not due to
altered AP levels. Trehalose also did not reduce levels of
a-synuclein in these neurons (Figure S7D), again indicating
that its effect was specific to the elevated phospho-tau
phenotype we observed with NHE6 KO. To further validate
these results indicating that enhancement of autophagy
rescues the elevated phospho-tau phenotype in CS neu-
rons, we treated cells with rapamycin as an additional
method to induce autophagy. As shown in Figures 7E and

7F, treatment of NHE6-null iNs with rapamycin signifi-
cantly reduced the ratio of p202,205 tau relative to total
tau.

Our lab has previously described iNs generated from pa-
tient-derived iPSC lines harboring fAD-causing mutations
in APP (Muratore et al., 2017). We previously reported an
increase in the ratio of aggregation-prone AB42 relative to
AB40 generated by these fAD iNs compared with a
CRISPR-corrected isogenic WT control line; the fAD iNs
also exhibit an elevation in the p202,205 tau to total tau ra-
tio compared with the WT control iNs (Muratore et al.,
2017). To further probe the specificity of the rescue of
elevated phospho-tau that we observed in NHE6 neurons,
we asked whether trehalose would correct the elevated
phospho-tau phenotype that occurs in the fAD neurons
as a result of APP mutation. As shown in Figures 7H and
71, we observed the expected increase in the phospho-tau
to total tau ratio in the fAD iNs compared with WT. Howev-
er, despite the treatment eliciting an increase in LC3-1I
levels of equal magnitude as in NHE6 KO neurons (Fig-
ure 7J), the phospho-tau phenotype in fAD neurons was
not rescued by trehalose. This suggests a mechanistic differ-
ence between phospho-tau elevation resulting from APP
mutation and altered AB production versus that which re-
sults from loss of NHE6 activity.

DISCUSSION

CS, a rare X-linked neurodevelopmental disorder with
autistic features, is caused by loss-of-function mutations
in NHES, a protein that is central to the proper functioning
of the endolysosomal system through its critical regulation
of luminal pH. Recently, neurodegenerative features of CS

Figure 6. NHE6 KO results in changes in the endolysosomal and autophagy-lysosomal systems

(A and B) Representative high-resolution images of endosomes in WT and NHE6 KO iNs. Images in (A) were acquired via confocal mi-
croscopy (scale bars, 10 um) and images in (B) via super-resolution microscopy (scale bars, 5 pm).

(Cand D) Endosomal numbers and area were analyzed by EEA1 and DAPI immunostaining of fixed neurons. Area was measured on a per-
endosome basis. Images were captured using an IN Cell analyzer and quantified using Cell Profiler. Endosomal number per cell (C) and area
per endosome (D) were quantified across three independent differentiations, with two wells per line per differentiation. Nine images were
taken per well.

(E) Representative images of late endosomes (RAB7) and lysosomes (LAMP1). Scale bar, 5 um.

(F and G) Quantification of RAB7+ area and LAMP1+ area per cell.

(H and I) Live day 21 neurons were stained with Lysotracker and NucBlue live cell stain and analyzed as in (C) and (D). Somally localized
lysosomal number per cell (H) and area of each punctum (I) were quantified across three independent differentiations.

(J) Cathepsin B activity in live iNs was analyzed by measuring the fluorescence of Magic Red (ImmunoChemistry Technologies) substrate.
Magic red signal was quantified across three independent differentiations using an Incucyte and normalized to cell body number quantified
in each well by the Incucyte Neurotrack software.

(K) p62 levels in WT and NHE6 KO iNs were analyzed by WB of iN lysates.

(L) Quantification of p62 levels relative to GAPDH levels across three independent differentiations.

(M) Autophagic flux was quantified by treatment of iNs with bafilomycin A or chloroquine, followed by LC3 WB.

(N and 0) Autophagic flux in WT and NHE6 KO neurons was calculated across three independent differentiations, with two wells per
condition per differentiation. For all graphs, mean + SEM is shown. *p < 0.05, **p < 0.01, ****p < 0.0001 one-way ANOVA and Dunnett’s
post test using WT as the control group. For (N) and (0), *p < 0.05, **p < 0.01 paired t test. For (L), **p < 0.01 unpaired t test.
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have become increasingly appreciated, with progressive
neuronal loss observed in CS mice and rats along with evi-
dence of tau deposition in CS patient brains (Garbern et al.,
2010; Lee et al., 2021; Xu et al.,, 2017). Clinically, the
severity of the syndrome in males makes neurodevelop-
mental and neurodegenerative symptoms difficult to parse;
however, it has been reported that female carriers of CS mu-
tations have been diagnosed with neurodegenerative clin-
ical syndromes typically associated with tau deposition
(Pescosolido et al., 2019). Intriguingly, analysis of gene
expression data from deeply phenotyped ROS/MAP partic-
ipants further connects NHE6 and tau pathology:
decreased NHE6 expression in postmortem brains from
this cohort correlates with increased levels of tau deposi-
tion. Moreover, NHE6 expression has been shown to be
decreased in postmortem AD brains compared with age-
matched controls (Prasad and Rao, 2015). Examining
neurodegenerative features resulting from loss of NHE6 ac-
tivity could have important implications for CS patients
and female mutation carriers and, more broadly, could pro-
vide insight into the molecular underpinnings of tauopa-
thies and the role of the endosome in neurodegeneration.

We differentiated isogenic NHE6 KO and WT human
iPSC lines into iNs. The iN model used in this study is ad-
vantageous for several reasons. First, it allows for the gen-
eration of pure and highly consistent cortical neurons
across differentiation rounds, providing an opportunity
to interrogate neuronal phenotypes resulting from ge-
netic or pharmacologic manipulation in a reductionist
manner. In addition, bypassing the neuronal precursor
stage via NGN2 expression reduced potentially con-
founding neurodevelopmental effects of NHE6 KO and
allowed for more direct examination of neurodegenera-
tive features. We and others have demonstrated the util-
ity of using iNs to examine neurodegenerative changes in
tau and other key proteins, as well as dysfunction of the
endolysosomal system, in numerous disease models

(D’Souza et al., 2021; Imberdis et al., 2019; Lagomarsino
et al., 2021; Lin et al., 2018; Muratore et al., 2017; Sanyal
et al., 2020).

Previous studies in NHE6-null mice and rats reported
phenotypes indicating lysosomal defects in neurons
(Lee et al., 2021; Pescosolido et al., 2021; Stromme
et al., 2011). We also found evidence here that loss of
this endosomal protein leads to subsequent lysosomal
dysfunction in human neurons: NHE6 KO neurons in
our study exhibited decreased numbers of soma-local-
ized lysosomes per cell as well as decreased lysosomal
protease activity. Lysosomal deficiency has been demon-
strated to result in autophagy defects, as the cargo
within autophagosomes is degraded upon fusion with
the lysosome (Nixon, 2013; Schapansky et al., 2018;
Wolfe et al., 2013). Aging NHE6-null rat brains displayed
abnormal accumulation of autophagosomes and p62 ag-
gregates (Lee et al., 2021). Therefore, we also examined
NHE6 KO neurons for autophagy defects. Autophagic
flux assays revealed a greater than 50% reduction in au-
tophagic flux in NHE6 KO neurons compared with WT.
We also observed pronounced accumulation of p62 in
NHE6 KO iNs, while p62 was only present at low levels
in WT iNs.

Importantly, we provide evidence that the elevated phos-
pho-tau phenotype observed in NHE6 KO neurons is a result
of the endolysosomal and autophagy-lysosomal dysfunction
outlined above. Treatment of iNs with trehalose, which has
been shown to enhance cellular clearance by autophagy
and which resulted in the expected increase in autophagic
flux in iNs, partially rescued the elevated phospho-tau
phenotype in NHE6 KO iNs. Similarly, activation of auto-
phagy with rapamycin treatment also rescued the phos-
pho-tau levels. Intriguingly, we found that trehalose specif-
ically reduces the elevation in phospho-tau caused by loss
of NHEG6 activity, as it did not alter phospho-tau levels in
WT neurons, nor did it rescue elevated phospho-tau caused

Figure 7. Trehalose and rapamycin treatments partially rescue the elevated phosphorylated tau phenotype in NHE6 KO neurons
(A-D) iNs were treated with 50 mM or 100 mM trehalose starting from day 17 of differentiation.

(A) Cells were lysed on day 21, and levels of total tau and phosphorylated tau were examined by WB. Blots were probed for LC3 as a positive
control for trehalose treatment, as trehalose has previously been shown to result in the observed increased in LC3-II (B and C). Quanti-
fication of WB data from three independent differentiations, with two wells per condition per differentiation.

(D) Quantification of LC3-II levels in cells treated with trehalose, chloroquine, or both trehalose and chloroquine were monitored by WB
across three independent differentiations.

(E and F) iNs were treated with rapamycin starting from day 17 of differentiation. Cells were lysed on day 21, and levels of total and
phosphorylated tau were examined as in (A).

(F) Quantification of WB data from three independent differentiations, with 2-4 wells per condition per differentiation.

(G-I) iNs harboring the fAD-causing London mutation in APP and a WT isogenic control line were treated with 100 mM trehalose starting
from day 17 of differentiation as in (A). Cells were lysed on day 21 and levels of total tau, phosphorylated tau, and LC3 were examined by
WB.

(H and I) Quantification of WB data from three independent differentiations, with three wells per condition per differentiation. While the
fAD line displayed elevated p202,205 tau compared with WT, trehalose did not rescue this phenotype. For all graphs, mean + SEM,
*p <0.05, **p <0.01, ***p < 0.005, ****p < 0.0001 by one-way ANOVA and Sidak’s post test.
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by an fAD mutation in APP. The latter result suggests that, in
iNs, the effects of APP mutation and resultant altered Ap pro-
duction are mechanistically distinct from the impacts of
NHE6 KO on tau biology. In particular, altered tau kinase or
phosphatase activity described in AD iPSC-derived neurons
(Israeletal., 2012; Ochalek et al., 2017) would perhaps be un-
responsive to trehalose treatment, while the autophagy-lyso-
somal defects resulting from NHEG6 loss of function are mech-
anistically linked to the action of trehalose and would
therefore allow for the specific rescue of tau phenotypes in
these neurons.

Recent studies have linked NHE6 function in regulating
endosomal pH with APOE4-induced defects in endolyso-
somal trafficking in neurons (Pohlkamp et al.,, 2021;
Xian et al., 2018). These studies have led to the proposal
that enhancement of acidification of endosomes via inhi-
bition of NHE6 actually may be beneficial to reduce the
negative consequences of APOE4 on trafficking and amy-
loid plaque deposition. Taken together with the data here,
these results suggest that the fine-tuning of NHEG6 activity
is critical for maintaining endolysosomal function in
neurons.

Our study provides important information about the role
of NHE®G loss of function in neurodegeneration in human
cortical neurons. The impact of NHE6 activity on neurode-
generative processes underlies the importance of future
study of NHEG6 loss of function in female neurons, which
would encompass the added complexity of X chromosome
inactivation and resulting mosaicism. In addition, myriad
powerful protocols have been developed in recent years
for the differentiation of numerous cell types of the CNS.
Future work could expand on our current study and
examine the effects of NHE6 loss of function in other
neuronal subtypes, in astrocytes and microglia, and in
mixed cultures of these cells. In particular, a pronounced
glial response has been reported in NHE6 KO mice and
rats (Lee et al., 2021; Pohlkamp et al., 2021; Xu et al.,
2017) and in CS patient brain tissue (Garbern et al., 2010).
Therefore, future study of glial activation and dysfunction
in the context of NHEG6 loss of function will be crucial for
a fuller understanding of neurodegeneration in NHE6-
null brains.

EXPERIMENTAL PROCEDURES

Induced pluripotent stem cell lines and culture

The Institutional Review Boards at Brown University and Lifespan
Healthcare approved the human subjects research protocol.
Informed consent was obtained from all participants or guardians
of participants. The generation and characterization of the isogenic
WT and CRISPR KO iPSC lines, as well as the patient-derived CS
NHE6 mutant and CRISPR-corrected WT isogenic control iPSC lines,
has been previously described (Lizarraga etal., 2021; Maetal., 2021).

iPSCs were plated on Matrigel (Corning). Cultures were maintained
in Stemflex media (Thermo Fisher Scientific) and continually moni-
tored for quality.

Induced neuron differentiations

iN differentiations were carried out via the expression of
Neurogenin-2 (NGN2) as previously described (Srikanth et al.,
2018; Zhang et al., 2013). iPSC lines were co-transduced with lenti-
viruses containing pTet-O-Ngn2-puro and FudeltaGW-rtTA, which
are constructs that allow for the dox-inducible expression of
NGN2. The puromycin resistance cassette allows for the selection
of cells expressing NGN2. Transduced cells were expanded and
plated in 10-cm dishes in Stemflex media. The next day (day 1), cells
were fed with KSR media with doxycycline (2 pg/mL, Sigma) to
induce NGN2 expression. On day 2, cells were fed with 1:1
KSR:N2B media with doxycycline and puromycin (10 pg/mL,
Gibco). The next day, cells were fed with N2B media supplemented
with 1:100 B27 (Life Technologies), doxycycline, and puromycin.
On day 4, cells were dissociated with Accutase and banked as frozen
stocks. Day 4 cells were then plated on tissue culture plates coated
with poly-L-orthinine and laminin followed by Matrigel. iNs were
plated in Neurobasal media supplemented with B27, doxycycline,
and puromycin and maintained with half media changes of this me-
dia until they were harvested. Where indicated, cells were cultured
from day 4 on with the addition of 10 ng/mL BDNE, GDNEF, and
CNTF (Peprotech).

Statistical analysis

Data were analyzed using GraphPad Prism 9. Data are shown as
mean = SEM. Statistical significance between more than two
groups was tested by one-way ANOVA followed by either Sidak’s
or Dunnet’s post test as indicated. Comparisons between two
groups were carried out by either an unpaired Student’s t test or a
paired Student’s t test, as indicated.

SUPPLEMENTAL INFORMATION

Supplemental information, including additional details regarding
experimental procedures, can be found online at https://doi.org/
10.1016/j.stemcr.2022.08.001.
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