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The synthetic TRPML1 agonist ML-SAL1 rescues Alzheimer-
related alterations of the endosomal-autophagic-lysosomal

system

Aleksandra Somogyi 122, Emily D. Kirkham 4, Emyr Lloyd-Evans 4, Jincy Winston °, Nicholas D. Allen 4, John
J. Mackrill 8, Karen E. Anderson 7, Phillip T. Hawkins 7, Sian E. Gardiner &, Helen Waller-Evans 8, Rebecca Sims °,

Barry Boland 23** and Cora O 'Neill 1:3*#

ABSTRACT

Abnormalities in the endosomal-autophagic-lysosomal (EAL)system are
an early event in Alzheimer's disease (AD) pathogenesis. However, the
mechanisms underlying these abnormalities are unclear. The transient
receptor potential channel mucolipin 1(TRPML1, also known as
MCOLNZ1), a vital endosomal-lysosomal Ca* channel whose loss of
function leads to neurodegeneration, has not been investigated with
respect to EAL pathogenesis in late-onset AD (LOAD). Here, we identify
pathological hallmarks of TRPML1 dysregulation in LOAD neurons,
including increased perinuclear clustering and vacuolation of
endolysosomes. We reveal that induced pluripotent stem cell (iPSC)-
derived human cortical neurons expressing APOE 4, the strongest
genetic risk factor for LOAD, have significantly diminished TRPML1-
induced endolysosomal Ca?* release. Furthermore, we found that
blocking TRPML1 function in primary neurons by depleting the
TRPML1 agonist PI(3,5)P, via PIKfyve inhibition, recreated multiple
features of EAL neuropathology evident in LOAD. This included
increased endolysosomal Ca?* content, enlargement and perinuclear
clustering of endolysosomes, autophagic vesicle accumulation and early
endosomal enlargement. Strikingly, these AD-like neuronal EAL defects
were rescued by TRPML1 reactivation using its synthetic agonist ML-
SAl. These findings implicate defects in TRPML1 in LOAD EAL
pathogenesis and present TRPML1 as a potential therapeutic target.

KEY WORDS: Alzheimer 's disease, TRPML1, Ca 2*, APOE, PIKfyve,
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INTRODUCTION
Increasing research evidence implicates defects in the endos
autophagic-lysosomal (EAL) system as a very early event in
genesis and progression of Alzheifsedisease (AD) patholog
including the buildup of amyloid-(A ) and tau, and synapti
pathogenesis (Lie and Nixon, 2019; Nixon, 2017, 2020; Van Ac
et al., 2019; van Weering and Scheper, 2019; Whyte et al., 2(
Furthermore, studies indicate that expression of the AF
4-encoding variant of apolipoprotein EROB (Lin et al., 2018;
Nuriel et al., 2017) is the greatest genetic risk factor for late o
AD (LOAD), which, along with many other LOAD risk genes a
genes causing familial AD (Hung and Livesey, 2018; Kwart et
2019), converge to alter EAL function (Gao et al., 2018; Karch
Goate, 2015; Pimenova et al., 2018; Van Acker et al., 20
However, it remains unclear which nodes of the EAL system
primarily affected in AD and, hence, could be targe
therapeutically to remediate AD pathogenesis.

The transient receptor potential channel mucolipin 1 (TRP
also known as MCOLN1) is a non-selective cation channel that
transport C&, F&* and Zrt* (Dong et al., 2008; Kiselyov et al.
2011). The primary function of TRPML1 is to induce’Ceelease
from endolysosomal compartments, a vital process for endolysos
function (Di Paola et al., 2018; Venkatachalam et al., 2015; Wa
Evans and Lloyd-Evans, 2015). TRPMLL1 is highly expressed i
brain (Samie et al., 2009) and, although not investigated with res
to EAL pathogenesis in LOAD, regulates many EAL functions knc
to be impaired in AD neurons. The functions regulated by TRP
include: maturation of late endosomes to lysosomes; endolysos
trafficking; nutrient sensing and adaptation; positioning, exocytt
fission, clearance and reformation of lysosomes; autop
phagocytosis and clearance of aggregated proteins and pat
(reviewed in Di Paola and Medina, 2019; Di Paola et al., 2018; H
et al., 2020; Kendall and Holian, 2021; Li et al., 2019). Loss
function mutations in the human TRPML1 gelCOLN1 cause
mucolipidosis type IV (MLIV) (Bargal et al., 2001; Bassi et al., 20
Slaugenhaupt, 2002; Sun et al., 2000), a rare recessive lyso
storage disorder (LSD). MLIV is characterized by neurodegenere
psychomotor impairment, ophthalmologic and gut defe
(Boudewyn and Walkley, 2019). MLIV patient cells show multig
EAL abnormalities including defective endolysosomal trafficki
vacuolation, altered positioning of the endolysosomal compart
compromised maturation of lysosomes, dysregulated pH
autophagic defects (for a review, see Boudewyn and Walkley,
Cheng et al., 2010; Puertollano and Kiselyov, 2009).

The link between endolysosomal TRPML1 dysfunction &
neurodegenerative disease is further supported by finding
TRPML1-mediated C4 release is impaired in other LSD
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including NiemanaPick C (NPC) disease (Lloyd-Evans and Platl1V-1-associated neurocognitive disorders (Bae et al., 2014;
2011; Shen et al.,, 2012). NPC disease shares the pathologitabl., 2019, 2021). Furthermore, ML-SAl protects aga
features of tau and Aaccumulation with AD (Lloyd-Evans et al.,endolysosomal pathology caused by FIG4 deficiency (Zou et
2008). Furthermore, although not yet examined in LOAR2015). However, whether these TRPML1 agonists can prc
alterations in TRPML1 function are associated with deletion afjainst potential EAL pathogenesis due to direct PIKfyve inhibi
the presenilin-1 (PS-1; also knownRSENJ gene, which causesin neurons is unknown.
familial AD (FAD) (Lee et al., 2015, 2010; Lie et al., 2022). In this study, we hypothesized that dysregulation of TRPM
TRPML1 function is implicated in autophagic clearance obAd mediated endolysosomal function is an underlying compone
tau in AD by being the primary activator of transcription factor EBAL neuropathogenesis in LOAD. Therefore, we aimed
(TFEB), the major regulator of lysosomal biogenesis and autophagyermine whether indicators of TRPML1 function were altere
(Medina et al., 2015; Napolitano and Ballabio, 2016; Zhang et AlQAD patient brains and in induced pluripotent stem cell (iP
2016). TFEB activation promotes clearance obAd tau pathology derived neurons expressing APOEcompared to cells with othe
in preclinical models of AD (Akwa et al., 2023; Martini-StoicgAPOE isoforms. We further investigated whether it was possib
etal., 2018; Polito et al., 2014; Song et al., 2020; Xiao et al., 2016odel key AD-related EAL phenotypes in primary neurons
Xu et al., 2020), where TRPML1 activation has been shown to Ipactivating TRPML1 via inhibition of PI(3,5)production, using
essential for TFEB-mediated clearance of tau-induced patholdigy PIKfyve inhibitor YM201636. Finally, we investigated whet
(Xu et al., 2020). Recent studies show that TRPML1-dependéargeting TRPML1 with ML-SA1 in primary neurons could provic
lysosomal C#' release regulates dendritic lysosomal trafficking arednovel approach to remediate AD-related EAL defects induce
hippocampal neuronal function (Sun et al., 2022). PIKfyve inhibition.

TRPML1 is one of the few ion channels gated by
phosphoinositide (PI) lipids, with PI(3,5)Being the primary and RESULTS
only identified endogenous agonist of TRPML1 (Dong et al., 201Bndolysosomal neuropathology in the AD brain and altered
Zhang et al., 2012), and PI(4,5)fthe TRPML1 antagonist (De Leo phosphoinositide dynamics indicate abnormalities in
etal., 2016; Feng et al., 2014a; Zhang et al., 2012). Pl metabolisrfRBML1 function
central to effective vesicular trafficking in the EAL system (Ball&RPML1 function and Pl dynamics closely relate to endolysoso
2013; Di Paolo and De Camilli, 2006) and attention has been drawtegrity (Cao et al., 2017; Zhang et al., 2012). We thus f
to defects in PI metabolism in the AD brain (Morel et al., 2018terrogated endolysosomal integrity in post-mortem AD b
Stokes and Hawthorne, 1987; Zhu et al., 2015) and as a targetissfue using an antibody against the endogenous endolysos
LOAD risk genes (reviewed in Raghu et al., 2019). Anothenarker LAMP1, performing immunofluorescence microscop
interesting feature of this system is that PI(3;5)Re TRPML1 post-mortem hippocampal sections from AD patientslQ) and
agonist, is synthesized exclusively by the PIKfyve kinase compleatched controlsnE€10) (Table 1). Our results demonstrated
(McCartney et al., 2014). In concordance, inhibition of the PIKfynacrease in  LAMP1-positive endolysosomes, which
complex recreates endolysosomal defects similar to those in MLpéyticularly evident in the perinuclear region of hippocampal ¢
typified by vacuolation of endolysosomal compartments (Bissigthe CA1 and CA3 regions, in AD cases compared to in
etal., 2017; Chen etal., 2017; Choy et al., 2018; Dong et al., 20hfatched controls (Fig. 2A&). A 3D reconstruction of LAMP1
Ikonomov et al., 2002, 2001; Jefferies et al., 2008; Kim et al., 20idimunoreactivity and positioning in a morphologically identifial
Martin et al., 2013; McCartney et al., 2014). Furthermore, as witA1 pyramidal neuron in AD compared to control pyramic
TRPML1, mutations in the human PIKfyve complex, namely theeurons is shown in Fig. 1B. Quantification, using CellProfi
FIG4 and Vacl4 components, lead to neurodegeneratiorthis revealed that LAMP1 intensity was significantly increased in
case, including amyotrophic lateral sclerosis (ALS), Charcgierinuclear area of cells in the CA1 region in AD compared tc
Marie-Tooth disease, and Yurigaron syndrome (Campeau et al.control cases (Fig. 1D,E).
2013; Chow et al., 2009; Chow et al., 2007; Lines et al., 2017;We performed double immunofluorescence with LAMP1 and
Nicholson et al., 2011; Zhang et al., 2008). astrocytic marker GFAP to investigate the cellular localisatio

Interestingly, recent studies have shown that loss of PIKfykAMP1 pathogenesis inthe AD brain. Here, our results showed
activity drives spongiform neurodegeneration and neuromatreased levels of LAMP1-positive endolysosomes were obse
vacuolation in prion disease, which can be rescued by PIg3,5)Pthe perinuclear regions of GFAP-negative pyramidal neuro
supplementation (Lakkaraju et al., 2021). Conversely, othtbe AD hippocampus (Fig. S1A). GFAP-labelled astrocytes
publications show that PIKfyve inhibition reduces the transport iotreased levels of LAMP1 immunoreactivity in perinuclear regi
tau and -synuclein from early to late endolysosomesvitro, were also identified in the AD hippocampus (Fig. S1A).
preventing their fibrillization, which is thereby considered as Deletion of TRPML1 in MLIV and inhibition of the synthesis ¢
neuroprotective (See et al.,, 2021 preprint; Soares et al., 20#18. TRPML1 agonist PI(3,5)Pinduce endolysosomal defec
Together, this draws attention to investigating the potentiatluding perinuclear clustering, as described above, as we
mechanistic link between PIKfyve activity and TRPML1 functioenlargement of endolysosomal vesicles (Dong et al., 2(
in the context of EAL neuropathogenesis in LOAD and othéicCartney et al.,, 2014; Zhang et al, 2012). Notak
neurodegenerative diseases. It has been suggested that activatiacablisation of LAMP1-positive vesicles was observed in ¢
TRPML1 might represent a protective strategy against EAL defewith the morphology of neurons in the CA3 region in AD cag
in LOAD (Hui et al., 2019). Importantly, synthetic small-moleculé-ig. 1C). Quantification using ImageJ revealed a signific
compounds, including mucolipin synthetic agonist 1 (ML-SAlhcrease in the number of enlarged LAMP1-positive vesicles i
have been developed as PI(3&ependent specific TRPML1 CA3 region in AD compared to in control cases (Fig. 1F). Vacuc
agonists (Fine et al., 2020; Grimm et al., 2010; Shen et al., 202M¢re defined as large membrane-bound vesicular struc
ML-SA1 has been shown to protect against Alzheimbike A immunoreactive to LAMP1. These vacuoles were larger t
pathology in other neurological conditions, particularlyesicles (4-10 um diameter). In granulovacuolar degenerat
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Table 1. Clinical and post-mortem details of cases used in this study

Cases Gender Age (years) Braak stage Plaques PMD (h) Tissue pH Brain weight (g)
Immunofluorescence analysis
Control
(il M 93 0 A 07:40 6.20 1155

C3 F 88 Il (0] 05:35 6.89 1132

C5 M 95 1l B 07:15 6.56 1387

Cc7 F 89 Il 06:35 6.73 1139

c9 M 92 1 B 07:45 6.55 1210

Cl11 F 81 1l 07:40 6.60 1180
Alzheimer's disease

Al F 92 \Y, B 07:25 6.10 1081

A3 M 73 Vv Cc 04:45 6.48 1205

A5 M 82 Vv Cc 04:25 5195 1225

A7 M 81 \ Cc 07:50 6.15 1120

A9 B 90 \ C 05:40 6.60 1070

All F 89 Vi © 08:24 6.60 1065
Western blot analysis
Control

c2 F 7 | A 08:20 6.48 1212

Cc4 F 84 | (0] 04:45 6.26 1104

C6 M 85 | o 04:15 6.68 1121
Alzheimer's disease

Al F 84 Vv (@ 04:50 6.26 948

A3 M 78 Vv C 07:45 6.40 1208

A5 F 61 \ C 06:25 6.62 1072

Phosphoinositide analysis

Control
C1 M 93 0 A 07:40 6.20 1155
C3 F 76 1l 04:45 6.40 1140
C5 F 93 1 (0] 07:35 6.27 1025
Cc7 M 88 1 B 07:00 6.76 1230
C9 F 95 1l B 07:10 6.32 955
Continued
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Table 1. Continued
Cases Gender Age (years) Braak stage Plaques PMD (h) Tissue pH Brain weight (g)

C10 M 89 Il (0] 06:50 6.23 1185
Cilil F 78 | A 07:10 6.32 1120
C12 F 60 0 (0] 08:10 6.58 1310
Alzheimer's disease
Al F 92 \Y, B 07:25 6.10 1081
A2 F 88 \Y @ 06:43 6.24 960
A3 M 73 Y, @ 04:45 6.48 1205
A4 M 78 Vv © 05:55 6.40 1275
A5 M 82 Vv © 04:25 5.95 1225
A6 F 84 Vv c 04:50 6.26 948
A7 M 81 VI © 07:50 6.15 1120
A8 F 66 VI © 04:12 6.47 915
A9 F 90 Vi © 05:40 6.60 1070
Al10 F 91 VI © 04:20 6.32 900
All F 94 V © 04:30 7.33 1021
Al2 M 76 VI © 05:10 6.32 1116

PMD, post-mortem delay; h, hours; g, grams; M, male; F, female.

(GVD), described to occur in the AD brain (Funk et al., 2011Braak I\~VI, n=12) compared to age-matched controls (Brz
Kohler, 2016; Thal et al., 2011), vacuoles are described to ®ell, n=12) (Table 1; Fig. 2). No significant differences we
3-5um and to have a dense central core or central granuledefected in Pl or total PIP [PI3P, PI4P and PI5P] levels
0.5-1.5 um, which was not evident in the vacuoles we show. Weemparing AD and control groups (Fig. 2). There was no correla
attempted to determine whether these vacuoles were similabebveen Pl levels and post-mortem delay in these samples. R
those observed in GVD, using casein kinas€€lK-1 ), a marker isomer classification of the primary (> 75%) lipid species (steal
for the granulovacuolar granule (Funk et al., 2011) and doulslechidonoyl, ‘C38:4) showed that increased RIPlevels
immunofluorescence with LAMP1. However, immunofluorescencepresented Pl(4,5)Pas no PI(3,4)Plevels were detected (dat
analysis with CK-1 antibody did not reveal clear granulovacuolamot shown). Unfortunately, PI(3,5)P the major agonist of
granule staining (data not shown). TRPML1, cannot be distinguished yet using mass spectro
Inthe AD cases, increased LAMP1 immunoreactivity was greateethodology as the abundance of this lipid species is extre
in areas where many cells accumulated PHF-1 immunoreactiveltau (Michell et al., 2006). Significantly, P{Pwhose levels we
(Fig. 1G, right) and was strongly enriched around senile plage®w to be increased in the AD group, is the major activator of
(Fig. 1H). The observation that LAMP1 immunoreactivity iprotein kinases, which are known to be hyper-activated in
enriched in plagues has been described in the AD braiaeurons (Griffin et al., 2005; Moloney et al., 2010) and which a
(Barrachina et al., 2006) and in preclinical mouse AD modgisimary regulator of EAL dynamics via the mTOR signalling a
(Condello et al., 2011; Gowrishankar et al., 2015; Kandalepas et@gland et al., 2018). Taken together, the PI changes observ
2013). Control and AD brain material was staged for disea&B brains reflect significant defects in overall Pl network integ
severity (Braak staging ¥, see Materials and Methods).that have the potential to impact TRPML1 and endolysoso
Alterations in the levels of LAMP1 and endolysosomdLlnction in AD.
enlargement were specific to AD cases irrespective of their BraakVe performed western immunoblot and immunofluoresce
stage. However, western immunoblot analysis (Fig. 1l) aadalysis with TRPML1 antibodies in control and AD bra
quantification (Fig. 1J) of temporal cortex membrane fractiof®RPML1 antibodies have been criticised due to possible
prepared from AD and control brain showed only a non-significaspecificity and we found variability in antigenicity and immunob
trend towards an increase in LAMPL1 levels in many AD samplpsofiles between TRPML1 antibody batches (Fig. S1B,C). Thus
compared with control levels, which is in line with previousvere unable to make a definitive conclusion on whether the leve
literature (Bordi et al., 2016), and points rather to a shift Bubcellular localisation of TRPML1 were altered in the AD br
localization resulting in regional accumulation of lysosomes in thempared to matched controls. Nonetheless, we have incl
perinuclear region. representative immunoblots and immunofluorescence analys
As TRPMLL1 is a Pl-gated ion channel (Dong et al., 2010; Fefil@RPML1 in control and AD cases in Fig. S3B.
et al., 2014a; Fine et al., 2018; Hille et al., 2015), which relies
heavily on effective Pl dynamics, we thought it important tioysosomal Ca 2* levels are increased and TRPML1 activity is
determine whether levels of all measurable Pls were altered indémeased in homozygous APOE 4 neurons
AD brain. We quantified individual and total Pl levels in brain tissuenlargement of the endolysosomal system has also been des
of the AD and age-matched control groups using advanced mas&POE 4 modified cell systemis vivo (Nuriel et al., 2017; Xian
spectrometry approaches (Kielkowska et al., 2014). Reswtsal., 2018), reflecting our findings in neurons in the LOAD brg
demonstrated that levels of total R[PI(3,4,5)R] and total PIR A major functional consequence of defective TRPML1 functio
[regioisomers PI(4,5)PP1(3,4)R and PI(3,5)B were significantly impaired C&* efflux from late endolysosomes. TRPML1 activity
increased B<0.05) in the mid temporal cortex of AD patientsiot measurable in post-mortem brain tissue. We thus applied a
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Fig. 1. See next page for legend.

dynamic physiological measurement of endolysosom@i i@aan imaging Fura2-AM-labelled iPSC neurons that were first treé
APOEmodified AD neuronal system where we differentiatedith the C&* ionophore ionomycin (2 uM), which induces Ca
human iPSC-derived neurons from cells expressing isogerdtease from the endoplasmic reticulum (ER), followed by
APOE 3, APOE 4 and APOE 2, andAPOE’ cells (Schmid lysosomal membrane disrupting agent, glycyl-L-phenylalar
etal., 2019). Measurement of endolysosomal @as obtained by 2-naphthylamide (GPN, 500 uM) to release endolysosom&l ¢
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Fig. 1. Increased levels and altered subcellular distribution of LAMP1- Pl PIP

positive endolysosomes in the AD brain.  (A,C) Representative images 304 30 2

showing the accumulation and swelling of LAMP1-positive vesicles in cells * = *

of the CA1 (A) and CA3 (C) regions of hippocampal sections of AD f=10) ° ]

and control cases (n=10). Scale bars: 20 um. Detailed sections of single N 204 e® - 204

neurons are shown in bottom panel of C. Scale bars: 5 um. (B) Surface- ‘LI) E

rendered 3D reconstruction of LAMP1-positive vesicles in a morphologically a % ‘i‘ o

identified CA1 pyramidal neuron of an AD patient and control. Scale bars: o 10- L : o 10-

10 pm. (D,E) Quantification of LAMP1 intensity in the CA1 region (D) and °® o LN

specifically in the perinuclear area (E) fromn=6 AD cases and n=8 control : _E_

cases with 2-5 representative images analysed for each case, together & "N

analysing n=26 control images and n=26 AD images. (F) Quantification of e 0-

the number of enlarged LAMP1 immunoreactive vesicles per neuron in the c’,\‘\ \?9 c‘,\"\ \79

CA3 region. (G) Representative images showing increased LAMP1

immunoreactivity in cells of the CA1 region accumulating PHF-1 PIP PI(3,4,5)P

immunoreactive tau in AD patients (™=10, right) and control (1=10, left), and 8 510 - TREE S

areas of AD CAL1 with little PHF1 immunoreactive tau (middle). (H) . ul

Representative image of LAMP1 localisation to senile plaques decorated 4x104 4 L

with PHF-1 immunoreactive tau (1=10 AD cases). (I) Western immunoblot 61 o

analysis of temporal cortex membrane fractions (=6) showing a trend = E 3x10 4

towards increased LAMPL1 levels in AD patients compared with controls o 4- o

(n.s.). LiCor total protein stain was used to ensure equal loading. (J) o : ox1044 ® _E_

Quantification of LAMP1 immunoblot data. Data are expressed as mean E_: . m._m

+s.e.m. *P<0.05; **P<0.01 (unpaired two-tailed Students t-test). 21 ® Iﬁi 1%104 - ﬁt :I
.* -l. e®e

into the cytosol (Bergling et al., 1998; Sage etal., 2011). Hence, the e 0 —r I

resulting elevation in fluorescence of the?Carobe allows for an & ® & ©

eStlm?'tlon of the lysosomal Eacontent. U?'”g this eXpenmentalFig. 2. Levels of phosphoinositides with the potential to regulate
paradigm, we found that neurons eXPreS_S_'”g APQIEhe greatest trpL1 are altered in the temporal cortex of AD patients. ~ HPLC-MS
genetic risk factor for LOAD, had significantly higher levels Ofnalysis of PI per Pl-internal standard (PI/PI-ISD), as described in the
lysosomal C& compared with APOE3 (P=0.0102), APOE 2  Materials and Methods. Levels of total PIP, PIP, and PI(3,4,5)Ps in mid
(P<0.0001) andAPOE>/S (P<0.0001) neurons (Fig. 3A). temporal cortex tissue of AD (n =12) and control (1=12) groups. Levels of
We performed further experiments to measure lysosorfaiiCa total PIPs [PI(3,4,5)Ps] and total PIP; [PI(4,5)P>, PI(3,4)P and PI(3,5)P],
situ with Oregon Green-conjugated BAPTA 5N (OGB) and Tex%%re significantly increased (*P<0.05_, uhpalred two-Fe_nqu Students t-test) in
. . . cases compared to controls. Regio-isomer classification showed that
R_ed_"_:onJUQated deXtrar‘ as a loading control (Fig. 3B). Although rﬂ%"eased total PIP, levels in AD cases represented PI(4,5)P, (data not
significant compared with APOE and APOE 2, the trend seen in shown). Data are expressed as meanzs.e.m.
these data further confirms that lysosom&‘@aindeed elevated in
APOE 4-expressing iPSC neurorig=0.0116 versudPOE>S).
As C&* accumulation itself and th&p of OGB are affected APOE 2 neurons, respectively (Fig. 4A,B) and to 1.36+0.04 sp
by endolysosomal vacuolar pH (Gerasimenko et al., 1998), imeAPOE>> neurons P=0.016). In contrast, APOE4 neurons
measured endolysosomal pH, using a pH-sensitive Fl@&dran showed no change in the number of spontaneous sparks/min
alongside Texas Redextran as loading control. Our results sho@RPML1 inhibition (Fig. 4A,B).
that endolysosomal pH is not changed in any of &ROE Treatment with the synthetic TRPML1 agonist ML-SA1, whi
isoform-expressing cortical neurons (Fig. 3C,D). This removes dagks the endolysosomal TRPML1 channel non-physiologicall
concerns about possible alterations in vacuolar pH in these neuransopen conformation (Feng et al., 2014b), showed that ML-
It also gives confidence that GPN in these neurons is beinguld induce TRPML1-mediated €arelease regardless of t
hydrolysed correctly and that the Tduffering capacity of OGB APOE isoform expressed (Fig. 4C). The ML-SA1-induced'Ci
was unchanged. release was not significantly different when compa®iROE
To assess endogenous TRPML1 activity in finer detail, theiseforms, although there was a trend towards increas€d&lease
neurons were treated with low concentrations (200 nM) if the APOE 4 cortical neurons (Fig. 4C). This increase is m
bafilomycin Al (BafAl), which causes a mild increase ilikely due to an ER compensatory effect, as ER'@zlease was no
lysosomal pH (Yoshimori et al.,, 1991), indicated to increaddocked in these experiments, and the fact that ML-SAL locks
TRPML1-mediated C4 release (Lee et al., 2015; Li et al., 2017)channel in an open conformation.
Following, BafA1 addition, the number of spontaneou&'Gparks  The cation selectivity for TRPML1 channels has been descr
was counted during a 5-min period. Results demonstrate that ARGEclude Ca*, F&* and Zrt* (Dong et al., 2008; Kiselyov et al.
3, APOE 2 andAPOE>'> neurons had an average of 1.71+0.02011). We performed experiments using the FluoZin3(AM) pr
1.63+0.03 and 1.49+0.04 spontaneous 2*Casparks/min, to detect ZA* accumulation in endolysosomes. Our results s
respectively (meanzs.e.m.). In contrast, AP@Eneurons had a that there were no significant differences irf"Zievels between the
significantly lower number of spontaneous’Caparks/min (1.16 cortical neurons expressing the diffel®ROEisoforms (Fig. S2AE).
+0.03,P<0.0001) (Fig. 4A,B). To determine whether thes&*CaThis is not surprising, as Zhaccumulation in cells with a TRPML
sparks were TRPML1 mediated, neurons were pre-treated withdbéect is only observed when the cells are grown in 100
TRPML1 inhibitor GW405833, a close analogue of ML-Slkxtracellular Z&" (Minckley et al., 2019). We did not investiga
(Rautenberg et al., 2022). Upon TRPMLL1 inhibition, the numbthis, as this concentration of Zndk toxic to cells. The Fura-2
of spontaneous G4 sparks were significantly reduce®@<Q.001, fluorophore can detect Zhin theoretical experimental conditio
Fig. 4A,B) to 1.30+0.04 and 1.33+0.05 sparks/min in AP@ENd when Zr#* concentrations are high (Martin et al., 2006). Theseé Z
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Fig. 3. Increased lysosomal Ca 2* levels in a neuronal LOAD iPSC model. (A) APOE 3, APOE 4, APOE 2 or APOE®/S iPSC neurons were loaded with
Fura2-AM and treated with ionomycin followed by GPN to release lysosomal C&*. Representative traces (i) and quantification (ii) of GPN-induced C&*
release following ionomycin pre-treatment. (B) Quantification ofin situ Ca?* levels as fluorescence ratio between the Ca?*-sensitive OGB (0.5 mg/ml) and
Ca?*-insensitive Texas Red-Dextran (0.1 mg/ml) as loading control inn=5 biological replicates, n=1 technical replicate per APOE isoform. (C,D)
Quantification (C) and representative images (D) of APOE 3, APOE 4, APOE 2 or APOESS iPSC neurons loaded with pH-sensitive FITG-dextran

(0.5 mg/ml) and pH-insensitive Texas Red-dextran (0.25 mg/ml), as loading control, showed no difference in lysosomal pH. Scale bars: 10 um.

concentrations are not attained in the cellular context (Bozym etRlIKfyve, the unique PI(3,5¥5ynthesising enzyme complex,
2010, 2006), where Fura-2 has been shown to be unable to resgbedoharmacological inhibitors YM201636 (Jefferies et al., 2
to the small physiological changes in cellula?Zooncentrations and apilimod (Cai et al., 2013) deprives TRPML1 of its agonist
(Krezel and Maret, 2006). TPEN can be used as a cell permaapticates many endolysosomal defects caused by loss of TRF
Zn?* chelator. However, we did not employ TPEN in these studidanction in non-neuronal systems (Cai et al., 2013; Dong et
as it also chelates €a(Morgan et al., 2012). 2010; Jefferies et al., 2008; McCartney et al.,, 2014). Ha
Notably, increased cathepsin D levels have been describedcribed TRPML1-related endolysosomal defects in AD neu
previously in AD neurons (Cataldo et al., 1995, 1991). We usadd diminished TRPML1 activity in APOE4-expressing iPSC
BODIPY—pepstatin as an indicator of cathepsin D activity (Cheterived neurons, we were next interested to determine whether
etal., 2000). Our results show BODIPY -pepstatin fluorescence WaPML1 defects could be replicated by PIKfyve inhibition
altered in APOE 4 neurons, with significantly increased BODIPY primary neurons. Here, it is possible to link the effects of PIK
pepstatin total spot fluorescencB=0.0021 versus APOE2, inhibition specifically to TRPML1 function within neurons,
P=0.0153 versus\POE>'®) and spot area@0.0134 versus APOE investigating whether the small synthetic TRPML1 ago
2) in APOE 4 neurons compared to oth&POEisoforms (Fig. ML-SAL1 protects against any EAL phenotypes induced
S2FH). There was also a trend towards fewer BOBHppstatin - PIKfyve inhibition. This was of major interest, as it has not b¢
fluorescent spots per cell in tAd*OE 4 neurons, but this was notinvestigated previously, and allows evaluation of the therape
significant (Fig. S2I). These data indicate that there are increapeténtial of ML-SA1 and thus TRPML1 activation, to prote
levels of active cathepsin D in APOE neurons, further indicating, against AD-like endolysosomal phenotypes in a neuronal m
albeit indirectly, that lysosomes are not de-acidified in AP@E system (Fig. 5A).
neurons. Firstly, we treated primary rat cortical neurons with YM2016
Together, our results indicate that APOE neurons, which Endolysosomal G4 content was measured in a similar manne
model genetic risk for LOAD, have significantly higher levels dhat in humanAPOEmodified neurons- modifications of the
endolysosomal Gdand are unable to release?Caia TRPML1 in protocol are described in the Materials and Methods and incl
response to induced mild deacidification of endolysosondiffering Fura-2 concentrations due to the lysosomal" @dease
compartments. These defects in the ability of TRPMLL1 to reledseels in rat primary cortical neurons and lesser sensitivity of
Ca&*in APOE 4 neurons occur in the absence of any alteration @amera used. Our results show that endolysosorial&els were
endolysosomal pH or endolysosomaPZlevels. significantly increased P&0.0001) in the presence of 4

YM201636 for 6h (1.62+0.10 fold, data not shown; me
Inhibition of PIKfyve causes AD-like increases in +s.e.m.) and 24h (1.63+0.07 fold), respectively (Fig. 5
endolysosomal Ca  2* content, which are rescued by the Notably, although scale and effect size are different,
TRPML1 agonist ML-SA1 pharmacological inhibition of PIKfyve in rat primary neuro

PI1(3,5)R is currently the only known endogenous agonist @éplicates the increased endolysosomar €antent we detected i
TRPML1 (Dong etal., 2010; Zhang et al., 2012). Thus, inhibition &POE 4 neurons. Furthermore, when these neurons
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Fig. 4. Decreased TRPML1-mediated
lysosomal Ca 2* release in a neuronal
LOAD iPSC model. (A,B) APOE 3,
APOE 4, APOE 2 or APOE®/S iPSC
neurons were loaded with Fura2-AM and
treated with the IP5 receptor antagonist
xestospongin C to block Ca?* efflux from
the ER, followed by BafAl to mimic age-
related mild deacidification. TRPML1
activity was assessed by counting
spontaneous sparks of Ca®* release
during a 5-min period in the presence
[APOE 3 (n=11, 235 traces), APOE 4
(n=12, 243 traces), APOE 2 (n=10, 226
traces), APOES'S (n=11, 257 traces)] or
absence [APOE 3 (n=6, 90 traces),
APOE 4 (n=6, 101 traces), APOE 2
(n=6, 130 traces), APOES/S (n=7, 163
traces)] of the TRPML1 inhibitor
GW405833 (10 pM). The response of
representative cells is depicted and
expressed as the 340/380 nm ratio of
Fura2-AM florescence. Representative
traces (A) and quantification (B) of spark
number/minute induced by BafA1l.
Significance levels were calculated
between all samples without GW405833
to detect APOE isoform-specific
alterations in TRPML1 response
(*P<0.05; **P<0.01; ***P<0.001, one-way
ANOVA followed by Bonferroni post-hoc
test) and for each APOE isoform between
GW405833-treated and untreated sample
to assess TRPMLL1 contribution *P<0.05;
##P<0.001, unpaired two-tailed Students
t-test). (C) Quantification of full
physiological cellular Ca?* release after
addition of 10 uM ML-SAL including, but
not limited to lysosomal Ca?* stores in
n=3 biological replicates, n=1 technical
replicate per APOE isoform. Data are
expressed as meants.e.m.

co-treated with ML-SA1 (50 uM), the accumulated?Cavas treatment induced a striking increase in the intensity of perinuc
released from the lysosomes and the size of lysosomials@mes Rab7 (herein referring to Rab7a) immunoreactivity (Fig. 6
were restored to the levels of vehicle-treated céls0(0003) resembling the perinuclear accumulation of LAMP1 in C
(Fig. 5B). ML-SA1 treatment alone did not deplete lysosomat Caneurons of AD patients (Fig. 1A,B). These Rab7-immunoposi
stores within the time frames used in this study (Fig. 5C). Togethegsicles included enlarged vacuoles within the soma, which
these results indicate that therapeutic activation of TRPML1 hasdeeorated with Rab7 immunoreactivity (Fig. 6A, zoom), as
potential to protect against increased lysosoméat Gavels in typical for PIKfyve inhibition in many cell types (Bissig et al., 20
primary neurons such as those evident in AP@EOAD model Chen et al., 2017; Choy et al., 2018; Dong et al., 2010; lkono

systems. et al., 2002, 2001; Jefferies et al., 2008; Kim et al., 2014; Ma
etal., 2013; McCartney et al., 2014) and is similar to vesicles se

Inhibition of PIKfyve replicates AD-like perinuclear the CAS3 region of AD patients (Fig. 1C). Specifically, YM2016

accumulation and vacuolation of endolysosomal treatment exhibited a dose- and time-dependent effect to marf= )

compartments, which are rescued by the TRPML1 agonist and significantly increase the number and size of Re
ML-SA1 immunopositive vesicles in primary neurons (Fig. 6A).

Next, we determined whether the perinuclear accumulation andNotably, the colocalisation of Rab7 within and surrounding
vacuolation of endolysosomes we describe in AD neurons coulddmdarged vacuoles was the most selective when comparing it
replicated by PIKfyve inhibition, and whether this could be rescu#tht of several other endosomal-lysosomal markers including
by activation of TRPML1 with ML-SA1. Here, we employed th¢herein referring to Rab5Rab5c), EEA1 and lysobisphosphatid
endolysosomal marker Rab7 (Ginsberg et al., 2010), whiabid (LBPA) (Fig. S3). Importantly, we further show that ¢
performed better as an endolysosomal marker in primary neurtsteatment of primary neurons with 4 uM YM201636 and 50
when compared to LAMPL1. Furthermore, Rab7 is critical féiL-SA1 led to both a significant reduction in the intensity of Ra
effective late endolysosomal function, including lysosomahmunopositive vesicles in the perinuclear region and a hig
biogenesis and positioning in the perinuclear region (for revieignificant reduction in the number of vacuoles that
see Guerra and Bucci, 2016). Our results revealed that YM201@&éunolabelled with Rab7 at 24 h, both of which were resto

Journal of Cell Science

8



RESEARCH ARTICLE Journal of Cell Science (2023) 136, jcs259875. doi:10.1242/jcs.259875

Fig. 5. ML-SA1 rescues YM201636-mediated Ca 2* accumulation in rat primary cortical neurons. (A) Scheme of TRPML1 inactivation by PIKfyve
inhibition and reactivation by ML-SA1. (B) Lysosomal C&* was measured in neurons loaded with Fura2-AM, using 500 uM GPN to release lysosomal C&*
following a 2 pM ionomycin pre-treatment to clamp all other intracellular C&* stores, in rat primary cortical neurons pre-treated with 4 uM YM201636 (red,
n=6, 72 traces) for 24 h when compared to vehicle (veh, black,n=7, 118 traces) only. Co-treatment with 50 pM ML-SAL (grey,n=6, 77 traces) restored the
lysosomal Ca?* pool. Representative trace (left) and quantification (right). (C) Rat primary cortical neurons were pre-treated with either 50 uM ML-SA1 (grey,
n=3, 388 traces) or vehicle (black, n=3, 381 traces) for 24 h. Lysosomal C&* content was measured as in B, but no change was detected. **<0.001 (one-
way ANOVA, followed by Bonferroni post-hoc test). Data are expressed as meants.e.m.

to control levels (Fig. 6B). Together our results indicate thatimary neurons treated with 4 uM YM201636 for 24 h (Fig. 71
reducing levels of the TRPML1 agonist PI(3,5)lAduces an In concordance with the ability of TRPML1 activation to resc
increase and enlargement of the endolysosomal compartmentsaity endosomal and endolysosomal AD-like EAL patholog
neurons, similar to the endolysosomal pathology observed in LOML-SA1 abolished the accumulation of LC3-positive autopha
hippocampal neurons (Fig. 1), and that this endolysosonpaincta in rat primary cortical neurons (Fig. 7D). This was confir
pathology can be remediated by ML-SA1 (Fig. 6B). measuring total protein levels by western blot analysis (data
shown).
Inhibition of PIKfyve replicates AD-like enlargement of early
endosomes that is rescued by the TRPML1 agonist ML-SA1 DISCUSSION
Early endosomal swelling has been reported repeatedly as a Wethis study, we demonstrate endolysosomal neuropathology i
early event in AD neuronal pathology (Cataldo et al., 2000; Decobrtins of individuals who have had LOAD, indicative of functio
et al.,, 2013; Nixon et al., 2001) using several early endosonefects in the endolysosomal TRPML1%Cahannel. We furthe
markers including EEA1, Rab4 (Rab4a and Rab4b) and Rabéeal a diminished ability of TRPML1 to releas& Gaesulting in
Furthermore, pathological Rab5 activation has been shownstgnificantincreases in endolysosomatGaiPSC-derived huma
mimic AD-like endosomal dysfunction (Pensalfini et al., 2020). Weeurons expressing APOH, the greatest risk factor for LOAD
investigated whether YM201636 would also induce enlargement@ir results show that blocking the biosynthesis of PI(3,5}®
early endosomes in primary neurons, and whether this coulddmelogenous agonist of TRPMLL1, in primary neurons by inhibit
rescued by ML-SA1 co-treatment, by measuring EEARIKfyve, recreated TRPML1 endolysosomal neuropathol
immunopositive vesicle size automatically using CellProfilesimilar to that evident in LOAD neurons and APOE iPSC
Vehicle treated early endosomes were on average 0.28+0.313 peurons. In addition, this treatment induced enlargement of ¢
(meants.e.m.). Incubation with YM201636 demonstrated a dosadosomes and the accumulation of autophagic vesicles, kno
dependent increase in EEAL vesicle size to a maximum of OB central to EAL neuropathogenesis in AD. Finally,
+0.019 um  (Fig. 7A). Notably, co-treatment with 4 pMdemonstrate that the AD-like EAL neuropathology induced
YM201636 and 50 uM ML-SA1 rescued this AD-like earlyPIKfyve inhibition can be remediated by treatment with ML-SA
endosome enlargement partially by reducing the size of easiyall-molecule TRPML1 agonist. Together, these results high
endosomes to 0.35+0.015 fuat 24 h (Fig. 7B). key defects in the TRPML1 endolysosomal system in
pathogenesis and point to TRPML1 as a novel therapeutic t:
Inhibition of PIKfyve leads to a dose-dependent to remediate EAL neuropathogenesis in AD and rele
accumulation of autophagic vesicles that can be rescued by neurodegenerative disease.
the TRPML1 agonist, ML-SAL TRPML1 is a master regulator of EAL health, whose malfunct
The presence of various types of electron-dense autophagic vestdeses neurodegeneration (Boudewyn and Walkley, 2C
(AVs) has been reported by us and others in post-mortem neocoAterations in TRPML1 function have been associated
and hippocampus of AD cases (Boland et al., 2008; Bordi et aeletion of the PS-1 gene, implicating TRPML1 in FAD (L
2016; Tang et al., 2015). We investigated whether inhibition ef al., 2015, 2010; Lie et al., 2022). However, little is known ab
PIKfyve increases autophagy in rat primary cortical neurons BRPML1 function in LOAD. In our study, analysis of lat
measuring levels of LC3-1l (the lipidated form of MAP1LC3 familyendolysosomal health in LOAD hippocampal sections stagec
proteins), a marker of autophagic vesicles. After 6 h, treatment witb severity implicates TRPML1 abnormalities in A
1 and 4 uM YM201636, LC3-Il levels increased slightly, wheregmthogenesis. We found levels of the endolysosomal me
after 24 h a clear dose-dependent YM201636 (400 nM to 4 uMAMP1 are increased in CAl and CA3 regions of
increase in LC3-11 was observed (Fig. 7C). This was supportedfippocampi, and are enriched around senile plagues, cons
immunofluorescence data showing a strong increase in LC3 focwiith previous analysis in the AD frontal cortex (Barrachina et
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Fig. 6. Enlargement of Rab7-positive endolysosomes is dose dependent for YM201636 and can be rescued by ML-SA1 co-treatment. (A)
Representative images (left) and quantification (right) showing that depletion of PI(3,5)B using 100 nM—4 pM YM201636 in rat primary cortical neurons led to
a dose-dependent increase in the size and intensity of Rab7-positive late endolysosomes. (B) Representative confocal images (left, top row), zoom (left,
bottom row) and quantification (right) showing endolysosomal vacuolation and perinuclear accumulation of Rab7-positive vesicles, in rat primary cortical
neurons after PIKfyve inhibition using 4 pM YM201636, which is restored by co-treatment with 50 uM ML-SAL. Quantitative data is based on four separate
experiments with three images for each condition from two separate coverslips. veh, vehicle. Scale bars: 10 pm (main images) and 2 um (magnifications).
*P<0.05; **P<0.01; ***P<0.001 (one-way ANOVA, followed by Bonferroni post-hoc test). Data are expressed as meants.e.m.

2006; Bordi et al., 2016; Piras et al., 2016). We demonstrate, for TiRPML1, is defective in astrocytes in the AD brain (Bordi et
first time to our knowledge, that there is a pronounced perinucl@@i16; Grubman et al., 2019; Martini-Stoica et al., 2018).
clustering of endolysosomes in hippocampal AD neurons andThe perinuclear accumulation of endolysosomes in
moreover, that a significant vacuolation of endolysosomi@ppocampi, including their vacuolation, resembles change
compartments is evident within CA3 cells with the phenotype efdolysosomal morphology that occur upon decreased activati
neurons in the AD brain. Increased perinuclear clustering TRPML1 (Dong et al., 2010; Zhang et al., 2012). In additic
endolysosomes was also observed in GFAP-positive astrocytemiiibition of PIKfyve kinase activity, including via loss of functic
the AD hippocampus. Interestingly, studies indicate that TFEB FIG4 and Vacl4, key components of the PIKfyve compl
function, a master regulator of lysosomal health, controlled Hgpletes cells of the vital TRPML1 agonist PI(35)Fhis causes a
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Fig. 7. Enlargement of EEAl-positive endosomes and increase in autophagy are dose dependent for YM201636 and can be rescued by ML-SA1
co-treatment. (A,C) Representative images (left) and quantification (right) showing that depletion of PI(3,5)B using 100 nM—4 uM YM201636 (YM) in rat
primary cortical neurons led to a dose-dependent increase in the size and intensity of early (EEA1) endosomes as well as to an accumulation of the
autophagic marker LC3-II (C). Image in C representative of three repeats. (B,D) Representative confocal images (left) and quantification (right) showing early
endosomal enlargement of EEA1-positive vesicles (B) and accumulation of LC3-Il-positive autophagic vesicles (D) in rat primary cortical neurons after
PIKfyve inhibition by 4 uM YM201636, which is restored by co-treatment with 50 pM ML-SA1. Scale bars: 10 um. Quantitative data is based on four separate
experiments with three images for each condition from two separate coverslips. £<0.05; **P<0.01; ***P<0.001 (one-way ANOVA followed by Bonferroni
post-hoc test). Data are expressed as meants.e.m.
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number of defects in the endolysosomal system that are simila2®0; Guerra and Bucci, 2016; Humphries et al., 2011). Altho
those in MLIV, the most prominent of which is vacuolatetlAMP1 and Rab7 colocalize in several endolysoso
endolysosomal compartments (Bissig et al., 2017; Chen et ebmpartments they can also label mutually exclusive memb
2017; Choy et al., 2018; Dong et al., 2010; Edgar et al., 202mpartments, and the endolysosomal compartment in neuro
Ikonomov et al., 2002, 2001; Jefferies et al., 2008; Kim et al., 20J8h added complexity (Lie et al., 2021). These considerations s
Lines et al., 2017; Martin et al., 2013; McCartney et al., 2014; Zbe acknowledged when comparing our findings on endolysosc
et al., 2015). integrity in the human brain and rat cortical neurons.

Multiple risk genes for LOAD, including APOH4, play central ~ Here, we tested the hypothesis that depleting rat primary co
roles in EAL function (Gao et al., 2018; Karch and Goate, 201%5eurons of PI(3,5) the TRPML1 agonist, by inhibiting PIKfyve
Pimenova et al., 2018; Van Acker et al., 2019). Previous studiésase activity using the pharmacological inhibitor YM2016
have shown that APOE 4-encoding alleles cause EALwould recreate the key EAL defects we detected in AD brain a
enlargement, and endolysosomal trafficking impairmantgvo human neuronal APOE iPSCs. We found that PIKfyve inhibitio
(Nuriel et al., 2017; Xian et al., 2018), indicative of TRPMLIncreased endolysosomalCtevels to those we found in APOB-
dysfunction, but whether APOH, the greatest genetic risk factoexpressing neurons and was associated with the marked vacuc
for LOAD, promotes TRPML1 defects was completely unknowof endolysosomal compartments. We further demonstrated
We found that APOE 4 leads to a diminished €arelease via blocking PIKfyve activity induced a significant increase in the s
TRPML1 in isogenic human iPSC-derived cortical neuronsfearly endosomes in neurons. Notably, early endosomal swelli
resulting in significant accumulation of endolysosomaf*Ca a very early event in AD neuropathology (Cataldo et al., 20
These TRPML1-induced defects in endolysosomal Gandling Decourt et al., 2013; Nixon et al., 2001). Finally, inhibiting neuro
were not accompanied by altered endolysosomal pH, indicating tRE{fyve activity significantly increased the number of LC3-posit
endolysosomes in APOE! neurons are not de-acidified. This wasutophagic puncta, which is in concordance with the presenc
further indirectly verified by our finding that cathepsin D activityarious types of electron-dense autophagic vesicles (AVS) rep
was increased in APOE neurons, in concordance with previougn post-mortem neocortex and hippocampus of AD cases (Bo
research showing increased cathepsin D levels in AD neuremnsil., 2008; Bordi et al., 2016; Tang et al., 2015).

(Cataldo et al., 1995, 1991). It is possible that endolysosomal levelthduction of these broad AD-like EAL defects in neurons
of F&* and Zrt*, or their release from endolysosomes, could BRiKfyve kinase inhibition has not been reported previously. Howe
altered due to the TRPML1 defects we describe in AP@E recent studies found that loss of PIKfyve due to prion infection dr
neurons. We did not investigate this is detail; however, our resttis spongiform neurodegeneration and neuronal vacuolation in
show no significant difference in endolysosomat*Zevels when disease, which can be rescued by PI(3,58Bpplementatio
comparing the cortical neurons with differilPOE isoform (Lakkaraju et al., 2021). Other recent work demonstrates
expression. Studies that interrogate TRPML1 regulation mfiarmacological inhibition of PIKfyve using YM201636 a
endolysosomal Fé homoeostasis in APOE4 cells and AD are apilimod reduces the trafficking of tau anesynuclein from early
an area deserving future investigation. endosomes to late endolysosomes, finergenting fibril formation and

The pathological endolysosomal enlargement evident in Amplicating PIKfyve inhibiton as neuroprotective in these vitro
neurons, which is also apparent in APOE-expressing cells models (See et al., 2021 preprint; Soares et al., 2021). Howeve
(Nuriel et al., 2017; Xian et al., 2018), coupled with the disruptiategree of EAL defects we demonstrate in neurons upon PIK
of TRPML1-mediated G4 efflux that we describe here for the firstinhibition would advise caution in using PIKfyve inhibitors to proté
time, supports the idea that there is an inability to effectivedgainst tau or -synuclein fibrillizaton and spread i
regulate lysosomal fusiefission cycles, which are essential foneurodegenerative disease, a0 alliscussed by Lakkaraju et &
regulation of lysosome number, size and function, in AD (Biss{g021). Collectively, these studieswdrattention to the potential role ¢
et al., 2017; Li et al., 2016; Saffi and Botelho, 2019). In additiothe PIKfyve complex in EAL defects in AD and other relat
this would be predicted to impact other key endolysosomal amelrodegenerative diseases. Wipectto AD, it has been shown t
autophagic functions that are regulated by TRPML1, as thiee amyloid precursor protein (APP) binds to the PIKfyve complex
endolysosomal G4 channel maintains the dynamic homeostasisn regulate PIKfyve function and the formation of PI(3,5
of the EAL system (reviewed in Di Paola and Medina, 2019; DBalklava et al., 2015; Currinn et al., 2016). Endogenous level
Paola et al., 2018; Huang et al., 2020; Li et al, 201%he low abundance PI(3,5P which localizes to the late
Venkatachalam et al.,, 2015; Waller-Evans and Lloyd-Evamsdolysosome, cannot be detdcwith current mass spectromet
2015). Furthermore, recent studies show TRPML1 regulateshnology. However, our results show alterations in Pl dynamic
broader cell functions, especially inter-organellat*Gignalling AD brain, selectively affecting twel species with broad functions i
(Kilpatrick et al., 2013). This includes regulation of mitochondri®8AL trafficking and function, namely PI(3,4,3)Rnd PI(4,5)p
Ca&* dynamics (Calvo-Rodriguez et al., 2020; Jadiya et al., 201®alla, 2013; Botelho, 2009; Di Paolo and De Camilli, 20(
and ryanodine-receptor 2 (RyR2) X aelease function (Thakore Vanhaesebroeck et al., 2012), the latter of which operates 2
etal., 2020), which are known to be impaired in AD neurons (Chaaridogenous antagonist of TRPML1. Importantly, several LOAD
and Checler, 2020; Kelliher et al., 1999; Lacampagne et al., 201g8nes were shown to regulate enzymes that control Pl dynamic

We were unable to obtain clear endolysosomal immunoreactivitterconversion (reviewed in Raghu et al., 2019), and altere
with multiple LAMP1 antibodies in primary rat neurons and thus wvemposition has been reported previously in the LOAD brain (M
employed the endolysosomal marker Rab7. LAMP1 is abundantatral., 2013; Stokes and Hawthorne, 1987; Zhu et al., 2015).
the lysosomal membrane and is most commonly used to lateslent research suggests thasipossible to achieve independe
lysosomes (Wartosch et al.,, 2015). Rab7 is mechanisticathgasurement of PjPregioisomers, enabling measurement
important in membrane transport from the late endosome to Bi€3,5)B (Morioka et al., 2022). Achieving this should enak
lysosome and is reported to label endolysosomal compartméuther understanding of mechanisms by which the dynamics of
where it shows a strong colocalization with LAMP1 (Bucci et aljtal low abundance phosphoinositide couples late endolysos&X|
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trafficking and function to TRPML1 activation in health ancknti-rabbit-lgG conjugated to HRP (Cell Signaling, #7074, 1:1000).
neurodegenerative disease. following reagents were used: B27Supplement (Invitrogen), BODIPY

Remarkably, we demonstrated for the first time that TRPMIPEPStatin (Invitrogen, P12271), DNasel (Sigma-Aldrich), Fiiegtran
activation, via the small-molecule agonist ML-SAL1 (Fine et al., 202§!9ma-Aldrich, FD10S), Fluozin-3-AM (Invitrogen, F24195), Fura2-

; . : +(Mvitrogen), GlutaMAX™ (Invitrogen), Hanks balanced salt solutio
Grimm et al., 2010; Shen et al., 2012), overrides the Pl(Bde)ieit BSS) (Invitrogen), HEPES (Gibco. USA). ML-SAL (Sigma-Aldric

indu_ced defe_cts caused by PIKfyve inhibition in neurons and prote L0627), GWA405833 (Sigma-Aldrich, #G1421), Neurobasal med
against m_ultlple AD-related EAL neuropatholog|es: In agreeme(rmvitrogen’ USA), Oregon Gre&h 488 BAPTA-1, AM (Invitrogen,
TRPML1-induced endolysosomal arelease ameliorated SOMEDE812), Pluronit F-127 (Sigma Aldrich, US, P2443), Palylysine
endOlysosoma| defects when PIKfyve aCtiVity was inhibited in Otl"@igma Aldrich, US), papain (Worthington, US), Pen/Strep (Invitrogen,
cell types (Edgar et al., 2020; Li et al., 2016; Lines et al., 2017; Zstdium pyruvate (Invitrogen, US), Texas Red-dextran (Invitrogen,
et al.,, 2015). Interestingly, here we demonstrated a much brod@f#63), YM201636 (Invivogen, US, #INH-YM20).

impact of ML-SAL to remediate defects in EAL machinery induced by

PIKfyve inhibition in primary neurons. Thus, ML-SA1l enabledrain tissue . .

normal C&* release from endolysosomes and restored the sizeBEin tissue was provided by the Netherlands Brain Bank (NBB; see Ta
lysosomal C& stores, diminished late (Rab7) and early (EEAI r case details). Ethlcql approval e_md wrltten informed _C(_)nsent fro
endosomal enlargement and reduced the number of LC3-pos ors or the next of kin was obtained in all cases (Griffin et al., 2C

. S oloney et al., 2010) and all clinical investigation have been condu
autophagic puncta. Taken together, these results highlight 9ording to the principles expressed in the Declaration of Helsinki.

mechanistic link between PIKfyve-PI(3,5)Rnd TRPMLL in ok of the NBB abides by the ethical code of conduct approved b
maintaining EAL neuronal health. Ethics committee and strict ethical guidelines as stated in Brain Net E

Interestingly, a protective effect of ML-SA1 has been demonstraggslical Code of Conduct for brain banking (Klioueva et al., 2015). Clin
against -synuclein toxicity in huran dopaminergic neuronsdiagnosis of probable Alzheimerdisease was made according to t
(Tsunemi et al., 2019), L-BMAAnduced neurodegenerationNINCDS-ADRDA criteria, and severity of dementia rated by the Glo
modelling ALS, in primary neurorsnd in FIG4 deficiency linked Deterioration Scale. Non-demented controls had no history or sympto
to CharcotMarie-Tooth disease (Edgar et al., 2020; Zou et al., 2015)urological or psychiatric disorders. All cases were neuropathologi
These results suggest that ML-Stenediation of FIG4 deficiency ¢0nfirmed, using conventional histopathological techniques, and diag
and PIKfyve inhibition are mechanistically linked to activation rformed using the CERAD criteria. Neuropathological staging

f o neurofibrillary changes {&/1) was performed according to Braak al
TRPML1-induced lysosomal fission. Furthermore, ML-SA1 clear%cﬁaak (Braak and Braak, 1991). The degree ofd@position in neuritic

sphingomyelin and Afrom LAMP1-positive lysosomes in an HIV ggpjje plaques was assessed in the temporal cortex, indicated as 0
cell model (Bae et al., 2014), and ML-SAl-induced acidification ghd c, for no, mild, moderate and high levels of senile plaques, respec
endolysosomes blocked the LDL-imgd increase in intra-neuronalTissue fractions for western immunoblot and phosphoinositide ana
and secreted levels of AHui et al., 2019). Hui et al. further showedwere prepared from AD and matched control mid-temporal cortex sa
that antiretroviral drugs increase Alevels by de-acidifying as described below. Brain tissue for immunofluorescence analysi
endolysosomes, and that ML-SA1 prevented the resulting RArovided as formalin fixed and paraffin-embedded 8-um-thick consec

accumulation (Hui et al., 2021). Furthermore, TRPML1 activation§gctions prepared on Superfrost slides as previously described (Mo
essential for TFEB-mediated regfion of lysosomal exocytosis et al., 2010). Control and AD tissue was matched for post-mortem d
fssue pH, age, and agonal status as described previously (Griffin ¢

re(%_ucm?htau pathoiogy ek Splre;]d Itntlfa] nlr_IT_ISIPn,:AOIfi f Is (Xu_ ett l;a/IIL ZSO%EES; Moloney et al., 2010). Western blot analysis using anti-TRP
ogether, our study reveals that the agonis : tch 1 (2016) antibody was performed on brain tissue published previt

reverses multiple key EAL abnormalities in primary neuroRs ioloney et al., 2010) as well as tissue listed in Table 1.

caused by PIKfyve inhibition that are similar to those described in

AD neurons. These findings provide clear implications for Ofeparation of tissue fractions

improved understanding of abnormalities in the EAL system in AB¥ain material for western immunoblotting was obtained &g frozen
and other neurodegenerative diseases, highlight the mechamptizes, which were thawed, homogenised and fractionated. Tissue fra
importance of TRPML1 endolysosomal®aignalling in these Wwere prepared as previously described (Griffin et al., 2005; Moloney e

diseases and identify TRPML1 as a target for therapeldgl0). Briefly, membrane-enriched fractions (100,@(ellet) were
intervention. separated from the soluble cytosolic fractions (100,§0fupernatant)

following centrifugation of tissue homogenates in a Beck

ultracentrifuge (type 42.1 rotor) at 100,0§Gor 60 min at 4°C. Tissue
MATERIALS AND METHODS fractions were stored &70°C.
Antibodies and reagents
The following antibodies were used for immunofluorescence: anti-EEA&man iPSC culture and neural differentiation
(BD Biosciences, USA, #610456, 1:400), anti-LAMP1 (D2D11) (Cellhe isogenic APOE2/ 2 (BIONi010-C-6), APOE3/ 3 (BIONi010-C-2),
Signaling, USA, #9091, 1:50), anti-LAMP1 (H4A3) (Abcam, UK, ab25638POE 4/ 4 (BIONi010-C-4) ancAPOEnull (BIONi010-C-3) iPSC lines
1:50); anti-LC3 (Cell Signaling, #2775, 1:250), anti-p-Ser396/404 tswere obtained from the EBISC stem cell repository (https:/cells.ebisc.
(PHF1, a generous gift from Dr Peter Davies, Albert Einstein CollegeiBSCs were cultured on vitronectin (Life Technologies)-coated six-
Medicine, NY, USA, 1:200), anti-Rab7 (Santa Cruz Biotechnology, USAlates with E8 flex medium (Life Technologies) at 37°C and 5%. T@e
sc-376362, 1:100), anti-GFAP (DAKO, Z0334, 1:200), anti-TRPMLmedium was changed 1 day after plating and subsequently every othg
[Sigma, HPA031763, batch 2 (2017) 1:10], goat-anti-mouse-lgG conjugatadil cells were 6070% confluent. On the day of embryoid body (ER
to Alexa Fluor 488 (Thermo Fisher Scientific, USA, A11001, 1:400fprmation, cells were washed once with PBS, treated with ReLeSR (
donkey-anti-rabbit-lgG conjugated to Cy3 (Jackson Laboratories, US2gll Technologies, USA), collected as clumps, and transferred to a
#711-165-152, 1:400). The following antibodies were used for west@aherent dish where they were maintained overnight. The next day,
immunoblot analysis: anti-LAMP1 (H4A3) (Abcam, ab25630, 1:5000)ere washed with PBS and cultured on SLI medium, which contal
anti-LC3 antibody (Cell Signaling, US, #2775, 1:1000), anti-TRPMLadvanced DMEM F-12 medium (ADF) supplemented with GlutaNMX
[Sigma, HPAQ031763, batch 1 (2016) 1:250, batch 2 (2017) 1:1000], horpenicillin and streptomycin (Life Technologies), 2% NeuroBrew 21 with
anti-mouse-IgG conjugated to HRP (Cell Signaling, #7076, 1:1000) and g@dinoic acid (Miltenyi Biotec, Germany), the SMAD pathway inhibita
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LDN193189 (1 M, Stemgent, USA) and SB431542 (M, Abcam), and fashion but using 5puM Fura-2-AM and an Olympus IX51 invert
the WNT pathway inhibitor IWR1 (1.81) (Tocris, UK; Chambers et al., fluorescence microscope equipped with a 75-W xenon arc lamp
2009). On day 6, the medium was replaced by SB431542- and LDN19318®tiscan monochromator (Cairn, Kent, UK), an Orca-ER charged-co
containing medium without IWR1. On day 8, cells were treated witlevice (CCD) camera (Hamamatsu Photonics, Hertfordshire, UK), a
ReLeSR and plated onto a Matrigel (Corning, USA)-coated dish a®tympus UplanF1l 1.3 NA 100x oil-immersion objective. Images
cultured to day 16 in NMM medium [ADF with 2% Neuro Brew 21 withacquired and analysed with Andor iQ Bioimaging software version
retinoic acid (Miltenyi Biotec) and 10 ng/ml FGF]. Neural progenitor celf@ndor, Belfast, UK) including subtracting of background by maskimg
were either frozen or further expanded. situCa?* levels were measured as previously described (Lloyd-Evans ¢
Neuronal differentiation was initiated by seeding neuronal progeni2008), but using the cell-impermeant high molecular mass semsitive

cells on a substrate of growth factor-reduced Matrigel and poly-L-lysi@&B (0.5 mg/ml) alongside Texas Rel@xtran (0.1 mg/ml, not sensitive t:
(Sigma-Aldrich) at a density of ¥@ells/cn® and cultured for 7 days in C&?*) as loading control (protocol adapted from Lelouvier and Puertoll:
SynaptoJuice A medium which contained ADF, 2% NeuroBrew 21 wil911 to measure lysosomal®a The ratio of green (OGB) to red (Texe
retinoic acid, 2 uM PDO0332991 (Selleckchem, USA), 10 uyM DAPTRed-dextran) fluorescence, when calibrated against luminal pH
(Sigma-Aldrich), 10 ng/ml BDNF (Miltenyi Biotec), 500 nM LM22A4 indicative of the luminal C& concentration in endolysosomes.
(Tocris), 10 uM Forskolin (Tocris), 3 uM CHIR99021 (Tocris), 300 uM
GABA (Sigma-Aldrich), 1.8 mM CaGl (Sigma-Aldrich) and 200 mM Lysosomal pH assay
ascorbic acid (Sigma-Aldrich). Half of the medium was refreshed evédgurons were loaded with 500 pg/ml pH-sensitive Fdéxtran
2-3 days. After 7 days, the medium was replaced by SynaptoJuiceg1®,000 kDa) and 250 pug/ml Texas Red-dextran (10,000 kDa, non
medium, which contained ADF and Neurobasal A medium in equal volunsensitive loading control) in 1:1 Advanced DMEM/F12 (wi
2% NeuroBrew 21 with retinoic acid, 2 uM PD0332991, 10 ng/ml BDNFlutaMax™): Neurobasal A (Life Technologies), 1% penicilli
1.8mM CaCj and 200 mM ascorbic acid. Neurons were kept istreptomycin (Life Technologies), 2% NeuroBrew21 with Retinoic A
SynaptoJuice B for up to 2 weeks, refreshing half the medium evéWiltenyi Biotec), 0.3 mM CaGl(to give 1.8 mM CaGlin final complete
2-3 days. Extensive characterization of neurons obtained using this protocetlium; Sigma-Aldrich) and 200 uM ascorbic acid (Sigma-Aldrich)
has been published previously in various iPSC lines (Telezhkin et al., 2028)h. Then dextran medium was removed, and cells were washed in
Cells were routinely monitored for mycoplasma and bacterial or yeastdium and incubated for a further 24 h in fresh medium. The mediu
contaminations. removed, and nuclei stained with Hoechst 33342 (1 pg/ml in war

HBSS; Sigma-Aldrich) for 10 min, washed in HBSS and imaged usi
Primary cortical neuron culture Perkin Elmer Operetta high content imaging system. To determine the
Primary cortical neurons were derived from embryonic day 18 wild-typé FITC/Texas Red fluorescence, cells were first identified using
Sprague-Dawley rat embryos as previously described (Boland et al., 200@gchst 33342 staining (352 nm/454 nm). Texas Red-positive ves
All animal experiments were performed according to approved guidelinghin the cell body were identified, and fluorescence intensity for b
Single-cell suspensions obtained from cortices of individual embrybgxas Red (586 nm/603 nm) and FITC (491 nm/516 nm) was meas
were plated on a poly-D-lysine-coated surface in neurobasal mediithin each vesicle. The FITC/Texas Red ratio was calculated for
supplemented with 0.5 mM GlutaMAX, 50 U/ml penicillin-streptomycin Vesicle and averaged per well. Three plates with two wells per plate
and 2% B27" Supplement (50x). Cortical neurons were maintained i#taged for eachPOEgenotype.
37°C and 5% Cg with half of the plating medium being replaced every
3 days with neurobasal medium supplemented with 0.5 mM GlutaMAX Subcellular distribution of cathepsin D
and 2% B27 supplement (50x). Cortical neurons were cultured for 6Tiee subcellular distribution of processed active cathepsin D was ana
8 daysin vitro (DIV6-8) before drug treatments were applied. Neuronsing BODIPY-pepstatin (Invitrogen) following the manufactsre
were treated with YM201636 (Invivogen) or ML-SA1 (Sigma-Aldrich)nstructions, but at a 1:500 dilution and incubating for 15 min &€3
diluted in neuronal medium for the time and concentration indicatedfallowed by three washes in DulbetsdBS (DPBS). Images were take
the results section. Cells were routinely monitored for bacterial or yeastl analysed using a Perkin EImer Operetta high content imaging sy
contaminations.

Zn?* measurement
Ca?* measurements Cells were stained with 5 pM Fluozin-3-AM (Invitrogen) [in SynaptoJu
Neuronal iPSCs were plated in 8-well chamber slides (Ibidi, Germany) @ aontaining 0.0025% pluronic acid F127 (Sigma-Aldrich) dissolvec
loaded with 1 uM Fura-2-AM in culture medium containing 1% BSA d@MSO] for 30 min at 3@&C. Cells were washed twice and imaged in HB
room temperature for 360 min, then washed with 1x HBSS with 10 mMcontaining 1 mM CaG| 1 mM MgCkL and 5 mM HEPES (pH 7.2). Image
HEPES, 1 mM Mgd and 1 mM Cad, left for 10 min to allow de- were taken on the Colibri LED microscope system at 470 nm (excitati
esterification of the Gadye, and imaged in 1x HBSS with 10 mM HEPES510 nm (emission) or Perkin Elmer Operetta high-content imaging sys
1 mM MgCl, and 50 uM CaCl Fluorescence was recorded using a Zeiss
Axiovert 35 microscope with a CAIRN Optospin filter wheel, EXFO X-cit&Vestern inmunoblot analysis
120Pc light source and an ORCA-flash4.0 LT camera at two differéhBCA protein assay (Millipore) was used for protein measurements.
excitation wavelengths (340 and 380 nm) and a single (495 nm) emissaon tissue extracts were run onl8% Tris-glycine gels in Tris-glycine
wavelength. Videos were recorded using the MetaFluor software (Moleculaming buffer and transferred onto 0.2 um nitrocellulose membranes.
Device, Sunnyvale, CA, USA) and the ratiez{dF3s0 was used to detect total protein stain (LI-COR, USA) was used to ensure equality of pro
changes in intracellular [§ from whole-cell ROIs with background loading and is presented in Fig. S4. After blocking in 5% non-fat milk or
subtracted. Changes in cytoplasmi@Qavels were recorded after additionBSA, membranes were processed for immunoblotting. Immunodete
of 2 uM ionomycin (Calbiochem, USA) to clamp non-lysosomal storegas obtained using ECL reagent (GE Healthcare, USA) and devel
followed by addition of 500 pM GPN (AlfaAesar, USA) to releasesing Fujifilm X-ray film.
lysosomal C& or 200 nM bafilomycin Al (Sigma-Aldrich) to activate
TRPMLL1 via mild deacidification. Cells were pre-treated for 10 min wittmmunofluorescence of brain sections
10 pM GW405833 (Sigma-Aldrich) for TRPMLL inhibition and 5 pMImmunofluorescence dgsis was performed as described previou
xestospongin-C (Sigma Aldrich) for4eceptor inhibition where needed.(Moloney et al., 2010). Briefly, sections were deparaffinised and hyd
Cells were not pre-treated with ionomycin or xestospongin to recdrd Carior to microwave pre-treatment (30mini 10 mM citrate buffer pH 6.4). Afte
release via 10 uM ML-SA1 alone, to capture the full physiological celluleooling, nonspecific binding was loked using 5% normal donkey seru
response including subsequentQalease from other compartments?Ca (Sigma-Aldrich) in PBS pH 7.4 for 30 miat room temperature, followed b
measurements on primary rat cortical neurons were carried out in a sinle@rnight incubation with primary antibodies in blocking buffer. Slides
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then incubated in secondary antibodies diluted in blocking buffer for 1 hAathor contributions

room temperature in the dark. Nuclei were stained usiigdiamidino-2- Conceptualization: A.S., R.S., B.B., C.0.; Methodology: A.S., E.L-E., N.D.A,,

phenylindole (DAPI; 1.25 ug/ml,) (Sigma—AIdrich). To lower the intensity ofd-M., JW, KEA, P.T.I—!., S.E.G., HW.-E., B.B., C.0O.; Validation: A.S.,'E.L‘.—E.,

Iipofuscin auto-fluorescence, slidesre finaIIy incubated for 10 min with B.B., C.O.; Formal analysis: A.S., E.I_..-E., S.E.G.‘, H.W.-E., K.E.A.; Investigation:

0.1% Sudan Black B (Sigma-Aldrich) in 70% ethanol, washed with 1x PES; S0 (WEA, SEGC, HW-E; Resources: E-LE, NDA, RS, ELE, -
. K . B., C.O.; Data curation: A.S., E.L.-E., B.B., C.O.; Writing - original draft: A.S., C.O.;

and m_ount?d using ﬂuc_’rescence mmedlum (DAKO’ USA)_‘ Images Writing - review & editing: A.S., E.L.-E., B.B., C.O.; Visualization: A.S., E.E.-L.,

were visualised on a Leica DMI 3000B inverted fluorescence microscope @@G H.W.-E.; Supervision: E.L.-E., B.B., C.O.; Project administration: E.L.-E.,

captured using a Leica DFC420C digital camera, and on an Olympus FluoVlig#, B.B., C.0.; Funding acquisition: B.B., C.O., R.S.

FV10i. Confocal images were captured on an inverted Zeiss LSM 510 Meta

confocal microscope, using a PlanApo 63x1.6 N/A oil immersion objectinding

Images were processed using ImageJ/Imaris 7.2 (Bitplane, CH). This research was funded by the Science Foundation Ireland (SFI) and the Medical

Research Council (MRC) UK with the Network of Centres of Excellence in

Neurodegeneration (CoEN) Pathfinder Il (SFI15/COEN/3037). P.T.H. and K.E.A.

Immunofluorescence of primary neuronal cultures ere funded by Biotechnology and Biological Sciences Research Council (BBSRC)
. 0 . W u y Bi y i i i unci
Cells were fixed (4% paraformaldehyde, 15 min, RT or MeOH, 10 Mif}, " gg)1004456/1 and BB/P013384/1). Funding for E.D.K. and E.L.-E. was from

SZOQC)' _quenChed (50 mM NiEl, 1_5 min, room temperatur_e) andAlzheimer’s Research UK (grant number ARUK-IRG2015-7) alongside support for
permeabilized (0.3% Triton-X-100 in 1% BSA-PBS, 10 min, rooMems of the Ca>* imaging rigs from the local ARUK network. H.W.-E. and S.E.G.
temperature) for indirect immunofluorescence. Incubation with primagyre funded by BRACE Dementia Research (grant number BR2240). N.D.A. was
antibodies in blocking solution (5% BSA-PBS, 2 h, room temperature) wasded by Wales Gene Park (HCRW RDI2020). Open access funding provided by
followed by a 1 h incubation with Alexa Fluor-488- or Cy3-conjugatedniversity College Cork. Deposited in PMC for immediate release.

secondary antibodies (in 5% BSA-PBS, room temperature) and mounting in

Mowiol. Images were captured using a Zeiss LSM 510 Meta confoCgka availability

microscope system and oil-immersion Plan-Apochromat 63x A/1.40 MArelevant data can be found within the article and its supplementary information.
objective lenses. Data were collected using Zeiss ZEN software and

processed in ImageJ. Quantitative Rab7, EEA1 and LC3 data is base@@freview history

four separate experiments with three images for each condition from twie peer review history is available online at https:/journals.biologists.com/jcs/
separate coverslips (24 images per treatment). lookup/doi/10.1242/jcs.259875.reviewer-comments.pdf
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