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Robust Lysosomal Calcium Signaling Through Channel TRPML1 is Impaired by
Lysosomal Lipid Accumulation

Abstract

The transient receptor potential cation channelmucolipin 1 (TRPML1) channel is a conduit for lysosomal
calcium efflux, and channel activity may be affected by lysosomal contents. The lysosomes of retinal
pigmented epithelial (RPE) cells are particularly susceptible to build-up of lysosomal waste products
because they must degrade the outer segments phagocytosed daily from adjacent photoreceptors;
incomplete degradation leads to accumulation of lipid waste in lysosomes. This study asks whether
stimulation of TRPML1 can release lysosomal calciuminRPE cells andwhether such release is affectedby
lysosomal accumulations.The TRPM LagonistML-SA1 raised cytoplasmic calcium levels in mouse RPE
cells, hesRPE cells, and ARPE-19 cells; this increase was rapid, robust, reversible, and reproducible. The
increase was not altered by extracellular calcium removal or by thapsigargin but was eliminated by
lysosomal rupture with glycyl-L-phenylalanine-b-naphthylamide. Treatment with desipramine toinhibit
acidsphingomyelinase orYM201636 to inhibitPIKfyve also reducedthe cytoplasmic calcium increase
triggered by ML-SA1, whereas RPE cells from TRPML-/- mice showed no response to ML-SA1.
Cotreatmentwith chloroquine and U18666A induced formation of neutral, autofluorescent lipid in RPE
lysosomes and decreased lysosomalCa2+ release.LysosomalCa2+ releasewas also impaired in RPEcells
from the ATP-binding cassette, subfamily A, member 4-/-mouse model of Stargardt's retinal dystrophy.
Neither TRPML1T mRNA nor total lysosomal calcium levels were altered in these models,suggesting a
more direct effect on the channel. In summary, stimulation of TRPML1 elevates cytoplasmic
calciumlevels in RPE cells, but this response is reduced by lysosomal accumulation.-Gomez, N.
M.,Lu,W.Lim, J. C. Kiselyov, K.,Campagno, K.E.,Grishchuk,Y., Slaugenhaupt, S. A., Pfeffer, B., Fliesler, S. J.,
Mitchell, C. H. Robust lysosomal calcium signaling through channel TRPML1 is impaired by lysosomal
lipid accumulation. FASEB J. 32, 782-794 (2018). www.fasebj.org. © FASEB.
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Abstract

The transient receptor potential cation channel mucolipin 1 (TRPML1) channel is a conduit for
lysosomal calcium efflux, and channel activity may be affected by lysosomal contents. The lyso-
somes of retinal pigmented epithelial (RPE) cells are particularly susceptible to build-up of lysoso-
mal waste products because they must degrade the outer segments phagocytosed daily from adja-
cent photoreceptors; incomplete degradation leads to accumulation of lipid waste in lysosomes.
This study asks whether stimulation of TRPML1 can release lysosomal calcium in RPE cells and
whether such release is affected by lysosomal accumulations. The TRPML agonist ML-SA1 raised
cytoplasmic calcium levels in mouse RPE cells, hesRPE cells, and ARPE-19 cells; this increase was
rapid, robust, reversible, and reproducible. The increase was not altered by extracellular calcium



removal or by thapsigargin but was eliminated by lysosomal rupture with glycyl-L-phenylalanine-
B-naphthylamide. Treatment with desipramine to inhibit acid sphingomyelinase or YM201636 to
inhibit PIKfyve also reduced the cytoplasmic calcium increase triggered by ML-SA1, whereas RPE
cells from TRPML1~/~ mice showed no response to ML-SA1. Cotreatment with chloroquine and
U18666A induced formation of neutral, autofluorescent lipid in RPE lysosomes and decreased
lysosomal Ca?* release. Lysosomal Ca®* release was also impaired in RPE cells from the ATP-bind-
ing cassette, subfamily A, member 4/~ mouse model of Stargardt’s retinal dystrophy. Neither
TRPML1 mRNA nor total lysosomal calcium levels were altered in these models, suggesting a more
direct effect on the channel. In summary, stimulation of TRPML1 elevates cytoplasmic calcium lev-
els in RPE cells, but this response is reduced by lysosomal accumulation.—Gdémez, N. M., Lu, W.
Lim, ]. C, Kiselyov, K., Campagno, K. E,, Grishchuk, Y, Slaugenhaupt, S. A., Pfeffer, B., Fliesler, S. ],
Mitchell, C. H. Robust lysosomal calcium signaling through channel TRPML1 is impaired by lysoso-
mal lipid accumulation.

Keywords: cellular aging, calcium signaling, lysosomal storage disease, RPE, mucolipin

Lysosomes are acidic intracellular organelles traditionally known for their degradation of macro-
molecules. More recently, lysosomes have been recognized as the second largest store of intracel-
lular Ca?* in cells (1--3). The release of lysosomal calcium has been implicated in numerous func-
tions central to cellular well-being, including lysosomal exocytosis (4), lyso-endosomal fusion (5,
6), the activation of transcription factor EB (TFEB) (7, 8), and the regulation of oxidative stress
(9). The transient receptor potential mucolipin 1 (TRPML1) cation channel resides on late-
endosomal/lysosomal membranes and provides a pore for lysosomal calcium efflux (1, 2, 10).
Mutations in MCOLN1, the gene that encodes TRPML1, are responsible for causing mucolipidosis
type IV (MLIV), a severe lysosomal storage disorder (11). This degenerative disease presents with
delayed psychomotor development and neural pathologies including retinal degeneration, with
vision loss common in the second decade (12-14). Retinal dysfunction with thinning of the pho-
toreceptor cell layer was recently described in the TRPML1~/~ mouse model for MLIV (15).

Although the photoreceptors have a direct contribution to vision, their support by retinal pigment
epithelial (RPE) cells is also necessary for optimal sight. RPE cells must process the phagocytosed
tips of photoreceptor outer segments that are shed daily, in addition to their own autophagic ma-
terial (16). This gives them one of the highest degradative loads in the body and makes the defects
in the efficiency of lysosomal degradation readily apparent. Incomplete degradation of cellular
waste by RPE lysosomes leads to the accumulation of oxidized lipids, accompanied by the forma-
tion of lipofuscin granules. Lysosomal stress, as manifest by agents that elevate lysosomal pH or
interfere with transport, has been shown to increase lipofuscin accumulation in in vitro and in vivo
models of retinal degeneration, including the ATP-binding cassette, subfamily A, member 4
(ABCA4)~/~ mouse model of recessive Stargardt’s disease (17-19) and chloroquine (CHQ)
retinopathy (20).

Given the central role of RPE lysosomes and autophagy in photoreceptor health (21, 22) and the
contribution of TRPML1 to lysosomal regulation (8, 23), we examined the effect of TRPML1 activa-
tion in RPE cells and asked whether this was impaired by lipid accumulation in the lysosome. The



study confirms a key role for TRPML1 in lysosomal calcium signaling in RPE cells and suggests this
release is impaired by accumulation of lysosomal material.

MATERIALS AND METHODS

Mouse RPE cells

All mice were treated in accordance with University of Pennsylvania IACUC in compliance with the
Public Health Service Policy on Humane Care and Use of Laboratory Animals. Mice were reared at
5-15 lux and euthanized with a CO, overdose. Eyes from mice of both sexes were isolated and
processed as described in Guha et al. (24). In brief, after enucleation, retinas were removed, and
the eyecup was rinsed with Versene (Dow Chemical, Midland, MI, USA) and incubated in 0.25%
trypsin for 1 h. Isolated mRPE cells were grown in DMEM/F12 Media (11330; Thermo Fisher
Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (FBS) (Thermo Fisher Scientific)
and 1% 100 g/ml penicillin/streptomycin (15140-122; Thermo Fisher Scientific). C57Bl/6] mice
were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). TRPML1~/~ mice were ob-
tained from Susan Slaugerhaupt (Harvard University, Cambridge, MA, USA). Mice were genotyped
for TRPML1 using the following primers as described in Venugopal et al. (13): WT forward,
GACCCAGGAATGACACCTTC; WT reverse, CCCCTTGCTGCCATGTAATA; TRPML1~/~ reverse,
GCGCAAACCACATGTGCTTT. The knockout was detected using the following primers against the
missing exon 3: forward, CTCATTCTCTTTGGGCTCAG; reverse, TATTCCCTCAACCCCCTAAC; product
length 203 bp. ABCA4~/~ mice were obtained from Gabriel Travis (University of California, Los
Angeles, Los Angeles, CA, USA) and were genotyped using the following primers: forward,
TGCCCGCACTTGTGTATTTA; reverse, AGAAGGGTGTCATCCTGTGG and for RPE65 using primers for-
ward, ATGACTGAGAAGAGGATTGTC; reverse, CTGCTTTCAGTGGAGGGATC (25) (Supplemental Fig,
1). All mice were negative for the RD8 mutation (26).

Human embryonic stem cell-derived RPE cells cells

Human embryonic stem cell-derived RPE cells (hesRPE) [strain En74, derived from the H9 hesc
line; National Institutes of Health (NIH; Bethesda, MD, USA) registration number 0062] were pro-
vided by Lincoln Johnson (Laboratory for Stem Cell Biology and Engineering, Neuroscience
Research Institute, University of California, Santa Barbara, Santa Barbara, CA, USA) and generated
as described in Rowland et al. (27). Briefly, the differentiation of the stem cells to RPE was carried
out using defined medium (X-Vivo 10; Lonza, Walkersville, MD, USA) while being maintained on a
substrate of Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) as the only animal-derived system
component. Pigmented foci were isolated by dissection and dissociated using TrypLE Express
(Thermo Fisher Scientific). First-passage subcultures were established on Synthemax substrate
(Corning, Corning, NY, USA) before further dissociation and cryopreservation for shipment.
Second-passage hesRPE cells were thawed and plated on poly-L-ornithine (Sigma-Aldrich, Saint
Louis, MO, USA)-coated tissue culture plastic, and these cultures were expanded for up to 3 addi-
tional passages using previously described methods (28). Briefly, proliferation in partially defined
[1% (v/v) bovine calf serum, Lonza; 0.5% saline extract of bovine retina crude homogenate con-



tributing added protein in final medium = 6 mg/L] growth medium containing total Ca®* of <0.1
mM gave rise to detached, suspended cells that were harvested nonenzymatically for either fur-
ther subculture or cryopreservation.

ARPE-19 cells

ARPE-19 cells (American Tissue Type Collection, Manassas, VA, USA) were grown as previously de-
scribed (29). In brief, cells were grown in 1:1 mixture of DMEM and Ham’s F12 medium with 3
mM L-glutamine, 100 g/ml streptomycin, and 10% FBS (all from Thermo Fisher Scientific). Cells
were incubated at 37°C in 5% CO; and subcultured weekly with 0.05% trypsin and 0.02% EDTA.

Human MLIV fibroblasts

Healthy human fibroblasts (GM03440) and MLIV fibroblasts (GM02048) from a patient with MLIV
were obtained from the Coriell Institute (Camden, NJ, USA). Cells were grown in 25-cm? primary
culture flasks until confluence in minimum essential Eagle’s medium (Sigma-Aldrich) with 2 mM
GlutaMax, 100 U/ml penicillin, 100 pg/ml streptomycin, and 15% FBS (all from Thermo Fisher
Scientific). Cells were incubated at 37°C in 5.5% CO, and subcultured by incubation at room tem-
perature in 0.53 mM EDTA in HBSS (-Mg?*/-Ca?*) followed by incubation with 0.05%
trypsin/0.48 mM EDTA (Thermo Fisher Scientific) at 37°C.

Ca®* imaging

Cells grown on 25-mm glass coverslips were washed and then loaded with 7 pM Fura-2 AM (ace-
toxymethyl ester, #F1221; Thermo Fisher Scientific) with 0.02% pluronic F-127 (#P3000MP;
Thermo Fisher Scientific) for 45 min at 37°C. Cells were washed, mounted in a perfusion chamber,
and visualized using a x40 objective on a Nikon Diaphot microscope (Nikon, Melville, NY, USA) as
described (30). Ratiometric measurements were performed by alternating the excitation wave-
length from 340 to 380 nm and quantifying emission 2512 nm with a charge-coupled device cam-
era (All Photon Technologies International, Lawrenceville, NJ, USA). Cells were perfused with iso-
tonic solution containing 105 mM NaCl, 5 mM KCI, 6 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid, 4 mM Na 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 5 mM NaHCO3, 60 mM
mannitol, 5 mM glucose, 1.3 mM CaCl,, and 0.5 mM MgCl,. The Image] (NIH;
https://imagej.hin.gov/ij/) Pseudocolor Look-Up Table (31) was used for displaying images but
not for quantification. Because calibration was frequently complicated by cellular manipulations,
most of the data were expressed as the ratio of light excited at 340-380 nm (F340,380), em >540
nm. However, levels of cytoplasmic calcium were calibrated in some trials as previously reported
(32), using 5 pM ionomycin in isotonic (high Ca?*) or Ca?*-free + 5 mM EGTA, both at pH 8.0,
based on the equation Ca?* (nM) = K4*Sf2/Sb2*(R - Ruin)/(Rmax — R), where K4 = 350 nM, Sf2 is
the fluorescence at 380 nm in Ca?*-free and Sb2 in high Ca?* solution, Ry, is 340/380 nm in
Ca%*-free, and Ry is 340/380 in high Ca?*. Additional experiments were performed on cells
grown to confluence in 96-well black-bottom plates, loaded with Fura-2 AM as previously de-




scribed, and fluorescence was measured in a Fluoroskan Ascent plate reader (Thermo Fisher
Scientific) as described in Guha et al. (33). Autofluorescence was subtracted from wells when
possible.

Microscopy

ARPE-19 cells were grown on glass-bottom dishes for 1 wk with or without CHQ (10 uM) and then
treated with U18666A (1 pM) with or without CHQ (10 pM) for 24 h. Autofluorescence and
LysoTracker Red were visualized with a Nikon A1R Laser Scanning Confocal Microscope and
Nikon NIS-Elements AR (Advanced Research) Software package 3.2 as described in Guha et al.
(33) at the University of Pennsylvania Live Cell Imaging Core. Cells were incubated with 50 nM
LysoTracker Red DND-26 for 30 min at 37°C, washed, and imaged on a warm stage at ex/em
563/590 nm. Autofluorescence was determined from the same fields at ex/em 488/525 nm.
Image capture of live cells was completed within 15 min of the end of dye incubation, with settings
established first on nontreated cells. For filipin imaging, cells were fixed with 4% formaldehyde,
incubated with 50 pg/ml filipin for 1 h in the dark, and fluorescence imaged at ex/em 406/470
nm as above. Image] was used to subtract background at a rolling ball radius of 50 pixels, to mod-
ulate intensity, and to combine pseudocolored images, with parallel processing for control and ex-
perimental images. Images of autofluorescence in ABCA4~/~ mice and TRPML1 knockout mice and
associated controls were taken in black and white and overlain with orange hot LUT with Image].

PCR analysis

Total RNA was extracted from RPE cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany), and
RNA was quantified (Nanodrop; Thermo Fisher Scientific). Total RNA (1 ug) was reverse tran-
scribed using a High Capacity cDNA Kit (Thermo Fisher Scientific). Quantitative PCR (qPCR) was
carried out using Power SYBR Green Master Mix with primer pairs mouse TRPML1 (forward,
ATGTGGACCCAGCCAATGATACCTT; reverse, TGTCTTCAGCTGGAAGTGGATGGT) and human TRPML1
(forward, TCTTCCAGCACGGAGACAAC; reverse, AACTCGTTCTGCAGCAGGAAGC) using the 7300
Real-Time PCR System. Primers for human PIKfyve were as follows: forward,
TGTCTGCGCCTAAAGGTTGTAAA; reverse, TGGATGCCAGATAGCCAATGT. Primers for mouse PIKfyve
were as follows: forward, AAGTCTTACCCTCACATGAGCTAGTGA; reverse,
ATCAGCTAGCATTCTACCCAAGGT (34). Data were analyzed using the AAC; approach, with results
expressed as fold change in gene expression using an unpaired Student’s ¢ test as described in
Karmakar et al. (35).

Materials

ML-SA1 (SML0627; Sigma-Aldrich), MK6-83 (5547; Tocris, Bristol, United Kingdom), thapsigargin
(T9033; Sigma-Aldrich), U18666A [(33)-3-[2-(diethylamino)ethoxy]androst-5-en-17-one hy-
drochloride, U3633; Sigma-Aldrich], filipin (F9765; Sigma-Aldrich), bafilomycin (B1793; Sigma-
Aldrich), glycyl-L-phenylalanine-B-naphthylamide (GPN) (14634; Cayman Chemical, Ann Arbor, M],



USA), YM201636 (SY-YM201636; Symancis, Temecula, CA, USA), desipramine hydrochloride (sc-
200158; Santa Cruz Biotechnology, Dallas, TX, USA), and 2-hydroxypropyl-3-cyclodextrin (12844-
35; Sigma-Aldrich) were used in this study.

Statistical analysis

Analysis was performed using SigmaStat (Systat Software, San Jose, CA, USA). Differences between
treatments were analyzed using 1-way ANOVA with Holm-Sidak post hoc test, rank sum test, or
Student's paired Student’s t test where appropriate. Levels were normalized to the mean value for
each experimental set to control for minor daily fluctuations in dye loading. The percent increase
was defined as 100[(Rvisa1 — RgL)/RgL] where Rg;, = 340/380 nm ratio before and Rysa; after
addition of ML-SA1.

RESULTS

ML-SA1 elevates Ca* in RPE cells

Initial experiments were performed to determine whether activation of TRPML channels raised
cytoplasmic calcium in RPE cells. In primary mouse RPE cells loaded with calcium indicator Fura-2
AM, 20 uM of TRPML activator ML-SA1 increased cytoplasmic Ca?* (Fig. 14). This increase oc-
curred rapidly upon application of ML-SA1, was reversible upon removal of the drug, and was re-
producible upon reapplication. Quantification showed that ML-SA1 produced a significant eleva-
tion of cytoplasmic Ca?* across multiple trials (Fig. 1B5). ML-SA1 also raised cytoplasmic calcium
levels in hesRPE cells (Fig. 1C, D). Although primary mouse and hesRPE cells add validity to the
measurement, the use of the ARPE-19 cell line expands the number of manipulations that can be
performed. The response to ML-SA1 in ARPE-19 cells was similar, if somewhat more robust (

Fig. 1E-G).

Release of Ca%* does not involve extracellular influx or endoplasmic reticulum

Additional trials were undertaken to determine whether the increase in cytoplasmic calcium trig-
gered by ML-SA1 reflected the release of lysosomal calcium. The removal of extracellular Ca?* did
not diminish the increase in cytoplasmic calcium from mouse RPE cells (Fig. 24). When multiple
responses were quantified, ML-SA1 was shown to induce a similar increase in cytoplasmic Ca?*
levels in the presence and absence of extracellular Ca* (Fig. 2B). This implied that the increase in
Ca’?* levels induced by ML-SA1 in mouse RPE cells was unlikely to be attributed to influx across
the plasma membrane. The endoplasmic reticulum (ER) is the largest source of intracellular Ca*;
to determine whether these ER stores contributed to the observed increase in Ca?* levels, cells
were treated with 1 uM thapsigargin for 1 h to inhibit the sarco/endoplasmic reticulum Ca?*-
ATPase pump and dissipate ER calcium (36). The increase in cytosolic Ca?* levels induced by ML-
SA1 in mouse RPE cells was unaffected by thapsigargin (Fig. 2C, D), implying that the ER was an
unlikely source of the Ca®* increase.



Analogous responses were observed in ARPE-19 cells; neither the removal of extracellular cal-
cium (Fig. 2E, F) nor treatment with thapsigargin (Fig. 2¢) affected the increase in cytoplasmic
Ca?* levels induced by ML-SA1. To examine the effect of lysosomal alkalinization on the response
to ML-SA1, bafilomycin was used to inhibit the vHATPase proton pump present on lysosomal
membranes as bafilomycin was previously found to alkalinize RPE lysosomes by 0.4 pH units (17).
Treatment with bafilomycin neither raised baseline cytoplasmic levels nor altered the increase in
cytoplasmic Ca?* induced by ML-SA1 (Fig. 2H).

Although the prolonged manipulation of cellular Ca?* stores frequently precluded the calibration
of absolute Ca®* levels, the response, expressed as a fluorescence ratio, was substantial.
Calibration on a subset of responses confirmed that the absolute increase in cytoplasmic calcium
triggered by ML-SA1 was robust (Fig. 21, J). Mean levels of cytoplasmic Ca* were 39.0 + 1.8 nM;
although these baseline levels are lower than those normally found, these measurements were
performed in the absence of extracellular Ca?*. Importantly, the addition of 20 pM ML-SA1 raised
levels to 50.6 = 2.0 nM. This represents a mean increase of 30 * 4%, suggesting the contribution in
RPE cells is relevant.

Release of Ca?* linked to lysosomes and TRPML1

Lysosomal involvement was supported by inducing lysosomal rupture with GPN. Hydrolysis of
GPN by lysosomal cathepsin C leads to loss of lysosomal membrane integrity and release of lyso-
somal contents into the cytoplasm (37). Treatment with GPN has been shown to release lysosomal
calcium into the cytoplasm (23). RPE cells displayed a substantial rise in cytoplasmic calcium when
treated with 200 uM GPN (Fig. 34, B). Staining of late endosomes/lysosomes with LysoTracker
Green was largely eliminated with only 1 min exposure of ARPE-19 cells to GPN (Fig.3C, D).
Pretreatment of cells with GPN reduced the magnitude of the response to ML-SA1 (Fig. 3E, F), im-
plying that the increase in cytoplasmic Ca?* induced by ML-SA1 was of lysosomal origin.

Additional support for involvement of TRPML channels came from results obtained with a second
agonist, MK6-83. Addition of MK6-83 (50 pM) evoked an increase in cytoplasmic calcium in RPE
cells (Fig. 3G, H). Although the increase induced by MK6-83 was significant, it was less robust and
sustained than the increase induced by ML-SA1, consistent with published work (38).

The role of the TRPML1 member of the TRPML family of channels was investigated by examining
the effect of ML-SA1 on RPE cells from TRPML1~/~ mice. Genotyping confirmed the absence of
TRPML1 gene in this line of mice (Fig. 44). ML-SA1 failed to induce a rise in cytoplasmic calcium in
cells from the knockout mice (Fig. 4B, C). This lack of Ca?* release was not due to a loss of lysoso-
mal calcium in the TRPML1~/~ cells because rupture of the lysosomal membrane with GPN led to a
robust increase in cytoplasmic calcium. This lack of response in TRPML1~/~ cells strongly suggests
that the channel acts as a conduit for calcium efflux after activation of RPE cells by ML-SA1. The
increased autofluorescence in RPE whole mounts prepared from TRPML1~/~ mice as compared
with control [wild-type (WT)] mice supports a role of the channel in RPE physiology (Fig. 4D, E).
This signal was orders of magnitude less than the fluorescence from cells loaded with the Ca?* in-
dicator Fura-2 AM, however, ensuring that the 2 measurements were independent. There was a
moderate increase in autofluorescence in the retina of TRPML1~/~ mice (Supplemental Fig, 4).



Although autofluorescence in the RPE cells was brighter than that found elsewhere, we also de-
tected autofluorescence colocalizing with LysoTracker Green in fibroblasts from human patients
with MLIV with mutant TRPML1 (Fig. 4F). Together, these observations implicate the TRPML1
channel as being largely responsible for the efflux of lysosomal Ca?* into the cytoplasm of RPE
cells.

Lipid accumulation impairs lysosomal Ca?* signaling

The experiments described herein strongly suggest that the increase in cytoplasmic calcium ac-
companying ML-SA1 treatment of RPE cells was linked to the release of lysosomal Ca?* through
the TRPML1 channel. Because TRPML1 activity can be impaired by accumulation of lipids (39) and
because RPE cells of elderly patients are characterized by the accumulation of lipid peroxidation
products (40), we asked whether the accumulation of lysosomal lipid was itself sufficient to impair
the activity of TRPML1 in RPE cells.

ARPE-19 cells grown under control conditions showed sporadic autofluorescence, moderate
LysoTracker Red signal, and low levels of filipin labeling (Fig. 54). In contrast, exposure of ARPE-
19 cells to 10 pM CHQ for 1 wk increased autofluorescence and the number of lysosomes, as de-
tected with LysoTracker Red (Fig. 5B), consistent with impaired degradation and increased bio-
genesis after CHQ treatment (41). Overlap of autofluorescence and LysoTracker Red indicated that
most of the autofluorescence was localized to lysosomes. Treatment with CHQ also increased
vesicular binding of filipin, consistent with the increased cholesterol content in those compart-
ments. In cells grown for 6 d in normal medium and then for 1 d in medium containing 1 uM of
the intracellular cholesterol transport inhibitor U18666A, the autofluorescence, LysoTracker Red,
and filipin signals were higher than in untreated control cells but considerably less than observed
in CHQ-treated cells (Fig. 5C). Finally, in cells treated with 10 pM CHQ for 6 d and 1 uM U18666A +
10 uM CHQ for 1 d, fluorescence from 3 sources (autofluorescence, LysoTracker Red, and filipin)
was enhanced (Fig. 5D). The increased autofluorescence was also observed in hesRPE cells
treated with CHQ and U18666A (Supplemental Fig, 2). Treatment was also associated with an in-
crease in neutral lipid in lysosomes, as suggested by the overlap between BODIPY 493 and
LysoTracker Red fluorescence (Supplemental Fig. 3).

To examine whether autofluorescent lysosomal accumulations were associated with a change in
the release of calcium from lysosomes, levels of calcium were measured in control, CHQ-,
U18666A-, and CHQ + U18666A-treated ARPE-19 cells. When the response to ML-SA1 was quanti-
fied, the increase in cytoplasmic calcium was significantly reduced in cells treated with CHQ and
particularly by CHQ + U18666A (Fig. 5E). This suggested that cells with the highest number of
lysosomes and with the greatest levels of filipin staining and lipofuscin had the lowest levels of cal-
cium efflux through TRPML1.

Several controls were undertaken to confirm that treatment with CHQ and U18666A decreased
release of lysosomal Ca?*. First, qPCR indicated that levels of TRPML1 mRNA were not changed in
cells treated with CHQ, U18666A, or CHQ + U18666A (Fig. 5F). TRPML1 expression showed a
slight increase in cells treated with CHQ, although this was not significant. Regardless, this implies
that the reduced response to ML-SA1 in treated cells could not be attributed to a reduction in



TRPML1 expression and confirms expression of TRPML1 in both cultured human and fresh
mouse RPE cells. Next, the effect of the 4 conditions on the calcium increase after GPN treatment
was examined (Fig. 5G). GPN induces a near-identical increase in calcium in all cells, implying there
was no difference in total calcium stored in lysosomes. Baseline levels of calcium were slightly ele-
vated after CHQ treatment, decreased with U18666A treatment, and revealed no change when
both agents were applied (Fig. 5H), making the response to ML-SA1 unrelated to the baseline lev-
els. To ensure the autofluorescence did not interfere with the calcium signal, the absolute levels of
each were compared; the autofluorescence was <3% of the Fura-2 signal, so the effect on the re-
sponse is minimal. Finally, to make sure this was not due to a direct effect of CHQ on cytoplasmic
calcium, the effect of CHQ alone on baseline calcium levels was measured. CHQ increased levels of
cytoplasmic calcium in the short term (Fig. 5/), suggesting the reduction in chronically treated cells
was not simply a response to CHQ. This implies that reduction of response to ML-SA1 in cells with
autofluorescent lysosomal accumulation is not due to changes in lysosomal calcium, to changes in
expression of TRPML1, or to direct effects of CHQ.

Reduced response to ML-SA1 in RPE cells from mice with retinal degeneration

The response to TRPML1 activation was examined in RPE cells from mice missing the ABCA4 gene;
the ABCA4 gene is mutated in humans with autosomal recessive Stargardt’s retinal dystrophy
(42). Although the primary defect is in photoreceptor outer segments, RPE cells in ABCA4~/~ mice
have substantially increased levels of lipofuscin attributed to both bisretinoids and lipids (Fig. 64;
Supplemental Fig. 5) (43, 44). The increase in cytoplasmic calcium induced by ML-SA1 was sub-
stantially attenuated in RPE cells from ABCA4~/~ mice (Fig. 6B). When levels were quantified, ML-
SA1 did not induce a significant calcium response in RPE cells from ABCA4~/~ mice (Fig. 6C).

To probe the decreased Ca2* release in ABCA4~/~ cells, several controls were performed, as de-
scribed above. Levels of TRPML1 mRNA expressed in RPE cells from ABCA4~/~ mice were not sig-
nificantly different from those in WT mice, although there was a trend toward increased expres-
sion (Fig. 6D). Regardless, the reduced Ca?* response to ML-SA1 could not be explained by a
change in TRPML1 expression. In addition, no differences in the levels of lysosomal calcium re-
leased by treatment with GPN were found between ABCA4~/~ and control RPE cells (Fig. 6E); this
implies that the levels of calcium stored in lysosomes from the control and mutant cells were the
same. Again, the difference in autofluorescence was only 1% of the Fura-2 signal and could not ac-
count for this difference in Ca?* release.

Pathways regulating Ca®* release triggered by ML-SA1

Although the release of lysosomal Ca?* was impaired in RPE cells from ABCA4~/~ cells and ARPE-
19 cells treated with CHQ, the mechanisms linking accumulation to decreased efflux are unclear.
The effects of desipramine on the Ca®* response to ML-SA1 were examined to elucidate the conse-
quences of sphingomyelin manipulation, as desipramine is reported to inhibit lysosomal acid sph-
ingomyelinase (45), and mice lacking sphingomyelinase show retinal degeneration (46).
Preincubation of ARPE-19 cells with 10 uM desipramine reduced the increase in cytoplasmic Ca?*
in response to ML-SA1 (Fig. 74, B). Although this does not prove that sphingomyelin accumula-




tion is responsible for impaired Ca?* efflux in response to ML-SA1, it is consistent with the re-
sponse to desipramine found in CHO cells, where sphingomyelin was shown to inhibit currents
through the channel directly in endolysosome patch clamp recordings (39).

Additional experiments examined the effect of cyclodextrin treatment because U18666A is linked
to inhibition of cholesterol trafficking away from the lysosome and the accumulation of lysosomal
cholesterol (47). Hydrophobic cyclodextrins extract cholesterol from membranes (48), and cy-
clodextrins can reduce the pathology associated with lysosomal cholesterol accumulation in
Nieman-Pick C disease (49). However, treatment of ARPE-19 cells with 300 uM 2-hydroxypropyl-
B-cyclodextrin for 24 h had no effect on the Ca?* increase induced by ML-SA1 in ARPE-19 cells
treated with 1 uM U18666A for the previous 24 h (Fig. 7C), consistent with findings that choles-
terol did not have direct effects on TRPML1 but sphingomyelin did (39). U18666A in the absence
of CHQ did not decrease the lysosomal calcium release triggered by ML-SA1. These results suggest
that cholesterol is unlikely to be the causal agent.

The most effective endogenous agonist for TRMPL1 identified so far is phosphatidylinositol 3,5-
bisphosphate [PI(3,5)P2] (50). To determine whether PI(3,5)P2 influenced the increase in cyto-
plasmic Ca?* triggered by ML-SA1, cells were pretreated with YM201636. YM201636 inhibits the
class Il phosphatidylinositol phosphate kinase PIKfyve, which synthesizes PI(3,5)P2 (51).
Treatment of ARPE-19 cells with YM201636 reduced the response to ML-SA1 (Fig. 7A, B), consis-
tent with the ability of PI(3,5)P2 to gate the TRPML1 channel open in RPE cells.

Levels of PIKfyve expression in control and ABCA4~/~ mice were examined to determine whether
this could contribute to the reduced activity in the mutant cells. Expression of PIKfyve mRNA was
reduced by 60% in RPE cells from the ABCA4~/~ mouse (Fig. 7D). The moderate reduction in ex-
pression of PIKfyve from retinal material was not significant. In contrast to the response in the
ABCA4~/~ mice, levels of PIKfyve mRNA were increased in ARPE-19 cells treated with CHQ +
U18666A (protein levels were not measured).

DISCUSSION

The present study identifies lysosomal calcium release through the TRPML1 channel in RPE cells
and suggests this release is impaired by lysosomal degradation product accumulation. Evidence to
support a role for TRPML1 in the release of lysosomal Ca?* in RPE cells is provided on multiple
levels. For example: 1) RPE cells from WT mice, RPE cells derived from human embryonic stem
cells, and the human ARPE-19 cell line show increases in cytoplasmic Ca?* levels after application
of the TRPML agonist ML-SA1 in the presence or absence of extracellular Ca?*, ruling out influx
from outside as the source of increased cytoplasmic calcium levels; 2) the increase in cytoplasmic
calcium levels triggered by ML-SA1 remained in primary WT mouse RPE and ARPE-19 cells after
preincubation with the sarco/endoplasmic reticulum Ca?*-ATPase pump blocker thapsigargin, rul-
ing out the ER as the source of increased cytoplasmic calcium levels; 3) disruption of lysosomal
membranes with GPN raised cytoplasmic calcium levels but eliminated the response to the
TRPML1 agonist ML-SA1; this is consistent with the presence of substantial lysosomal calcium
stores in RPE cells as the source of the response induced by ML-SA1, although secondary effects
of GPN are possible; 4) ML-SA1 was ineffective against RPE cells from TRPML1~/~ mice, although



the release of Ca?* after lysosomal rupture with GPN demonstrated that there was plenty of cal-
cium in the lysosomes of TRPML17/~ RPE cells; 5) cytoplasmic calcium levels were elevated by a

second TRMPL agonist MK6-83. Taken together, these observations suggest that it is highly likely
that TRPML1 is a conduit for release of lysosomal Ca?* into the cytoplasm in RPE cells.

One of the notable aspects of the present study is the relative magnitude of increase in cytoplas-
mic Ca?* induced by ML-SA1. The response was clearly detectable, robust, reproducible, and re-
versible. It should be emphasized that most of the previous studies performed using ML-SA1 have
relied on cells overexpressing the genetically encoded TRPML1 construct to demonstrate lysoso-
mal localization and functionality of the channel (4, 7, 39). In the present study, however, all exper-
iments represent Ca?* release from the endogenous channel. In our study, 20 pM ML-SA1 raised
cytoplasmic Ca?* levels by ~30%. In contrast, nontransfected mouse macrophages required a 5-
fold increase in ML-SA1 concentration applied to these cells to induce a similar response (39).
This implies that the lysosomal Ca?* release may have a relatively high impact on RPE cell signal-
ing, consistent with the critical role of lysosomes in RPE function. Of course, the absolute levels of
Ca’®* released with 20 pM ML-SA1 are substantially less than those released from the ER by treat-
ment with thapsigargin (52). However, the ability of 20 pM ML-SA1 to induce repeated and sus-
tained release of Ca?* suggests that only a fraction of lysosomal Ca?* is released. Regarding the
effects of GPN, the simplest explanation for the dramatic change in LysoTracker Green staining af-
ter treatment with GPN is lysosomal rupture. The pH sensitivity of LysoTracker Green, combined
with the prolonged effects of GPN on cytoplasmic Ca?* (Fig. 34), suggest there could be a sudden
decrease in pH after dissipation of the gradient with accompanying leakage of lysosomal Ca?*.

Decreased lysosomal Ca?* release with accumulations of lipids in lysosomes

The magnitude of lysosomal Ca?* release was reduced in two different models characterized by
accumulation of lipids in the lysosomes: in ARPE-19 cells treated with CHQ and U18666A, and in
the ABCA4~/~ mouse model of recessive Stargardt’s disease. The composition of the lysosomal ac-
cumulation is quite different because the RPE cells from the ABCA4~/~ are characterized by
retinoids of photoreceptor origin, such as A2E, that will be missing in the in vitro model. However,
in both models the reduced release of Ca?* caused by ML-SA1 was not due to a decrease in lyso-
somal Ca* stores because Ca?* levels released after lysosomal rupture by GPN were not different
from those of controls. Previous reports show a reduced release of Ca?* in response to GPN after
treatment with U18666A (3) and in presenilin 1 and 2 double knockout cells (53), suggesting a re-
duction in total lysosomal Ca?* levels, but that was not found in the present study. Treatment with
CHQ stimulates lysosomal biogenesis (54), and our measurements may reflect less Ca?* release
from more lysosomes. However, this would not explain why release was less in cells treated with
ML-SA1 and not GPN. The reduction in the amount of Ca?* released was not due to decreased ex-
pression of TRPML1. In fact, expression of TRPML1 trended upward in both models, consistent
with nuclear delivery of TRPML1 transcription factor TFEB upon lysosomal compromise (55).
Although this increase in TRPML1 expression was not significant in either model], it is not consis-
tent with a reduced response to ML-SA1. The reduction in PIKfyve in RPE cells from ABCA4~/~
mice could explain the reduced release in these cells because the product of the enzyme,
PI(3,5)P2, is an endogenous agonist for TRPML1 (50), although the increase in PIKfyve levels in




the in vitro model argues against this. The mechanisms could differ in the 2 models given the dif-
ferences in their lipofuscin composition. Further analysis is needed to identify the component re-
sponsible for the reduced response to ML-SA1 in both of these models.

Ca’* signaling makes a key contribution to several important functions of RPE cells, including ion
and fluid transport, phagocytosis of photoreceptor outer segments, and secretion (56, 57). The
TRPML1 channel has recently been implicated in multiple cellular functions, including phagocyto-
sis (58), secretion (59), control of organelle motility (6), regulation of transcription factor TFEB
(7), response to cellular starvation (8), and control of lysosome size (60). Although the degree to
which TRPML1 influences these functions in RPE cells remains to be determined, mutations in
TRPML1 lead to MLIV, a severe lysosomal storage disorder (11, 61), and both human patients
with MLIV and TRPML1~/~ mice exhibit retinal degeneration (15). Of particular relevance is the
ability of TRPML1 activation to target lysosomal storage diseases due to mutations in distinct en-
zymes, such as Niemann-Pick C (39), or the role of TRPML1 in clearing lysosomal degradation
product accumulation in several different models of lysosomal storage disease (62, 63). Whether
defective lysosomal Ca?* signaling contributes to lysosomal accumulation in RPE cells and how the
newly identified acid Ca/H exchanger (64, 65) contributes to this release remain to be determined.

Portions of this work were previously presented in abstract form (66, 67).
Supplementary Material

This article includes supplemental data. Please visit http://www.fasebj.org to obtain this
information.
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Response to ML-SA1 in various RPE cells. A) Representative trace from a WT mouse RPE (mRPE) cell loaded with Fura-2

showing the increase in the cytoplasmic calcium signal in response to 20 uM ML-SA1. The response was reversible and re-

peatable. Data are expressed as the ratio of light excited at 340 vs. 380 nm, em >520 nm (referred to as F340,380), indicative

of cytoplasmic calcium in cells loaded with Fura-2. B) Quantification of the increase in F34/3g9 accompanying application

and reapplication of 20 uM ML-SA1 in mRPE compared with control levels in DMSO vehicle. *P = 0.012, first application; P

=0.013, second application (n = 5). C) Representative trace from an RPE cell derived from a hesRPE loaded with Fura-2



showing the increase in F340/380 in response to 20 uM ML-SA1. D) Quantification of the increase in F340/380 accompanying
20 uM ML-SA1 in hesRPE cells. *P = 0.042 (n = 5). E) Representative trace from a human ARPE-19 cell loaded with Fura-2
showing the increase in F340/380 in response to 20 pM ML-SA1. The increase was more robust than the mRPE but was quan-
titatively similar. F) Quantification of the increase in F340/380 accompanying 20 uM ML-SA1 in ARPE-19 cells. *P < 0.001,
first application; P = 0.003, second application (n = 17). G) Representative images illustrating the increase in cytoplasmic
calcium after the addition of ML-SA1 to ARPE-19 cells. Pseudocolored images represent changes in 340/380 nm intensity,
with white representing increased Ca?*. Experiments above were performed with 1.3 mM extracellular calcium except C and
D, which used Ca?*-free solution. Analysis was determined using ANOVA and Holm-Sidak post hoc test, with F340/380 NOT™-

malized to initial level for each trial in B and F.
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Lysosomal source of calcium in the RPE. A) Overlay of traces from mouse RPE exposed to 20 puM ML-SA1 in the presence
and absence of extracellular Ca®*. Data are expressed as the ratio of light excited at 340 nm vs. 380 nm, em >520 nm (re-
ferred to as F340,380), indicative of cytoplasm calcium in cells loaded with Fura-2. B) Quantification of the increase with
and without extracellular calcium. P < 0.05 (n = 3). NS, no significant difference. C) Overlay of traces from mouse RPE ex-
posed to 20 uM ML-SA1 in the presence and absence of thapsigargin in calcium-free solution. D) Quantification of the in-
crease with and without thapsigargin in extracellular calcium-free solution. *P < 0.01. E) Overlay of F34¢,3g0 response to 20
HM ML-SA1 in the presence and absence of calcium from a typical ARPE-19 cell line. F) Quantification of the F34,3g¢ re-
sponse to 20 pM ML-SA1 in the presence and absence of calcium from trials shown in E. *P < 0.05 (n = 25). G)
Quantification of ARPE-19 cells with and without 1 h pretreatment with 1 uM thapsigargin. *P < 0.001 (n = 40). H)
Treatment of ARPE-19 cells with bafilomycin (BAF) (1 uM for 1 h at 37°C) altered neither baseline Ca* levels nor the in-
crease in cytoplasmic calcium triggered by ML-SA1. *P < 0.001 (n = 10), representative or 3 separate trials. I) Sample of an
ARPE-19 cell calibrated to illustrate the magnitude of the response to MLSA-1 (/). Mean responses in calibrated cells. P <
0.001 (n=63).
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Confirmation of the lysosomal source of calcium in the RPE. A). Representative trace from ARPE-19 cells in Ca®*-free solu-
tion with the addition of 200 uM GPN. Data are expressed as the ratio of light excited at 340 vs. 380 nm, em >520 nm (re-
ferred to as F340,380), indicative of cytoplasmic calcium in cells loaded with Fura-2. B) Mean increase in F34¢,3g0 observed
with GPN. *P < 0.001, Mann-Whitney rank sum test (n = 8). ARPE-19 cells were loaded with LysoTracker Green before (C)
and 1 min after (D) addition of either control (top) or 200 uM GPN, showing decrease in LysoTracker Green staining with
GPN. E) GPN reduces the ML-SA1 response. Representative trace indicating the increase in calcium induced by 20 uM ML-
SA1 is reduced after lysosomal membrane permeabilization by GPN. F) Quantification of the increase in calcium invoked
by 20 uM ML-SA1 before and after release of lysosomal Ca?* by GPN. *P = 0.025, Holm-Sidak test (n = 29). NS, not signifi-
cant. G) Representative trace demonstrating the ability of 50 uM TRPML agonist MK6-83 to elevate cytoplasmic calcium. H)
Quantification of the increase in calcium invoked by 50 pM MK6-83. P = 0.002, paired Student’s t test (n = 11).
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Role of TRPML1 channel. A) Genotyping of TRPML1~/~ mice showing the presence of PCR product at expected 203 bp in
WT mice but not homozygous knockout mice. B) ML-SA1 (20 uM) failed to induce an increase in cytoplasmic calcium in
RPE cells from TRPML1~/~ mice. The calcium increase induced by 200 uM GPN demonstrates that the lysosomes contained
stores of calcium. C) Quantification of the increase in cytoplasmic calcium in RPE cells from WT (P = 0.008; n = 5) and
TRPML17~/~ mice (n = 3) NS, not significant. D) RPE whole mounts from 8-mo-old WT (top) and TRPML1~/~ (bottom) mice
showing increased autofluorescence in the knockout. The hexagonal shapes of the RPE cells are outlined by the autofluores-
cent granules. E) The levels of autofluorescence at 488 nm ex as arbitrary light units (ALU) in RPE cells from control and
TRPML1~/~ (ML1KO) mice. *P < 0.001 (n = 30). F) Greater levels of autofluorescence (red) and staining for LysoTracker
(green) in fibroblasts from patients with MLIV (mutant) than control (WT).
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Lysosomal lipid accumulation impairs release of Ca2* by ML-SA1. A-D) Representative images of ARPE-19 cells exposed to
different conditions. A) Seven days under control conditions. B) Seven days of 10 uM CHQ. C) Six days under control condi-
tions and 24 h 1 puM U18666A. D) Six days of 10 uM CHQ and 24 h 1 uM U18666A + 10 uM CHQ. Staining for LysoTracker
Red (ex/em 563/590 nm) and autofluorescence (ex/em 488/525 nm) were obtained in the same cells by live imaging con-
focal microscopy; the overlap in yellow indicates that most autofluorescence was associated with lysosomes, but distinct

areas of red and green indicate the signals were independent. Staining with filipin (ex/em 406/470 nm) indicates vesicular



cholesterol. E) Levels of cytosolic calcium in response to ML-SA1 were reduced in cells treated with CHQ and
CHQ/U18666A. *P < 0.001 vs. control (n = 24-32 wells from 4 plates). F) The reduced release of Ca?* by ML-SA1 in cells
treated with 10 uM CHQ and 10 uM CHQ + 1 pM U18666A did not reflect a difference in expression of TRPML1 mRNA as de-
termined using qPCR (n = 3). G) This did not reflect changes in the total levels of Ca?* because lysing with GPN released the
same levels of calcium. Not significant at P = 0.665 (n = 14-15 wells from 3 plates), normalized to ratios before GPN expo-
sure. H) Levels of basal cytoplasmic calcium were increased in the presence of CHQ and decreased in the presence of
U18666A, and no change was seen in the presence of CHQ + U18666A. *P < 0.001 vs. control (n = 24-32 wells from 4
plates). I) Short-term exposure to CHQ (10 uM) elevates cytoplasmic calcium in ARPE-19 cells. Means + SEM (n = 7).

Presented as change in Fura-2 ratio from minimum.
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Defective calcium release in RPE cells from ABCA4~/~ mice. A) Autofluorescence in RPE cells from control (left) and
ABCA47/~ mice (right). Concentrated levels of lipofuscin were observed to congregate along the basolateral membranes of
the cell. B) Representative trace showing the change in the F349,3g0 Ca?* signal in response to 20 pM ML-SA1 in RPE cells
from ABCA4~/~ mice compared with control. €) Quantitation of the mean response. Control, n = 21 cells; ABCA4’/’, n=17
cells. *P < 0.001 vs. untreated. D) Expression of TRPMLI mRNA. P = 0.067 (n = 4). E) The lysosomal Ca®* released by 200
UM GPN was not significantly different in RPE cells from ABCA4~/~ mice.



Figure 7.

b

Fayneme =Ca™)

=]

Plkfeve mARNA RO

Tirme {min)

Control

mRPE

ABGAL

T |

PlKfve mRNA R

Cont

Das W

miReting

Contred

ABCAS

(9]

Fanmeg (Mom)

Fikfva mRENA RO

R Cont [ ML-5AT
* - #
a
Cantral LHAEBEA, [FRY Y
+Cydiodaxinin
ARPE1D
2

q
Canbral  CHOHLIMA

Pathways regulating Ca®* release triggered by ML-SA1. A) Representative trace showing the change in the F340/380 Ca®* sig-

nal in response to 20 pM ML-SA1 in ARPE-19 cells treated with the acid sphingomyelinase inhibitor desipramine (Des, red,
10 uM; n = 14) or the PIKfyve inhibitor YM201636 (YM, green, 1 uM, n = 13) is reduced as compared with untreated control

cells [control (cont), n = 19]. Cells in Ca?*-free solution. B) Means + SEM values for the increase triggered by 20 uM ML-SA1

in ARPE-19 cells treated with Des, YM, and control. *P < 0.001 vs. control (n = 36, 49, and 54 cells, respectively, from 4 cov-

erslips each). C) Treatment with 300 pM cyclodextrin for 24 h to decrease cholesterol had no effect on the response to 20
UM ML-SA1 in cells treated with only U18666A (n = 35-43 cells from 4 separate coverslips each). *P < 0.05, ML-SA1 vs.

control. D) Results from qPCR showing expression of enzyme PIKfyve in RPE cells (left) or retina (center) from 16-mo-old

ABCA4~/~ mice as compared with age-matched control mice. *P = 0.023 (n = 3-4). Expression of PIKfyve in ARPE-19 cells
treatment with 10 pM CHQ for 7 d and U18666A for 1 d is increased (right). P = 0.002 (n = 6).
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