ESMO iMMEND-ONCOLOGY

Annual Congress

GENEVA SWITZERLAND
7-9 DECEMBER 2022

o eJournal of Novel Role of TRPML2 in the Regulation of
“ID Immunolo gy the Innate Immune Response

Lu Sun, Yinan Hua, Silvia Vergarajauregui, Heba I. Diab

.. . and Rosa Puertollano
This information is current as

of August 9, 2022. J Immunol 2015; 195:4922-4932; Prepublished online 2
October 2015;
doi: 10.4049/jimmunol.1500163
http://www.jimmunol.org/content/195/10/4922

Supplementary http://www.jimmunol.org/content/suppl/2015/10/02/jimmunol.150016
Material 3.DCSupplemental

References This article cites 42 articles, 14 of which you can access for free at:
http://www.jimmunol.org/content/195/10/4922.full#ref-list-1

Why The JI? Submit online.
* Rapid Reviews! 30 days* from submission to initial decision
* No Triage! Every submission reviewed by practicing scientists

* Fast Publication! 4 weeks from acceptance to publication

*average

Subscription  Information about subscribing to The Journal of Immunology is online at:
http://jimmunol.org/subscription

Permissions  Submit copyright permission requests at:
http://www.aai.org/About/Publications/JI/copyright.html

Email Alerts Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/alerts

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,

1451 Rockville Pike, Suite 650, Rockville, MD 20852

All rights reserved.

Print ISSN: 0022-1767 Online ISSN: 1550-6606.

220 ‘6 1sn3ny uo 1song £q /310 jounwail mmm//:dny woij papeoiumo(


http://www.jimmunol.org/cgi/adclick/?ad=56819&adclick=true&url=https%3A%2F%2Fwww.esmo.org%2Fmeetings%2Fesmo-immuno-oncology-congress-2022%2Fabstracts%3Futm_source%3DJournal-Immunology%26utm_medium%3Dbanner%26utm_campaign%3DESMO-WW-MKTG-Abstract-ESMOImmun
http://www.jimmunol.org/content/195/10/4922
http://www.jimmunol.org/content/suppl/2015/10/02/jimmunol.1500163.DCSupplemental
http://www.jimmunol.org/content/suppl/2015/10/02/jimmunol.1500163.DCSupplemental
http://www.jimmunol.org/content/195/10/4922.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/

The Journal of Immunology

Novel Role of TRPML?2 in the Regulation of the Innate
Immune Response

Lu Sun,' Yinan Hua,' Silvia Vergarajauregui, Heba I. Diab, and Rosa Puertollano

TRPMLs (or mucolipins) constitute a family of endosomal cation channels with homology to the transient receptor potential
superfamily. In mammals, the TRPML family includes three members: TRPML1-3. Although TRPML1 and TRPML3 have been
well characterized, the cellular function of TRPML2 has remained elusive. To address TRPML2 function in a physiologically
relevant cell type, we first analyzed TRPML2 expression in different mouse tissues and organs and found that it was predom-
inantly expressed in lymphoid organs and kidney. Quantitative RT-PCR revealed tight regulation of TRPML2 at the transcrip-
tional level. Although TRPML2 expression was negligible in resting macrophages, TRPML2 mRNA and protein levels
dramatically increased in response to TLR activation both in vitro and in vivo. Conversely, TRPML1 and TRPML3 levels did
not change upon TLR activation. Immunofluorescence analysis demonstrated that endogenous TRPML2 primarily localized to
recycling endosomes both in culture and primary cells, in contrast with TRPML1 and TRPML3, which distribute to the late and
early endosomal pathway, respectively. To better understand the in vivo function of TRPML2, we generated a TRPML2-knockout
mouse. We found that the production of several chemokines, in particular CCL2, was severely reduced in TRPML2-knockout
mice. Furthermore, TRPML2-knockout mice displayed impaired recruitment of peripheral macrophages in response to i.p.
injections of LPS or live bacteria, suggesting a potential defect in the immune response. Overall, our study reveals interesting
differences in the regulation and distribution of the members of the TRPML family and identifies a novel role for TRPML2 in the

innate immune response. The Journal of Immunology, 2015, 195: 4922-4932.

a large family of cation channels involved in a variety of

physiological functions, particularly sensory signaling (1,
2). TRPs share a common topology of six-membrane-spanning
helices with both the N- and C-terminal tails oriented toward
the cytosol and the pore located between transmembrane segments
five and six. The TRP superfamily is divided into seven sub-
families, one being the mucolipin subfamily (also known as
TRPML) (3, 4). In mammals, the TRPML family includes three
members (TRPML1, TRPML?2, and TRPML3) that share ~75%
amino acid similarity.

Mutations in TRPML1 cause mucolipidosis type IV (5-7), an
autosomal recessive disease characterized by mental and psy-
chomotor retardation, diminished muscle tone (hypotonia), de-
creased gastric acid (achlorhydria), and visual problems, includ-
ing corneal clouding, retinal degeneration, sensitivity to light,
and strabismus (8-12). Meanwhile, a gain-of-function mutation in
TRPML3 results in the murine varitint-waddler phenotype, which

T ransient receptor potential (TRP) channels constitute
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is characterized by hearing loss, vestibular dysfunction (circling
behavior, head bobbing, waddling), and coat color dilution (13). In
contrast, no clinically significant mutation in TRPML2 has been
reported.

TRPMLs display some unique properties. Although most
TRPs function at the cell surface, responding to changes in the
extracellular environment, TRPMLs localize to endo/lysosomal
organelles. Specifically, TRPMLI localizes primarily to late
endosomes/lysosomes (14-16). Several groups suggested that
TRPML1-mediated release of intralysosomal calcium is critical
in regulating lysosomal fusion with different intraorganellar com-
partments, including autophagosomes (17), phagosomes (18), and
the plasma membrane (19, 20). TRPML1 also was implicated in
lysosomal acidification (21), lysosomal iron release (22), and zinc
homeostasis (23). In contrast to the ubiquitous distribution of
TRPMLI, high levels of TRPML3 expression appear to be re-
stricted to specific cell types, including melanocytes, hair cells of
the inner ear, and neonatal enterocytes (24, 25). TRPML3 dis-
tributes at the plasma membrane, as well as the earlier compart-
ments of the endocytic pathway (early and late endosomes) (26,
27). Overexpression of TRPML3 causes severe alterations in
the endosomal pathway, including enlargement and clustering of
endosomes, delayed epidermal growth factor receptor degradation,
and impaired autophagosome maturation (26, 27). In addition, in-
hibition of TRPML3 function results in increased accumulation of
endosomal luminal calcium, impaired endosomal acidification, and
aberrant endosome fusion (28).

Although the channel properties and function of TRPMLI1 and
TRPML3 are well established, those of TRPML?2 are far less
characterized. Work in drosophila S2 cells revealed that the
TRPML2 channel displays nonselective cation permeability,
which is Ca** permeable and inhibited by low extracytosolic pH
(29). Also, quantitative RT-PCR analysis showed that TRPML?2
mRNA is expressed at a very low level in most organs, with the
exception of thymus, spleen, and, to a lesser degree, kidney (30).
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The lack of reliable Abs against endogenous TRPML2 has com-
plicated the study of the intracellular distribution of this pro-
tein. Our group reported that heterologously expressed TRPML?2
mainly localized to Arf6-regulated recycling endosomes in HelLa
cells (31). Moreover, expression of a TRPML2 dominant-negative
mutant significantly impaired the recycling of internalized GPI-
anchored proteins back to the plasma membrane (31).

In this study, we sought to better understand the physiological
function of TRPML?2 in vivo. We first analyzed the expression of
TRPML?2 in different tissues and cell types and found that the levels
of TRPML2 are dramatically upregulated in macrophages upon TLR
activation. Generation of a TRPML2-knockout (KO) mouse con-
firmed a novel role for TRPML2 in the innate immune response.

Materials and Methods

Mice and tissue preparation

C57BL/6, C57BL/6-Cre mice were purchased from The Jackson Laboratory
(Bar Harbor, ME). To generate TRPML2-KO mice, we purchased mouse
embryonic stem (ES) cells containing the Trpmi2™ ¢KOMPIWII 4jje]e
(clone EPD0300_5_B06) from the University of California, Davis
Knockout Mouse Project Repository. This nonconditional potential allele
has a trapping cassette SA-Bgeo-pA (splice acceptor—3-geo—polyA) flanked
by flippase recombinase target FRT sites upstream of exon 4, resulting in
truncation of the endogenous transcript and, thus, creating a constitutive
null mutation. The cassette also tags the gene with a lacZ reporter. The
FRT flanked region is followed by a promoter-driven neo cassette that is
floxed by two loxP sites and can be further removed by the Cre recom-
binase to achieve a clean KO. The ES cells were injected into C57BL/6
blastocysts. These blastocysts were then implanted into the uterus of
Swiss-Webster female mice to complete the pregnancy. Chimeric mice
were born and crossed with B6 albino for offspring that are all black.
These black mice are heterozygous and inbred to produce TRPML2-KO
mice.

Mice were genotyped by long-range PCR following the protocol of
International Knockout Mouse Consortium project 37138 (http://www.
mousephenotype.org/martsearch_ikmc_project/martsearch/ikmc_project/
37138). The two primer pairs used were LAR3 5'-CAC AAC GGG TTC
TTC TGT TAG TCC-3' and GF3 5'-CTC TGA GTT CGT AAG CGA GCG
AGC-3'; and RAF5 5'-CAC ACC TCC CCC TGA ACC TGA AAC-3' and
GR3 5'-GAA GAG AGC ATC AGA ATA CTT GGA CAA CAG-3'. After
successful identification of TRPML2-KO mice, the colony was maintained
by genotyping using the following primer mix for PCR: FRT-F 5'-GTA
TAG GAA CTT CGT CGA GAT AAC-3’, M2-5F 5'-CTC AGT GAA CCA
AGG AAG GAG AGG-3', and M2-3R 5'-CTC ATA TGT GGT CCC TTG
GCT CTT-3'.

Trpmi2 foxfr-neo/flox-fitneo 1yio0 were crossed with EIIA-Cre mice (The
Jackson Laboratory) to facilitate an in vivo neo deletion that generated
final clean 7rpmi2-KO mice. The neo cassette—deleted mice were geno-
typed by two primer pairs: 5'-CAC TTG CTG ATG CGG TGC TGA TTA
C-3" and 5'-GAC ACC AGA CCA ACT GGT AAT GGT AG-3', and, M2-
5F5'-CTC AGT GAA CCA AGG AAG GAG AGG-3' and M2-3R 5'-CTC
ATA TGT GGT CCC TTG GCT CTT-3’. TRPML2 KOs were confirmed
by quantitative RT-PCR with mouse TRPML2 probes (QT00133434)
(QIAGEN, Valencia, CA) to detect TRPML2 mRNA expression.

All of the mice were bred and/or maintained in the National Heart,
Lung, and Blood Institute (NHLBI) specific pathogen—free animal facility.
Experiments were performed when mice were 8 to 14 wk of age under
protocols approved by the NHLBI Animal Care and Use Committee.

Macrophage stimulation in vivo and in vitro

LPS from Escherichia coli 0127:B8 was obtained from Sigma (St. Louis,
MO; cat. no. L3129) and dissolved in saline solution at 100 ng/pl. The
LPS solution was sterilized and injected i.p. at a dose of 0.5 pg/g of body
weight. At the indicated times, peritoneal cells were harvested by rinsing
the peritoneal cavity with 6 ml HBSS. After washing, cells were stained
for FACS experiments or lysed for mRNA and protein assessments.

For in vivo macrophage activation with live bacteria, enterotoxigenic
Escherichia coli (ETEC) strain H10407 was purchased from the American
Type Culture Collection (Manassas, VA; ATCC 35401) and grown over-
night in Luria—Bertani (LB) broth at 37-C. Bacteria were pelleted, washed
twice in sterile PBS, diluted to 200 wl sterile PBS containing 5 X 107
CFU, and injected i.p. into wild-type (WT) and TRPML2-KO mice. The
actual CFU was confirmed by a serial dilution test on an LB agar plate.
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RAW 264.7 cells were cultured in DMEM plus 10% FBS. MH-S cells
were cultured in RPMI 1640 with 10% FBS. At the indicated times, cultured
cells were stimulated with 1 pg/ml LPS or 0.2 pg/ml R848 (Enzo Life
Sciences, Farmingdale, NY).

Cell culture and in vitro differentiation

To obtain bone marrow (BM)—derived macrophages (BMDM:s), BM cells
were isolated from femurs and tibias of 8-wk-old female mice. Suspended
BM cells were cultured in BM-differentiation medium: RPMI 1640 sup-
plemented with 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin,
2 mM L-glutamine, and 40 ng/ml recombinant murine M-CSF (PeproTech,
Rocky Hill, NJ). Cells were seeded in non-tissue culture—treated Petri
dishes (BD351029) and incubated at 37°C in a 5% CO, atmosphere. Four
days after seeding, fresh BM-differentiation medium was added to each
plate, and cells were incubated for an additional 3 d. To isolate BMDMs,
supernatants were discarded, and attached cells were washed with sterile
HBSS. Macrophages were detached by adding 2 ml cell stripper (Invi-
trogen) and incubated at 37°C for 5 min.

Alveolar macrophages were obtained by digesting isolated mouse lung
tissue with Liberase (0.14 U/ml; Roche) at 37°C for 60 min. After digestion,
separated cells were washed with RPMI 1640 with 20% FBS and plated
onto 10-cm culture dishes (BD350003) with 20 ml RPMI 1640 containing
20% FBS for 7 d. Medium was changed on day 2. The alveolar macro-
phages were loosely attached on fibroblast cells and harvested by pipetting
with a 1-ml tip.

Microglia cells were extracted from P1 mouse brains. Every four dis-
sected cortices were placed in 15-ml conical tubes with 10 ml ice-cold
HBSS for 30 min. After aspirating HBSS, brains were triturated and
digested with 4 ml trypsin/EDTA at 37°C for 15 min. The enzymatic di-
gestion was stopped by adding 4 ml complete microglial media (DMEM
with 10% FBS, 0.08% gentamicin). The cells were centrifuged at 1500 rpm
for 5 min, resuspended in 10 ml microglial complete media, and plated on
a 10-cm tissue culture dish coated with poly-p-lysine. Medium was changed
on day 3, and cells were harvested on day 10.

RAW 264.7 cells (ATCC) were maintained in DMEM plus 10% FBS.
They were split every 3 d. MH-S cells (ATCC) were cultured in RPMI
1640 with 10% FBS. Passage procedure was identical to that of RAW
264.7 cells. All cell lines were incubated at physiologic levels (37°C,
5% COy).

Adenovirus

Adenovirus expressing mouse TRPML2 was prepared, amplified, and
purified by Welgen.

Flow cytometry

Cell suspensions were preincubated with an Ab specific for mouse FeyII/IIT
(2.4G2; Harlan) for 10 min on ice. Cells were stained on ice for 15 min
with a mixture of fixable viability dye (eBioscience, San Diego, CA) and
with fluorochrome-conjugated mAbs against several surface markers, in-
cluding CD11b (M1/70), F4/80 (BM8), CD80 (16-10A1), MHC class I
(AF6-88.5.5.3), Ly-6G (Gr-1), and CD16/CD32 (eBioscience, San Diego,
CA). Flow cytometry data were collected with an LSR II flow cytometer
system (BD Biosciences, San Jose, CA), and the results were analyzed
using FlowJo software (TreeStar). Peritoneal macrophages were recog-
nized as double positive for CD11b and F4/80. Based on fluorescence
intensity, these macrophages included two populations: the resident mac-
rophages (bright for both CD11b and F4/80) and recruited macrophages
(dim for the same markers). Peritoneal neutrophils were recognized as
double positive for Ly-6G and CD16.

RNA isolation and quantitative RT-PCR

RNA was isolated from cells using the PureLink Total RNA Purification
System (Invitrogen, Carlsbad, CA), following the manufacturer’s recom-
mendations. RNA yield was quantified by measuring the OD at 260 and
280 nm using an Eppendorf BioPhotometer. One microgram RNA was
reverse transcribed in a 20-pl reaction using oligo(dT)20 and SuperScript
IIT First-Strand Synthesis System (Invitrogen), following the manu-
facturer’s recommendations. PCR was performed using 5 pl SYBR
GreenER qPCR SuperMix (Invitrogen), 2 wl cDNA, 1 pl gene-specific
primer mix (QuantiTect primer Assays; QIAGEN), and 2 pl water, for
a total reaction volume of 10 pl. Quantification of gene expression was
performed using the 7900HT Fast Real-Time PCR System (Applied Bio-
systems, Carlsbad, CA). The thermal profile of the reaction was 50°C for
2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s followed by 60°C
for 1 min. All samples were run in triplicates. Amplification of the se-
quence of interest was compared with a reference probe (mouse B-actin,
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QTO01136772) and normalized against a standard curve of cell line mRNA.
The 7900HT Fast Real-Time PCR System Software was used for data
analyses (Applied Biosystems).

Western blotting

Lysates were collected by resuspending cells in lysis buffer (25 mm HEPES-
KOH [pH 7.4], 250 mm NaCl, 1% Triton X-100 (w/v) supplemented
with protease inhibitor mixture), passing them through a 25-gauge needle,
and collecting soluble fractions after centrifugation. Samples were analyzed
by SDS-PAGE (4-20% gradient gels) under reducing conditions and trans-
ferred to nitrocellulose. Membranes were immunoblotted using the indi-
cated Abs. HRP chemiluminescence was developed using Western Lightning
Chemiluminescence Reagent Plus (PerkinElmer Life Sciences, Bridgeville,
PA).

TRPML2 Ab was generated by injecting GST-N terminal TRPML2
(39 aa) fusion protein into rabbits (Pierce, Rockford, IL) and purified from
day-72 bleeding serum. The DNA sequence coding the mouse TRPML?2
N-terminal 39 aa was amplified by PCR. The primers used were 5'-AAT
AAT GGA TCC TCA TGC CCG GAG ACG AG-3' and 5'-ATT ATG
CGG CCG CTC ACT CTT CCC TCA CCT C-3'. The PCR was digested
by restriction enzyme and inserted into a PGEX-5X1 vector BamHI/NotI
site. The plasmid construct was transfected into Rosetta 2 (Millipore,
Billerica, MA)—competent cells, and GST fusion protein was induced by

TRPML2 REGULATES MACROPHAGE FUNCTION

100 pM IPTG at 30°C overnight. The GST-N terminal TRPML2 was
purified using Glutathione Sepharose beads (GE Healthcare, Milwaukee,
WI) and injected into rabbits. The rabbit serum was sequentially purified
by Affi-Gel 10 columns preconjugated with GST and GST-TRPML2
proteins (Bio-Rad, Hercules, CA). Mouse anti-actin was purchased from
BD Biosciences.

Confocal microscopy

Macrophages attached to coverslips were fixed in 4% paraformaldehyde and
permeabilized with 0.2% Triton X-100 at room temperature for 10 min.
Coverslips were then incubated with specific primary Abs diluted in im-
munostaining solution (0.1% saponin, 1% FBS in PBS) for 1 h at room
temperature, followed by incubation with a fluorophore-conjugated sec-
ondary Ab for 30 min at room temperature. Mouse TRPML2 was stained
with rabbit polyclonal anti-TRPML?2 primary Ab, followed by Alexa Fluor
488- or Alexa Fluor 568-labeled Goat anti-Rabbit IgG (Molecular Probes,
Eugene, OR). Transferrin receptor was recognized by mouse anti-TfR Ab
(clone H68.4; Invitrogen; cat. no. 13-6800), followed by Alexa Fluor
488— or Alexa Fluor 568-labeled goat anti-mouse IgG. LAMP1 was
stained first with Rat anti-Mouse LAMP1 (1D4B; Developmental Studies
Hybridoma Bank, Iowa City, IA), followed by Alexa Fluor 488-labeled
Donkey anti-Rat IgG. Giantin polyclonal Ab was from Covance (PRB-
114C), and CCL2 mouse mAb (clone 2D8) was from EMD Millipore
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(MABNT712). Images were acquired by confocal microscopy (LSM 510
META; Zeiss) with a 63X Plan Apochromat objective lens (NA 1.4).

Macrophage infection and CFU assay

Mycobacterium smegmatis [strain ATCC 700084/ mc(2)155] was grown in
Middlebrook 7H9 medium enriched with 10% (v/v) albumin/dextrose/
catalase (American Type Culture Collection) for liquid growth. Equal
numbers of lung macrophages from WT and TRPML2-KO mice were
plated in 24-well plates and infected with M. smegmatis. Following in-
fection for 1 h, cells were washed with PBS and lysed with sterilized water.
A total of 100 wl lysate was grown in LB broth. The broth was then
subjected to 10-fold serial dilutions, inoculated on agar plates, and incu-
bated at 37°C. The number of colonies was counted (CFU) at the indicated
time.

Cytokine array panel

Cultured BMDMs from WT and TRPML2-KO mice were left untreated
or incubated with LPS for 24 h. Cell culture supernatants were collected
and centrifuged to remove particulates. A total of 100 wl supernatant was
assayed immediately. To collect cell lysates, BMDMs were solubilized in
lysis buffer (1% IGEPAL CA-631, 20 mM Tris-HCI [pH 8], 137 mM NaCl,
10% glycerol, 2 mM EDTA, and protease inhibitor) at 4°C for 30 min;
25 wl cell lysate was used for the assay. Cytokine levels in BMDM super-
natants and lysates were assessed using the Proteome Profiler Mouse
Cytokine Array kit, Panel A (R&D Systems, Minneapolis, MN).

A

FRT
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Measurement of CCL2 content in BMDM culture supernatants
by ELISA

Cell culture supernatants from WT or TRPML2 '~ BMDMs were col-
lected, and CCL2 was measured using an ELISA kit (R&D Systems;
MIJEQ00), per the manufacturer’s instructions. Cell culture supernatants
were diluted five times for the assay, and 50 pl diluted supernatant was
assessed.

Statistics

Groups were compared with Prism 6 software (GraphPad) using a two-
tailed unpaired Student 7 test or two-way ANOVA. Data are mean = SEM.
The p values < 0.05 were considered significant.

Results

TRPML2 mRNA levels are upregulated in macrophages upon
TLR activation

To better understand TRPML2 function in a physiologically relevant
cell type, we analyzed TRPML2 expression in a series of mouse
tissues and organs by quantitative RT-PCR. In agreement with
previous studies, we found that TRPML2 mRNA is predominantly
expressed in lymphoid and kidney organs (Fig. 1A). Notably,
TRPML?2 expression was tightly regulated at the transcriptional

loxP FRT loxP

(123} lacz }p{ neo Hi)-I»—{a}-{5¢] (8}—{9}—0—i11]

FRT

(123 tacz_p—{aj~{5 16 78— 9101

FIGURE 2. Generation of TRPML2-KO mice.
(A) Schematic representation of Cre-loxP—medi-
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and a floxed promoter-driven neo cassette inserted

into the intron of the MCOLN2 gene, thereby dis-

rupting gene function. By crossing with the EIIA-
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was deleted. (B) BMDMs extracted from WT and
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for 24 h. TRPML2 protein levels were assessed by

Western blotting using rabbit anti-TRPML2 Ab.

The results shown are representative of three in- C
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mass for TRPML2 is ~65 kDa (arrow). TRPML2
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a loading control. ***p < 0.0001.
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RAW 264.7 LPS 24h

Ad-TRPML2

FIGURE 3. Intracellular distribution of
TRPML2 in RAW 264.7 and BMDMs. (A and
B) RAW 264.7 cells were infected with Ad-

“Transfetrin receptor

TRPML2 and stimulated with LPS (1 pg/ml)
or R848 (200 ng/ml) for 24 h. Cells were per-
meabilized and immunostained with TRPML2
and TfR Abs and analyzed by confocal fluores-
cence microscopy. Yellow indicates colocaliza-
tion between TRPML2 (green) and TfR (red).
Images are representative of three independent
experiments. Insets show a four-fold magnifica-
tion of the indicated region. Scale bars, 10 wm.
(C) WT and TRPML?2 KO BMDMs were treated
with R848 for 24 h. Endogenous TRPML?2 ex-
pression was assessed using our TRPML2 Ab.
Scale bar, 10 wm. Images are representative of
three independent experiments.

Ad-TRPML2

BMDM WT BMDM KO

Non treated

TRPML2

level. Although TRPML?2 was present at very low levels in resting
RAW 264.7 macrophages, its expression increased >20-fold in
response to LPS, an activator of TLR4 (Fig. 1B). In contrast, the
mRNA levels of TRPML1 and TRPML3 did not change upon LPS
stimulation (Fig. 1C).

TLRs are a family of membrane-spanning innate immune
receptors that recognize ligands derived from bacteria, fungi,
viruses, and parasites (32, 33). Activation of TLRs leads to a va-
riety of downstream signals that are critical for proper immune
response. To confirm upregulation of TRPML?2 in response to
TLR activation in primary cells, we isolated microglia cells from
mice and treated them with a panel of TLR activators, including
LPS (TLR4), loxoribine (TLR7), R848 (TLR7 and TLRS8), and
zymosan A (TLR2). In all cases, we observed an increase in the
levels of TRPML2 upon TLR activation, as assessed by quanti-
tative RT-PCR (Fig. 1D).

We then evaluated the differential expression of TRPML2 in
response to various incubation times with TLR activators. This
detailed kinetic analysis revealed that TRPML2 was significantly
upregulated within the first 6 h of activation (Fig. 1E, 1H). In RAW
264.7 cells, TRPML2 levels reached a maximum expression 24 h
after activation with either LPS or R848 and then progressively
decreased back to basal levels ~72 h after activation (Fig. 1E). In
contrast, maximum levels of TRPML2 mRNA expression were
achieved 6 h after stimulation in a cell line of alveolar macro-

R848 24h R848 24h

phages (MH-S) (Fig. 1F), as well as in primary BMDMs (Fig. 1G)
and primary lung macrophages (Fig. 1H). Overall, these results
show a very pronounced transcriptional upregulation of TRPML2
upon macrophage activation in both culture and primary cells.

Generation of TRPML2-KO mice

To characterize the role of TRPML2 in vivo, we generated
TRPML2-KO mice. TRPML2-null mice were derived from an ES
cell clonal cell line obtained from the Knockout Mouse Project
Repository. The ES cell line contains a gene-trap cassette inserted
between exons 3 and 4 of the mouse MCOLN?2 gene that results in
an early truncation of the protein (Fig. 2A). Targeted disruption
of TRPML2 was confirmed by quantitative RT-PCR. As seen in
Fig. 2B, treatment of BMDMs with LPS for 6 h induced consid-
erable TRPML2 expression, whereas no TRPML2 mRNA was
detected in BMDM s derived from TRPML2 '~ mice.

To further corroborate the absence of the TRPML2 protein in our
KO mice, we generated a new Ab capable of detecting endogenous
levels of TRPML2. In agreement with our quantitative RT-PCR
analysis, we found that the levels of TRPML2 protein were al-
most negligible in resting BMDMs but were dramatically increased
upon BMDM activation with LPS (Fig. 2C). The predicted mo-
lecular mass of mouse TRPML?2 is 65 kDa. However, our Ab
detected a much higher molecular mass band in activated mac-
rophages. Several studies reported that heterologously expressed
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Microglia LPS 24h

TRPML2,

FIGURE 4. Endogenous TRPML2 localizes
to recycling endosomes in activated microglia
and alveolar macrophages. (A) LPS increases
TRPML2 protein levels in primary mouse
microglia. Primary microglia cells isolated B
from WT mice were treated with LPS (1 pg/ml)
for 24 h. Cells were permeabilized and immu-
nostained with TRPML2 (green) and TfR (red)
Abs. Insets show a 4-fold magnification of the
indicated region. Scale bars, 10 wm. Images
are representative of three independent experi-
ments. (B) Cultured primary lung cells were
stimulated with R848 (200 ng/ml) for 24 h.
TRPML2 expression was detected in alveolar
macrophages (CD11b*) but not in fibroblasts
(*). Scale bar, 20 pm. (C) Cultured lung cells D

TRPML2

Transferrin receptor

Mouse Lung Cells
C 1 cdi1b ()
Bl cd11b(+)

Cd11b-PE

TRPML2 mRNA

non

Alveolar Macrophages R848 24h

were treated with R848 (200 ng/ml) or LPS
(1 pg/ml) for 10 h and sorted based on CD11b
level. (D) Alveolar macrophages were treated
with R848 (200 ng/ml) for 24 h and immu-
nostained with TRPML2 (red) and TfR or
LAMP1 (green) Abs. Yellow indicates coloc-
alization between TRPML2 and TfR (upper
right panel) or TRPML2 and LAMPI1 (lower
right panel). Insets show a 4-fold magnification
of the indicated region. Scale bars, 10 pm.
Images are representative of three independent
experiments.

TRPML2 has the ability to form homomultimers, as well as het-
eromultimers, with other members of the TRPML family (34).
Our results confirm that endogenous TRPML?2 predominantly
forms multimers in relevant cell types. As shown in Fig. 2C, there
was a complete absence of TRPML?2 protein in BMDMs isolated
from KO mice both in resting and activation conditions.

To further confirm the specificity of our Ab, we infected ARPE-
19 cells with control adenovirus or adenovirus encoding untagged
mouse TRPML2 (Ad-TRPML2). As expected, our Ab detected
TRPML?2 monomers and oligomers in cells expressing Ad-TRPML?2
but not in cells infected with control adenovirus (Supplemental
Fig. 1A).

TRPML?2 localizes to recycling endosomes in activated
macrophages and microglia

To better characterize TRPML?2, we next analyzed the intracel-
lular distribution of TRPML2 in macrophages. Expression of Ad-
TRPML2 in resting or LPS-activated RAW 264.7 cells revealed
that recombinant TRPML2 localized to vesicular structures dis-
persed throughout the cytoplasm (Fig. 3A, Supplemental Fig. 1B).
Interestingly, we observed a majority of TRPML2" structures

costained with the transferrin receptor (TfR), a marker of recycling
endosomes (Fig. 3A, Supplemental Fig. 1B). Similar results were
observed when RAW cells were activated with R848 (Fig. 3B).
To confirm the upregulation of endogenous TRPML2 in acti-
vated primary macrophages, BMDMs were incubated with R848

Table I.  Analysis of kidney function in WT and TRPML2-KO mice

TRPML2 "~
WT (n=11) (n=11)
Blood urea nitrogen 2802 *= 231 2705 = 225.6

(mg/dl)

Ca®* (mg/dl) 5.882 = 0.7883 6.355 = 0.3457

Creatinine (mg/dl) 572 = 4.114 50.82 + 4.091
Glucose (mg/dl) 49.36 = 2.068 48.27 = 2.446
Mg?* (mg/dl) 59.78 *= 4.336 5741 * 4.825
Phosphorus (mg/dl) 292.5 = 26.21 238.6 £ 20.92
K* (nmol/l) 184.8 = 15.81 182.5 = 16.71
Na* (nmol/1) 110 = 7.395 117 = 7.469

Urine samples were collected from 3-mo-old female mice for urine panel anal-
ysis. WT (n = 11) and KO (n = 11) mouse were kept in metabolic cages for 24 h for
urine collection. Data shown are mean = SEM.
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for 24 h. Treated cells were clearly stained by our anti-TRPML2
Ab, whereas no labeling was observed in untreated cells. We did not
detect any positive staining in BMDMs derived from TRPML2 ™/~
mice after treatment with R848, thus validating the specificity of
our Ab (Fig. 30).

Next, we aimed to corroborate the recycling endosome dis-
tribution of endogenous TRPML2 in other primary cell types. As
seen in Fig. 4A, endogenous TRPML?2 was detected in primary
microglia when cells were treated with LPS for 24 h. Similar to
RAW cells, TRPML2 localized to TfR* organelles. Secondly, we
isolated lung tissue from WT mice. These samples included of
a mix of alveolar macrophages and fibroblasts. Treatment with
LPS led to TRPML2 upregulation in alveolar macrophages
(CD117" cells) but not in fibroblasts (CD11"~ cells), as analyzed
by immunofluorescence (Fig. 4B) and quantitative RT-PCR
(Fig. 4C). Lastly, upregulation of TRPML2 was also observed
in alveolar macrophages in response to R848 (Fig. 4C, 4D). The
majority of TRPML?2 vesicles colocalized with TfR (Fig. 4D).
However, no colocalization with the lysosomal marker LAMP1
was observed (Fig. 4D). It is important to note that TfR cycles
between recycling endosomes and the plasma membrane. There-
fore, in some cells it is not unusual to find this protein both
in recycling endosomes (bigger in size and concentrated in the
perinuclear area) and early endosomes (smaller in size and dis-
tributed more toward the periphery of the cell). As seen in
Fig. 4D, TRPML2 colocalizes with TfR almost exclusively in

TRPML2 REGULATES MACROPHAGE FUNCTION

perinuclear endosomes. Altogether, our data show that TRPML?2
colocalizes to recycling endosomes in activated macrophages
and microglia.

Characterization of TRPML2-KO mice

TRPML2-KO mice were obtained with a Mendelian frequency,
were fertile, and had no apparent abnormalities by 20 mo of age
compared with their WT counterparts. To assess growth, body
weight (n = 8 for each genotype) was measured at regular intervals
in both males and females for a period of 20 wk and then again at
78 wk. The body weight of TRPML2 /™ mice was not different
from that of control mice (Supplemental Fig. 2).

At 3 and 18 mo of age, control and TRPML2 ™'~ mice were
compared using several tests designed to assess muscle, cerebellar,
sensory, and neuropsychiatric function. These included SHIRPA
(SmithKline Beecham, Harwell, Imperial College, Royal London
Hospital, phenotype assessment), open field test, gait analysis,
grip strength and rotarod, and modified Morris water test. No
significant differences were observed between control and KO
mice (data not shown).

Because of the relatively high levels of expression of TRPML?2
in kidney (Fig. 1A), control and KO mice were placed in metabolic
cages, and renal function was assessed. Table I summarizes the
metabolic cage data obtained and shows that there were no sig-
nificant differences in baseline values for the examined parameters
between WT and TRPML2-KO mice.

A BMDM + M smegmatis B BMDM + M smegmatis
T 5 (] wild type 100007 (] wild type
g = [ TRPML2 -/- ] B TRPML2 -/-
E 4 10004

FIGURE 5. M. smegmatis degradation in al- o

veolar macrophages does not require TRPML2. o [ ]

(A) M. smegmatis infection induced TRPML2 :’ E 100

mRNA levels in BMDMs derived from WT b4 " o

mice. Equal numbers of macrophages from E

WT and TRPML2-KO mice were plated and o~ 103

infected with the same amount of M. smegmatis. E' " ﬂ

Cells were collected at the indicated time points, o |_|
£ ool Lam .

and TRPML2 mRNA was measured by RT-PCR.
(B) The efficiency of WT and TRPML2-
KO BMDMs with regard to the elimination
of engulfed M. smegmatis was measured as
CFU. Cultured BMDMs were infected with

non 1lh

@)

Time post-infection

T T T 1 T T
4h 7h 24h 1h 4h 9h 24h

Time post-infection

M. smegmatis at a 1:100 ratio (multiplicity of
infection = 100). Infected macrophages were
lysed at the indicated time points. Cell lysates
were resuspended in 800 wl of LB broth and
subjected to serial dilution. Ten microliters of
each dilution was plated on LB agar plates.
After overnight incubation, the numbers of
bacterial colonies were counted. (C) Infected
alveolar macrophages were fixed and stained
with LAMP1 Ab (green) and DAPI (blue).
The insets show tubular lysosomes surround-
ing M. smegmatis in WT (upper panels) and
KO (lower panels) macrophages. Insets show
a 4-fold magnification of the indicated region.
Scale bars, 5 wm. Images are representative of
three independent experiments.

Alveolar macrophages + M smegmatis
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Altered chemokine secretion in TRPML2 ™™ mice

The strong transcriptional upregulation of TRPML?2 in activated
macrophages suggests that TRPML2 might have an important role
in the regulation of macrophage activation or function. To address
this possibility, BMDMs from control and TRPML2 '~ mice were
treated with LPS for different periods of time. No significant dif-
ference in the surface levels of F4/80, CD80, or MHC class I was
observed between control and TRPML2 '~ cells, suggesting that
TRPML2 is not required for the trafficking of these proteins to the
plasma membrane (Supplemental Fig. 3).

It was reported that CG8743, the homolog of TRPMLs in
Drosophila melanogaster, plays a role in restricting growth of
M. smegmatis in S2 cells, likely by facilitating delivery of
the bacteria to lysosomes and subsequent degradation (35).
Therefore, we checked whether TRPML2 might play an anal-
ogous role to CG8743 in mouse macrophages. Infection of
BMDMs isolated from control mice with M. smegmatis sub-
stantially induced TRPML2 expression that was maximal at 4 h
postinfection (Fig. 5A). This suggested that TRPML2 upregu-
lation occurs not only in response to purified TLR ligands but
also to live bacteria. However, when analyzed by CFU, there
was no difference in bacterial uptake or growth between control
and TRPML2 ™'~ cells; and, most bacteria were degraded after
24 h (Fig. 5B). Moreover, we observed M. smegmatis deliv-
ery to lysosomes in alveolar macrophages isolated from both
control and KO mice (Fig. 5C). Therefore, it is possible that
another member of the TRPML family, most likely TRPML1,

4929

accounts for the degradation defect reported in drosophila S2
cells (18).

To better understand the potential role of TRPML2 in the im-
mune response, we measured cytokine and chemokine production
using commercially available Ab arrays. BMDMs isolated from
WT or TRPML2 ™'~ mice were treated with LPS for 24 h. Cell
lysates were collected and incubated with nitrocellulose mem-
branes in which Abs for 40 cytokines and chemokines had been
spotted (cytokine array panels). Interestingly, we found that the
levels of specific chemokines (CCL3, CCLS5, and CXCL2), as well
as the intracellular adhesion molecule-1 (or CD54), were reduced
in samples obtained from TRPML2-KO animals (Fig. 6A). This
reduction was very consistent when the experiments were repeated
using different pairs of WT and KO animals (Fig. 6B). In addition,
we performed a time-course analysis of LPS activation and found
that the amount of secreted CCL2 (measured by ELISA) was sig-
nificantly decreased in TRPML2 ™'~ cell culture supernatants at
all time points (Fig. 6C). Similar results were obtained by incu-
bating cell supernatants from LPS-treated WT and TRPML2 '~
BMDMs with cytokine array panels (Fig. 6D). The reduction in the
levels of specific chemokines was not the result of failed induc-
tion, because the transcriptional upregulation of CCLS, CCL3, and
CCL2 was not significantly different between WT and TRPML2 '~
mice following LPS treatment (Supplemental Fig. 4).

These results suggest that TRPML2 might play a role in the
regulation of trafficking and/or secretion. In agreement with this
idea, we found increased accumulation of CCL2 in the Golgi of

A B
FIGURE 6. Chemokine secretion i "TRPML2-/-
! ! ion is reduced BMDM LPS 24h w 80
in TRPML2-KO mice. (A) BMDMs from WT T
and TRPML2-KO mice were treated with LPS - IR — b E & 60 ol
for 24 h. Cell lysates were extracted and ana- Wild type = (s [ssf=4-« ]CD54 T * *k
lyzed using the Proteome Profiler Mouse Cy- hod JccLs :—: H 40 *k
tokine Array (R&D Systems). Blots are 5o e [ICXCL2 g k] 20
representative of three independent experi- TRPML2 -/- E“EEI [JccLs g 2
ments. (B) Spot intensities from the blots in (A) - O o 0
were quantified using Imagel. Data are per- CD54 CCL3 CXCL2 CCL5
centage change (mean = SEM) in lysate cyto-
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ments. *p < 0.01, **p < 0.001, Student ¢ test. 9 =5 ETRPML2-/- * _ 100 ;
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percentage change (mean = SEM) in serum
cytokine levels in TRPML2-KO mice com- E
pared with WT mice of three independent
experiments. ***p = 0.0005, Student ¢ test. (E)
BMDMs isolated from WT and TRPML2-KO
mice were treated with LPS (1 pg/ml) for 24 h.
Cells were permeabilized and immunostained
with CCL2 (red) and giantin (green) Abs. Scale
bar, 10 wm. Images are representative of three
independent experiments. (F) Colocalization
between CCL2 and giantin in LPS-treated WT
(n = 154) and TRPML2™'~ (n = 169) BMDMs
was quantified using the Pearson coefficient.
***p = 0.005.
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FIGURE 7. Macrophage migration is impaired in A

TRPML2 REGULATES MACROPHAGE FUNCTION

+ PBS 8h + LPS 8h

KO WT KO

TRPML2-KO mice. (A) Flow cytometric analysis of
CD11b*F4/80°7 " (indicative of resident macrophages)
and CD11b"F4/80%™ (indicative of recruited macro-
phages) peritoneal macrophages isolated from perito-
neal fluid of WT and TRPML2-KO mice injected with
saline or LPS for 8 h. Numbers represent the percent-
age of CD11b*F4/80%™ cells among CD11b* cells. (B)

F4/80

Fa/gobright

Fa/godim | |

Percentage of CD11b*F4/80%™ cells from WT and
TRPML2-KO mice injected with saline or LPS (0.5 pg/g)
for 4 or 8 h. Data are mean * SD of at least three 501
independent experiments (LPS 4 h: n =4, LPS 8 h: n =
16, saline: n = 11). *p < 0.05, ***p < 0.0005, two-way
ANOVA. (C) Percentage of neutrophils (Ly6G*CD16"
cells) from WT and TRPML2-KO mice injected with
saline or LPS (0.5 pg/g) for 8 h. Data are mean = SD
of three independent experiments (LPS 8 h: n = 7, sa-
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isolated from WT mice that were injected with saline or
LPS. Error bars represent SEM (LPS: n = 13, saline: D
n = 7). ¥*p < 0.0001, two-tailed unpaired Student ¢
test. (E) TRPML2 protein levels in peritoneal mac-
rophages extracted from WT and KO mouse were
assessed by Western blot. The predicted molecular
mass for TRPML?2 is ~65 kDa (arrow). TRPML2
oligomers run above the 180-kDa marker. The single
asterisk indicates an unspecific band recognized by our
Ab. Actin (42 kDa) was used as a loading control. The o
image shown is a representative from three independent
experiments. (F) Percentage of CD11b*F4/80%™ cells
from WT and TRPML2-KO mice injected with saline
or live ETEC (strain H10407) (5 X 10’ CFU) for 8 h.
Data are mean = SD of two independent experiments
(E. coli: n =5, saline: n = 3). ***p < 0.0005, two-way
ANOVA. (G) Percentage of Ly6G'CD16" cells from
WT and TRPML2-KO mice injected with saline or live
ETEC (strain H10407) (5 X 107 CFU) for 8 h. Data are
mean * SD of two independent experiments (E. coli:
n =5, saline: n = 3). ***p < 0.0005, two-way ANOVA.
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LPS-treated TRPML2 '~ BMDMs compared with WT cells
(Fig. 6E). Analysis of >150 randomly selected cells using the
Pearson coefficient revealed that the increased colocalization of
CCL2 with the Golgi marker Giantin observed in TRPML2 ™/~
cells was statistically significant (Fig. 6F). Altogether, our data
revealed that trafficking of specific chemokines is significantly
altered in TRPML2 '~ macrophages.

In vivo migration of macrophages is impaired in the absence of
TRPML?2

Chemokines, in particular CCL2, play a critical role in promoting
infiltration and migration of monocytes and macrophages to the
sites of inflammation (36). To determine whether the migration
of macrophages was altered in TRPML2-KO mice, we evaluated
in vivo recruitment of peripheral macrophages in response to i.p.
injections of LPS. Eight hours after LPS injection, cells were
collected from the peritoneum and labeled for the macrophage
marker F4/80. F4/80" cells were separated into two populations,
dim and bright, which were shown to be indicative of recruited
and resident macrophages, respectively (Fig. 7A) (37). Notably,
macrophage recruitment in response to LPS was markedly re-
duced in TRPML2-KO mice (Fig. 7B). In contrast, the number of
resident macrophages was comparable between control and KO
mice (data not shown). Migration of neutrophils to the intraperi-
toneal space was also significantly decreased in TRPML2 ™/~

E. Coli (8h) Control E. Coli (8h)

animals (Fig. 7C). Measurement of TRPML2 mRNA and pro-
tein levels in peritoneal macrophages confirmed upregulation of
TRPML2 in response to LPS in vivo (Fig. 7D, 7E).

To further confirm the physiological relevance of our observa-
tions, we injected mice i.p. with live ETEC strain H10407 and
measured migration of macrophages and neutrophils into the i.p.
space at 8 h after the administration of the live bacteria. As ex-
pected, we found a very significant delay in both macrophage and
neutrophil migration in TRPML2 '~ animals (Fig. 7F, 7G). Al-
together, out data reveal a novel role for TRPML2 in the regula-
tion of the innate immune response.

Discussion

To our knowledge, this is the first description of a role for
TRPML2 in the immune response. TRPML2 mRNA and protein
levels were dramatically upregulated in culture and primary
macrophages upon TLR activation. The increased expression of
TRPML2 upon activation of different TLRs indicates that it might
participate in the host defense against different types of microbial
pathogens, including bacteria (recognized by TLR4) and viruses
(recognized by TLR7 and TLRS). Recent evidence suggests that
the expression of other TRPMLs may also be regulated at the
transcriptional level. TRPMLI is upregulated following activation
of transcription factor EB (TFEB) and transcription factor E3
(TFE3) (38, 39). TFEB and TFE3 translocate to the nucleus upon
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nutrient deprivation and induce the expression of a complex gene
network, leading to autophagy activation and lysosomal biogen-
esis (40). It was proposed that the increased levels of TRPMLI in
response to TFEB/TFE3 activation are critical in facilitating fu-
sion of autophagosomes with lysosomes and, in some cases, may
also mediate fusion of lysosomes with the plasma membrane (20).
Likewise, TRPML3 is highly expressed in neonatal enterocytes,
where it plays an important role in the digestion of maternal-
provided nutrients by regulating fusion/fission events between
late endosomes/lysosomes, whereas it is absent in mature intes-
tinal enterocytes (25).

Most studies addressing the intracellular distribution of TRPMLSs
relied upon overexpression of recombinant proteins. The low
TRPML expression in basal conditions may explain the difficulty
of generating Abs capable of detecting endogenous protein levels.
Our results suggest that visualization of endogenous TRPMLs
may require analyzing specific cell types or activation conditions.
For example, we described earlier that heterologously expressed
TRPML2 localized primarily to recycling endosomes in HelLa
cells. However, under these conditions, some TRPML2" staining
was also observed at the plasma membrane and lysosomes. The
extensive colocalization with TfR reveals that, at least in activated
macrophages and microglia, endogenous TRPML2 distributes
almost exclusively to recycling endosomes. In addition, it was
suggested that TRPML1 and TRPML3, both of which localize to
early/late endosomal compartments, might be redundant in some
cell types (25). The distinct distribution of TRPML2 in recycling
endosomes argues against a possible redundancy between TRPML2
and the other members of the TRPML family.

Work from several laboratories supports the concept that
TRPMLs function as calcium release channels that regulate fu-
sion of endosomal organelles with different cellular compartments.
In agreement with this idea, we described earlier that, in HeLa
cells, TRPML2 facilitates trafficking of certain proteins along the
recycling pathway (31). Therefore, we propose that increased
expression of TRPML2 in activated macrophages might lead to
more dynamic vesicular carriers, thus increasing membrane fusion
and enhancing protein recycling and/or secretion. Accordingly,
we found increased intracellular accumulation and reduced se-
cretion of CCL2 in BMDMs isolated from TRPML2-KO mice.
Chemokine/cytokine secretion does not follow a unique trafficking
pathway, but rather could involve multiple pathways and organ-
elles depending on whether they get delivered locally or whether
the release is more multidirectional on the cell surface. For ex-
ample, in macrophages, IL-6 and TNF reside in distinct non-
overlapping areas of recycling endosomes, suggesting that this
compartment may function as a sorting hub for local secretion
of cytokines (41). Moreover, in mast cells, CCL2 secretion is
inhibited by inactivation of syntaxin 6, a +-SNARE required for
fusion of vesicular carriers arriving from the trans-Golgi network
to recycling endosomes (42). Therefore, TRPML2 could facilitate
fusion of recycling endosomes with either trans-Golgi network—
derived carriers or plasma membrane, thus promoting secretion of
specific chemokines/cytokines.

It is well established that CCL2 promotes attraction of im-
mune cells to the sites of inflammation. Although we cannot rule
out additional defects in TRPML2 ™'~ macrophages, the reduced
levels of CCL2 and other migratory chemokines are consistent
with the decreased numbers of recruited macrophages observed
in vivo. In fact, mice deficient in CCL2 receptor show delayed
recruitment of F4/80%“™ macrophages to the lungs upon Myco-
bacterium tuberculosis infection (37). Future studies should ad-
dress the susceptibility of TRPML2-KO mice to M. tuberculosis
and other pathogens.
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In summary, our work reveals a novel and exciting role for
TRPML2 in the regulation of the innate immune response. It also
suggests that cells may regulate expression of TRPMLSs in re-
sponse to specific stimuli as a way to enhance specific trafficking
pathways.
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