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Abstract

The discovery of the TRPML subfamily of ion channels has created an exciting niche in the fields
of membrane trafficking, signal transduction, autophagy, and metal homeostasis. The TRPML
protein subfamily consist three members, TRPMLL1, -2, and -3, which are encoded by MCOLN1,
-2, and -3 genes, respectively. They are non-selective cation channels with six predicted
transmembrane domains, and intracellular amino- and carboxyl-terminus regions. They localize to
the plasma membrane, endosomes, and lysosomes of cells. TRPML1 is associated with the human
lysosomal storage disease known as Mucolipidosis type IV (MLIV), but TRPML2 and TRPML3
have not been linked with a human disease. Although TRPML1 is expressed in many tissues,
TRPML3 is expressed in a varied but limited set of tissues, while TRPML2 has a more limited
expression pattern where it is mostly detected in lymphoid and myeloid tissues. This review
focuses on TRPML2 because it appears to play an important, yet unrecognized role in the immune
system. While the evidence has been mostly indirect, we present and discuss relevant data that
strengthen the connection of TRPML2 with cellular immunity. We also discuss the functional
redundancy between the TRPML proteins, and how such features could be exploited as a potential
therapeutic strategy for MLIV disease. We present evidence that TRPML2 expression may
complement certain phenotypic alterations in MLIV cells, and briefly examine the challenges of
functional complementation. In conclusion, the function of TRPML2 still remains obscure, but
emerging data show that it may serve a critical role in immune cell development and inflammatory
responses.
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Introduction

A subfamily of the transient receptor potential (TRP) superfamily known as the Mucolipins
(TRPMLs) consists three proteins that share high sequence homology with each other,
namely: TRPML1, -2 and -3 (encoded by the MCOLN1, -2 and -3 genes, respectively). The
TRPMLSs are non-selective cation channels that contain a predicted six transmembrane (TM)
domain with cytosolic amino (N)- and carboxyl (C)-termini, as well as a channel pore
located between TM5 and TM6 that is permeable to sodium (Na*) and calcium ions (Ca?*)
[39, 40, 60, 115]. The TRPMLSs exist as homomeric or heteromeric channels [24, 117], and
are believed to play a role in endosome-lysosome fusion, scission of endo-lysosomal hybrid
organelle, autophagy, vacuolar pH regulation, exocytosis, and metal homeostasis [17, 31,
53, 59, 64, 78, 87, 117]. TRPML1 was first identified due to its link with Mucolipidosis type
IV (MLI1V), a lysosomal storage disorder that mainly affects the cells of the brain, the eyes,
and the stomach. TRPML1 (MCOLNL) is widely expressed in many tissues, while TRPML2
(MCOLN?2) is highly expressed in lymphoid, and myeloid tissues [41, 89]. TRPML3
(MCOLNSR) also has a tissue-specific expression, but appears to have a broader mRNA
expression pattern than that of TRPML2. A case in point, TRPML3 expression has been
detected in hair cells and strial cells of the inner ear, olfactory and vomeronasal sensory
neurons [15], cells of the kidney, lung, and thymus, as well as skin melanocytes, and
neonatal intestinal enterocytes [87]. Loss-of-function mutations or deletions in TRPML1
cause the human MLIV disease [7, 10, 100], while gain-of-function mutations in TRPML3
result in the varitint-waddler mouse phenotypes [26]. Interestingly, a recent report showed
that the loss of function mutations in both TRPML1 and TRPML3 produce intestinal
abnormalities and failure to thrive in neonatal mice [87]. So far, TRPMLZ2 has neither been
implicated in any human nor mouse disease phenotype. Despite the scarcity of research in
the field, recent works suggest that TRPML2 may play an important role in the immune
system. Here, we present and discuss relevant information that links immune cell maturation
and function with TRPML2 (MCOLN2) expression. We also discuss the possibility of
exploiting the functional redundancy between the TRPML proteins in the context of MLIV
disease therapeutics. More specifically, we propose that a gene complementation approach
may ameliorate some of the symptoms in MLIV and consider the challenges of using
TRPML2 to functionally substitute for the missing TRPML1 in MLIV-affected cells.

The Transient Receptor Potential Mucolipin (TRPML) lon Channel Subfamily

TRPMLL1 is, by and large, the most studied member of the TRPML protein subfamily,
primarily due to its association with MLIV in which distinct point mutations or deletions in
the MCOLNL1 gene disables its normal function [7, 10, 100]. This autosomal recessive
disorder is clinically manifested by developmental delays, cognitive and motor problems,
insufficient gastric acid production, and progressive visual impairment due to cataract and
retinal degeneration [1]. At the cellular level, MLIV disease is characterized by vacuolar
formation and over-acidified lysosomes [97], as well as accumulation of lipids and proteins
in these structures that vary in composition or feature depending on the specific cell type
analyzed [5, 103]. TRPML.1 is ubiquitously expressed across many tissues [41]. It is an
inwardly-rectifying ion channel that is activated by phosphatidyl-inositol (3,5)-bisphosphate
(PIPy) [29], and is permeable to sodium ions (Na*) as well as many divalent metal ions, but
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not trivalent metal ions [115]. It contains N- and C-termini di-leucine motifs necessary for
lysosomal localization and adaptor protein-2 mediated internalization, respectively [86,
111]. Despite recent identification of several protein interactors for TRPML1 [21, 98, 109,
110], its cellular function remains poorly understood. What appears to be a common
observation is that TRPML1 plays a role in metal ion homeostasis [21, 28, 31, 64],
membrane trafficking [21, 41], and exocytosis of intracellular contents [66, 88] via the
endosomal-lysosomal pathway. Recently, the forced induction of TRPML1 channel activity
through an agonist or synthetic ligand (ML1-SA) has been shown to rescue phenotypes of
various diseased models of Charcot-Marie-Tooth disease Type 4J and human
immunodeficiency virus-induced dementia [6, 118]. Thus, the ability of TRPMLL1 to rescue
disease phenotypes involving lysosomes add to a growing evidence of its importance in
normal lysosomal physiology.

Both the TRPML2 and TRPML3 proteins were discovered using positional cloning during
the search for the varitint-waddler (Va) mutation in mice [26]. While TRPML2 is largely
detected in immune cells, TRPML3 is expressed by a wider variety of cell types of the skin,
vomeronasal organ, as well as auditory and olfactory systems [15, 82]. TRPML3 is also
detected in other tissues such as kidney, thymus, spleen, lung, intestine, and colon [23, 41,
87, 89]. TRPML3 is an inwardly rectifying channel that heteromerizes with other members
of the TRPML subfamily [24] but in a limited manner, since it was reported to only partially
co-localize with its relatives in terms of its presence in the lysosomes and other vesicular
compartments [116]. The TRPML3-associated mouse Va mutation is an alanine to proline
substitution at amino acid (AA) position 419 (TRPML3-A419P) [26], which causes
abnormal coat pigmentation, hearing loss and vestibular dysfunction in mice. This is
because melanocytes that specifically express the TRPML3-A419P protein in their
melanosomes die via a calcium ion (Ca2™) overload [39, 58, 82] possibly due to a
constitutively open and expanded channel pore [60] induced by the proline kink in the TM5
domain of TRPML3-A419P protein (see Ref. [23] for a review). Adding weight to the
proline-induced kink hypothesis is the observation of constitutive channel activity that
results in cytotoxicity when a critical region of the TM5 domain of TRPML1, TRPML2,
TRP Vanilloid 5 (TRPV5), and TRPV6 ion channels is replaced with a proline amino acid
residue [39, 58, 60, 68, 69, 115]. In contrast, genetic approaches to prevent the pore from
opening [23] or from reaching the plasma membrane (PM) by mis-localization [39], as well
as precluding calcium entry via a loss-of-function mutation targeting the acidic residues of
the selectivity filter near the pore [58, 115] have all been successful in rescuing the cell
phenotype of the Va mutation. Interestingly, a spontaneous mutation in the Va mice in which
an isoleucine became substituted by a threonine at position 362 (TRPML3-1362T/A419P)
conferred a milder disease phenotype in the animal that might be due to mis-localization of
the double mutant protein when heterologously expressed in human embryonic kidney
(HEK)-293 cells [39]. It is yet to be shown, however, that such mis-localization of the
TRPML3-1362T/A419P ion channels in vivo is the main reason for the milder Va mouse
phenotype.

TRPML2 appears to be somewhat neglected since it is the least studied TRPML subfamily
member, due in part to its lack of direct link to a disease phenotype. Unlike TRPML1 and
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TRPML3, TRPML2 is also predominantly expressed in lymphoid and myeloid tissues, and
possibly in certain cell types of the kidney [41, 89]. The structural similarities between
TRPML1 and TRPML2 enable the formation of functional heteromeric complexes in the
lysosomal membrane [24], but similar to TRPMLS3, it only partially co-localizes with its
relatives with respect to its distribution in lysosomal and extra-lysosomal compartments
[116]. Calcium imaging and electrophysiological studies of heterologously expressed
TRPML2 mouse homologue containing the Va mutation showed that TRPML1 and
TRPML2 mutant proteins have relatively more similar channel features than TRPML3 (Fig.
1) [89]. Like its relatives, TRPML2 is an inwardly rectifying ion channel [24, 28]. It works
as a Ca%*-permeable cation channel and is regulated by extracytosolic proton (H*), but not
by Ca2* levels [28, 69], or linoleic acid, which is known to activate other TRP channels
[69]. Recent studies, however, show that like TRPML1 and TRPML3, TRPML2 is also
activated by PIP, [29]. Two isoforms of mouse TRPMLZ2 exist, a short variant and a long
variant, but only the short variant shows markedly high expression levels in lymphoid
organs and the kidney [89]. Some expression has also been indicated in the lateral wall of
the cochlea, vestibular sensory cells, and spiral ganglion cells [101]. TRPMLZ2 has been
observed to localize in the long tubular recycling endosome, lysosomes and PM [53, 69,
107]. Meanwhile, the presence of TRPML2 in the PM has been confirmed through
electrophysiological recordings of channel activity in cells following exposure to specific
small molecule agonists such as SF-21 (4-chloro-N-(2-morpholin-4-
ylcyclohexyl)benzenesulfonamide), SF-41 (1-(2,4-dimethylphenyl)-4-piperidin-1-
ylsulfonylpiperazine), and SF-81 (4,6-dimethyl-3-(2-methylphenyl) sulfonyl-1-propan-2-
ylpyridin-2-one) [40, 41]. Additionally, homomeric TRPMLZ2 ion channels within the PM
have unique channel properties that could serve a completely different function than
heteromeric TRPML2-TRPML1 channels possibly be detected in the lysosomes of certain
cells of the immune system [33, 35, 116].

Development and Function of Specific Immune Cells: A Brief Overview

B Cell Lymphocytes

Plasma and memory B cells are essential components of the adaptive immune system. These
cells are heavily regulated and required to pass extensive checkpoints through their
development to differentiate into plasma B cells that are capable of aiding in the destruction
of foreign antigen [79]. B cells are derived from hematopoietic stem cells, and once
committed, the lymphoid precursor cell can enter the different phases in B cell development
that are distinguished by activation of specific transcription factors and expression of protein
markers (e.g. the pre-B cell receptor [BCR]) [2, 18, 25, 77]. Interestingly, B cell Specific
Activator Protein (BSAP, also known as paired box 5 [PAX5]) has been identified as an
essential transcription factor in the maintenance of the B cell lineage [18, 47, 85]. Indeed,
abrogation of BSAP/PAXS5 protein expression during a critical period of differentiation or
upon B cell maturation results in de-differentiation of the mature B cells into pro-B cell
stage with the potential to become T cells [18]. Thus, BSAP/PAXS5 is not only important for
B cell progenitor commitment, but also for the maintenance of B cell identity [47].
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The signaling cascade activated by the pre-BCR is suggested to be identical to the signaling
pathway in BCRs of mature B cells [42, 46]. BCRs are activated upon the binding of foreign
antigen, but at the pre-B cell stage antigen binding to pre-BCR is detrimental, which implies
that the pre-B cells must have other ligands bound to their receptors. Nevertheless, the
binding of the pre-BCR ligand to the receptor leads to the activation of Yamaguchi sarcoma
virus related homolog (LYN) (Fig. 2), a protein tyrosine kinase that phosphorylates the
immunoreceptor tyrosine-based activation motifs (ITAM) found on the Iga and 1gP
heterodimers [46]. The spleen tyrosine kinase (SYK) protein recognizes the phosphorylated
ITAMs that in turn form docking sites where SYK can physically associate with the
scaffolding heterodimers. This interaction causes the auto-phosphorylation of SYK, and the
activated SYK can now phosphorylate other components of the signaling network, such as
the scaffold protein B cell linker (BLNK), which is phosphorylated at multiple tyrosine
residues. Once activated, BLNK forms docking sites for two proteins, namely, Bruton’s
tyrosine kinase (BTK) and phospholipase C gamma 2 (PLCy2). BTK is a non-receptor
tyrosine kinase involved in innate and adaptive immunity [12] in which upon association
with BLNK, becomes phosphorylated by SYK. The close proximity between the BTK and
PLCy2 made possible by the BLNK adaptor protein is necessary for the activation of the
BTK pathway through the phosphorylation of PLCvy2; however, BTK could also be
phosphorylated by LYN while tethered by phosphatidyl-inositol (3,4,5)-trisphosphate (P1P3)
[81]. Hence, in the pre-B cell stage, the activation of the pre-BCR is the critical checkpoint
in B cell maturation, which could follow two separate signaling cascades. The first signaling
event being the activation of phosphoinositide-3-kinase (P13K) pathway, which inhibits
further heavy chain recombination, and the down-regulation of expression of distinct genes
that specify and commit lymphoid progenitors to early B cell progenitors (e.g. Ragl, Rag2,
E2A/TCF3, EBF1, and BSAP/PAX5) [2]. The PI3K activity also initiates the rearrangement
of the light chain while promoting cell proliferation — an essential step in the pre-B cell stage
[46]. The second signaling event is the activation of the BTK pathway, which promotes the
down-regulation of the surrogate light chain, the recombination of the light chain
immunoglobulin gene segments (lgx), and ultimately cell differentiation, which permits the
pre-B cell to enter the next phase in its development — the immature B cell stage [46]. The
immature B cell undergoes negative selection to eradicate self-reactive cells prior to leaving
the bone marrow [84]. Subsequently, once fully mature, the BCR signaling of B cells allows
them to differentiate into plasma cells that play an essential role in adaptive immunity [80].

Mast cells are critical effectors of type | hypersensitivity or allergic reaction [11]. These
cells express the crystallizable fragment-epsilon receptor | (Fc-RI) on their plasma
membrane, and feature a considerable amount of cytoplasmic granules containing histamine,
heparin, and other cytokines necessary for the inflammatory response associated with
allergy [112]. The Fc-eRI protein is a high-affinity receptor of the immunoglobulin type E
(IgE) ligand. IgEs are secreted by plasma cells, whereby exposure to certain types of
allergens causes the production of more IgE molecules. Even though an increase in IgE
secretion could instigate severe allergic reactions, it has been shown that the survival of mast
cells is regulated by IgE interaction with Fc-eRI [4]. Ultimately, the cross-linking of IgE
with the Fc-eRI activates a signaling cascade that subsequently results in the degranulation
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of the mast cell and a targeted cytokine gene expression, leading to acute or chronic
inflammatory response [52].

Dendritic Cells

Dendritic cells (DCs) are professional antigen-presenting cells (APCs) that are crucial in
immune tolerance and maturation of naive T cell lymphocytes through the activation of
pattern recognition receptors such as the toll-like receptors (TLRs) and release of co-
stimulatory molecules like cluster of differentiation (CD)-40, CD80, and CD86 [99]. DCs
are classified into two distinct lineages according to their morphology and cell surface
receptors. Classical or conventional DCs (cDCs) are different from plasmacytoid DC type
(pDCs) in that they have high levels of major histocompatibility complex (MHC)-II
expression and unique cell surface proteins from pDCs [99]. The pDCs have molecular and
morphological characteristics that are similar to lymphocytes, in which they produce high
levels of type-1 interferon (IFN) following virus-mediated TLR activation [74]. In a 2010
study by Condamine and co-workers, rodent transmembrane (TMEM)-176A and
TMEM176B proteins were reported to interact as evidenced by a yeast two-hybrid
interaction assay [20]. They then showed that the mRNA expression levels of TMEM176A
(or TMEM176B) were significantly reduced within 24 hours following maturation of DCs
exposed to lipopolysaccharide (LPS; a TLR4 ligand) or poly-1:C (a TLR3 ligand). In
addition, RNA interference (RNAI)-induced knockdown of TMEM176A (or TMEM176B)
MRNA expression resulted in DC maturation, significant production of co-stimulatory
molecules (CD40 and CD86), and activation of cultured allogeneic T cells. Conversely,
over-expression (OE) of TMEM176A and TMEMZ176B transcripts rendered cells resistant to
maturation by LPS, essentially keeping DCs in an immature state [20]. Thus, these results
suggest that the TMEM176A and TMEM176B proteins play a key role in immune tolerance.
One caveat about these observations is that the study only looked at changes in TMEM176A
(or TMEM176B) mRNA levels and not the protein levels per se. In 2012, our laboratory
confirmed the interaction between TMEM176A and TMEM176B using both biochemical
and microscopy techniques [22]. Moreover, we were able to correlate abnormal
accumulations of human TMEM176A and TMEM176B proteins in lymphoma, further
hinting at a possible role for both proteins in immune cell tolerance, or cancer cell evasion of
the immune system.

Human TMEMZ176A has a predicted four TM domain with extracellular or luminal N- and
C-terminus regions [20]. It is highly expressed in cDCs, but not in pDCs [36]. The protein
was initially discovered based on its elevated expression levels in human liver cancer [113],
and kidney disease [83]. Our laboratory also found that TMEM176A protein levels were
elevated in human lung cancer tissues [22]. Meanwhile, TMEM176B (also known as LR8)
was first identified in human lung fibroblasts [76], and has been shown to be highly
expressed in small cell lung cancer [37]. TMEM176A and TMEM176B have low or
undetectable transcript levels in subsets of B lymphocyte [120]. They share 16% amino acid
sequence similarity and have been classified as members of the membrane-spanning 4-
domain subfamily A (MS4A) proteins [75]. Phylogenetic analyses suggest that the MS4A
and TMEM176 subfamilies are evolutionary linked and are associated with the adaptive
immune system [119]. Noteworthy is that the MS4A family is also related to other Fc-eRI
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receptors [71] such as CD20 (MS4A1; reported to mediate calcium signaling in B-cells [13],
and Fc-eRIp (MS4A2; a signal amplifier of the Fc-eRI tetrameric complex [72]).

Despite genetic [20] and biochemical [22] evidences showing that TMEM176A physically
interacts with TMEM176B, the function of either protein remains poorly understood.
Likewise, it is not clear how the heteromeric interaction between the two proteins modifies
or influences their individual function in cells. Nevertheless, the current knowledge on their
ability to block the maturation of DCs through the inhibition of co-stimulatory molecules
necessary for T cell activation such as CD40, CD80, and CD86 proteins [20], make them
critical players in organ transplantation and tissue tolerance. Thus, based on their
evolutionary relationship with the MS4A/Fc-eRI receptor family, we propose that
TMEM176A and TMEM176B play a role in immune cell tolerance by modulating the
response of APCs to antigens and their maturation, thereby limiting APC interaction with T
lymphocytes and consequently hindering a proper immune response. It would indeed be
very interesting to determine whether TMEM176A and TMEM176B are members of an
immune receptor complex, in which they could possibly serve as a scaffolding function,
mediator of trafficking, or a signal amplifier just like the observed role of Fc-eRIB subunit
following Fc-eRI/IgE engagement [62].

TRPML2 and its Potential Role in Immune Cell Development, Function, and

Signal Transduction Process

TRPML2 and Antigen Processing in Immune Cells

Antigen presentation is a fundamental process of the immune system. APCs are specialized
cells that display MHC-I1 bound antigen on their surface to signal the immune system of
foreign pathogens. Once a foreign antigen is internalized via phagocytosis or receptor-
mediated endocytosis, it is processed by the endosome-lysosome pathway. The lysosome
contains specific pH-dependent enzymes that cleave the antigen into small peptides. The
antigenic peptide is then transferred to the MHC-II protein and the complex exits the
endocytic pathway to allow the antigen to be displayed on the surface of the cell. Thus, the
acidity of the lysosomal compartment plays a pivotal role in the processing and binding of
the antigen to the MHC-II receptor. Subcellular localization analysis of mouse macrophages
has shown that TRPML1 co-localizes with MHC-I1 [104], and by virtue of its heteromeric
interactions with TRPML2 [24, 117], it is quite possible that TRPML?2 also contributes to
MHC-I1l/antigen complex formation. Notwithstanding, TRPML2 has been observed to co-
localize with MHC-I [53], which makes it a potential key player in the recycling of MHC-I
receptor back to the PM, and thus, antigen presentation that warns the immune system of an
infection.

It is worth noting that no observable lysosomal defects in circulating lymphocytes have been
reported from MLIV patients [8], which suggests that TRPML2 might functionally
complement the loss of TRPMLL1 in the specialized compartments of these specific immune
cells. In line with this observation, chicken DT-40 B lymphocytes have an intact and
functional lysosome when TRPML1 expression is knocked out [96]. Song et al., (2006)
were the first to suggest that the lack of MLIV-like disease phenotype in chicken DT-40 B
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lymphocytes knocked out of TRPML1 could be due to the presence and functional
complementation conferred by TRPML2. Indeed, when both TRPML1 and TRPML2 were
then knocked out, an MLIV-like disease phenotype was observed in these DT-40 B
lymphocytes [96]. This finding parallels a similar phenotype defect in cultured HeLa cells
when TRPML2 (or TRPMLZ3) protein was knocked out [116]. Taken together, these data
suggest that a complete loss of TRPML1 and TRPML2 functionality interferes with the
normal physiological function of the lysosomes in cells. Future research on double
knockouts of TRPML1 and TRPML2, or TRPML1 and TRPML3 should reveal whether
phenotypic deficits are evident on the immune system of animals.

Convergence between TRPML2, Toll-like Receptors (TLR), and Interferon (IFN) Function

The TLR family consists ten proteins that specialize in the recognition of microbial and viral
antigenic peptides [9]. When TLRs encounter a foreign antigen, these receptors are activated
and a signaling cascade is initiated that results in the transcription of specific genes involved
in innate and adaptive immunity [114]. TLR3, TLR7, TLR8 and TLR9 are strictly found in
the endosomal-lysosomal membrane and are important in recognition of foreign nucleic acid
[54]. TLR1, TLR2, TLR4, TLRS5 and TLR®6 are found on the plasma membrane, but enter
the endosomal-lysosomal pathway upon receptor activation [9]. Although no evidence yet
has been shown for an involvement of TRPML2 in TLR function, TRPML1 was recently
implicated in immune cell function through TLR7-mediated nucleic acid (single-stranded
RNA) processing and trafficking in the lysosomes of DCs [70].

IFN is part of an antiviral protective response in the immune system. A cell infected with a
virus can warn nearby cells of a possible viral infection by the release of IFN. The binding
of IFN to specific receptors on the cell surface of neighboring cells activates the IFN
signaling network that leads to the expression of interferon-stimulated genes (ISGs), which
inhibit certain cycles of viral replication to protect nearby cells from infection. The
expression of these ISGs is suggested to help limit or abolish viral replication, but this is not
always the case. Schoggins and his colleagues in 2011 identified several 1SGs that actually
enhanced viral replication. Among those genes, the expression of MCOLN2 enhanced viral
replication in human signal transducers and activators of transcription 1 (STAT1)-deficient
fibroblasts that were infected with yellow fever virus (YFV) or Venezuelan equine
encephalitis virus (VEEV). In addition, when MCOLN2 was heterologously co-expressed
with the LY6E gene (another ISG that increases viral replication) the enhancement of viral
replication was even more intensified [92]. Whereas when MCOLNZ2 was heterologously co-
expressed with C6orf150 gene (an ISG identified to thwart viral replication), the inhibitory
gene (C60rf150) prevailed and reduced viral replication [92]. The release of IFN is a defense
mechanism against viral infection, but in this case not all the gene targets of IFN helped
diminish the infection. It would be interesting to know if the ability of TRPML?2 protein to
affect membrane trafficking or vesicle fusion is the mediator of enhanced YFV and VEEV
replication among infected cells.

Pflugers Arch. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cuajungco et al.

Page 9

Regulation of MCOLN2 Gene Expression by the Bruton’s Tyrosine Kinase (BTK) Signaling

Cascade

Patients with X-linked agammaglobulinemia (XLA), suffer from a B cell deficiency even
though they have functional and normal levels of T cells [32]. These patients experience
defective B cell development in which they possess B cells at the pre-B cell stage, but are
unable to produce mature B and plasma cells due to failure in differentiation. XLA patients
are thus susceptible to recurring bouts of infection. The XLA pathology is caused by
mutations in the BTK gene [32, 81]. Interestingly, the murine X-linked immunodeficiency
(Xid) mutation in mice is similar to XLA, but causes a less severe phenotype [56, 57].
Unlike XLA, the Xid mutation yields about half the number of normal circulating B cells
despite also having an abnormal BTK function [57]. Although BTK loss does not affect DC
maturation [34], there have been reports that its loss in XLA impairs TLR activation in DCs
[95, 102]. Nevertheless, the BTK protein is an important factor for normal B cell
differentiation and maturation, and partly crucial in DC function.

The BTK signaling cascade activates several downstream activation pathways (Fig. 2) upon
antigen engagement of the BCR [81], or activation of TLR2, -3, -4, -8 or -9 [30, 38, 50, 67].
It is also activated upon ligation of IgE-allergen complex with the Fc-eRI complex [43]. The
loss of BTK in mice impairs mast cell degranulation, increases serum IgE levels, and
reduces cytokine secretion downstream of Fc-gRI activation [49]. Within the BTK signaling
pathway, activation of protein kinase C (PKC) in turn triggers the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-xB) and nuclear factor of activated T cells (NFAT)
transcription factors to induce gene expression [3]. NF-«xB provides a feedback mechanism
that induces the expression of the BTK gene [81]. Interestingly, MCOLNZ2 is among several
genes targeted by the activation of the BTK pathway [73] and may very well play a role in
the tight regulation of B cell development, since the MCOLN2 mRNA is detectable at
different types of B lymphocyte cell line, as well as in a particular mast cell line [73] (Table
1). The expression of MCOLN2 mRNA was exclusively found in B cell lines expressing a
functional pre-BCR or BCR such as the pre-B cell, mature B cell, or plasma cell stage [73].
Furthermore, Lindvall and colleagues showed that wild-type (WT) whole primary splenic B
cells express MCOLN2 mRNA (Table 2), and that there was a significant increase in
MCOLN?2 expression in these cells upon stimulation with anti-IgM, which activates the
BCR, or with phorbol 12-myristate 13-acetate (PMA) plus ionomycin (compounds that
activate PKC). On the other hand, BTK-defective B cells showed a four-fold decrease in the
amount of MCOLN2 mRNA relative to WT splenic cells [73]. Note, however, that when
BTK-deficient B cells are stimulated with anti-IgM, or PMA plus ionomycin, an up-
regulation of the MCOLNZ2 gene is also detected. Even though both WT and BTK deficient
cells showed an up-regulation of the MCOLN2 mRNA expression, the amount of detectable
transcripts was substantially lower in the BTK-deficient cells. Thus, the crux of the study
illustrates that the disruption of the BTK pathway significantly affects the expression of the
MCOLNZ2 gene. Future research should investigate the relationship and mechanism
underlying BCR activation and TRPML2 protein expression. It would also be interesting to
elucidate whether or not TRPML2 plays a critical role in B cell differentiation using RNAI-
induced knockdown, or clustered regulatory interspersed sequence palindromic repeats
(CRISPR)-Cas9 mediated knockout of MCOLNZ2 gene expression.
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B cell-Specific Activator Protein (BSAP) Activates MCOLN2 Gene Expression

Our research laboratory is especially interested in characterizing the transcriptional
activation and regulation of MCOLN2 and MCOLN3 genes in an effort to better understand
their tissue expression, genomic sequence structure, and therapeutic potential to complement
the non-functional MCOLNL1 gene in MLIV disease. Our analysis of the chromosome 1
region where both MCOLN2 and MCOLNS are located shows that both genes are relatively
very close to each other with predicted CpG islands (Fig. 3A). Note that the physical
location of both genes suggests that they may have been duplicated from unequal crossing
over rather than whole-genome duplications that created most paralogue genes in vertebrates
[33, 35]. We refer the reader to two recent excellent reviews on the evolution of the
TRPMLs, with a particular emphasis on TRPML2 protein [33, 35]. Focusing on MCOLNZ2,
our analysis of its genomic DNA spanning the 5° untranslated region (UTR) and putative
promoter region upstream of the transcriptional start site (TSS) revealed two predicted CpG
islands: a 630 basepair (bp) long sequence located at —963 bp upstream of the TSS, and
1,182 bp long sequence located at —780 bp that also flanks the 5’-UTR, and parts of the gene
(Fig. 3A) [106]. We identified three GC boxes but no TATA box within the putative
promoter region, and our subsequent dual-luciferase reporter assays showed the core
promoter region to be between —79 and —52 bp upstream of the TSS [106]. Using the
JASPAR and TRANSFAC online databases, we narrowed down five transcription factors
(TFs) predicted to bind the DNA sequence spanning =79 and —52 bp, namely, CTCF, KLF4,
MZF1, NF-xB1, and BSAP (also known as PAX5) (Fig. 3B). Real-time reverse-
transcription quantitative polymerase chain reaction (RT-gPCR) and Western blot (WB)
analyses indicated that BSAP/PAX5 increased the endogenous MCOLN2 mRNA and
TRPML2 protein levels, respectively, upon heterologous expression of the TF in HEK-293
cells (Figs. 3C-3E). We therefore conclude that BSAP/PAXS5, the TF responsible for the
commitment and regulation of B cell development [18, 47, 85], is also the protein necessary
for MCOLN2 gene activation [106].

Despite having shown that PAXS5 regulates MCOLN2 gene expression, our experimental
data and bioinformatics analysis of the ENCODE database indicate that CTCF also binds to
the MCOLN2 promoter. Furthermore, heterologous expression of CTCF in HEK-293 cells
also conferred a modest increase in relative MCOLN2 transcript levels [106]. We did not,
however, observe a significant parallel increase in TRPML2 protein levels upon treatment
with CTCF [106]. Therefore, additional work needs to be done to determine if CTCF, in
cooperation with PAX5, may contribute to the regulation of MCOLN2 gene expression.

TRPML2 Involvement in ARF6-dependent Subcellular Sorting Pathway of Specific Cell

Types

The ADP-ribosylation factor (ARF)-6 pathway in cells regulates actin remodeling and the
clathrin-independent endocytic membrane trafficking of specific transmembrane proteins,
and in particular, the recycling of glycosylphosphatidylinositol-anchored proteins (GPI-APs)
[27]. During post-translational modification, the GPI moiety is attached to certain proteins to
anchor them on the PM and facilitate signal transduction processes, cytokine secretion, Ca2*
influx, and intracellular trafficking [16]. The importance of GPI-APs in immune function is
exemplified by the observation that mouse mast cells devoid of a gene necessary for their
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synthesis have disrupted Fc-eRI subunit membrane sorting and defective intra-subunit
interaction, leading to abnormal IgE-induced receptor activation and degranulation [45].
GPI-APs such as CD58, CD59, CD73, LY6, BIG1, and Fc-yRIIIb have been implicated in
immune cell function [16] in which TRPML2 may play some role in their trafficking and
recycling via the ARF6 pathway [53]. Indeed, it was found that heterologously expressed
TRPML2 distributes within long tubular endosomes of HeL a cells and co-localizes with
MHC-I and CD59 proteins [53]. Regulation of CD59 membrane trafficking by TRPML2
[53] is especially important, since CD59 is crucial for the recognition of “self” to prevent an
autoimmune attack [61]. Meanwhile, heterologous over-expression of TRPML2 increases
ARF6 protein activity by seven-fold, and augments CD59 internalization [53]. Conversely, a
dominant-negative double mutation in TRPML2 (D463K/D464K) confers an inhibitory
effect on CD59 recycling [53]. It is important to note that increased ARF6 activity as a
consequence of TRPML2 over-expression also results in enhanced vesicle fusion and
formation of large vesicles in HeLa cells [53], which could explain the increase in CD59
trafficking via the ARF6-dependent pathway in this context. Overall, TRPML2 seems to
play an important function in the activation of ARF6, and thus, the clathrin-independent
internalization of GPI-APs.

TRPML2 in Mast Cell Signaling

The Fc-¢RI consist of a transmembrane alpha (a), a beta (), and two gamma (y) disulfide-
bonded subunits, which exists as either a tetrameric (apyy) or trimeric (ayy) complex [62].
The a subunit has two binding motifs for the IgE antibody. The p subunit is predicted to
have four TM domains, and serves as the stabilizer and signal amplifier. The  subunit also
promotes the trafficking of the Fc-eRI receptor complex. Meanwhile, the v subunit contains
the ITAM and is the signal transducer of the receptor complex [62]. The stimulation of the
trimeric Fc-¢RI receptor complex in mast cells and basophils is central to degranulation and
arachidonic acid synthesis [43, 63]. Specifically, the cross-linking of the IgE/Fc-eRI
receptor complex activates the 3 subunit-associated LYN kinase, which then phosphorylates
the tyrosine residues of the - and y-subunit ITAMs [43]; SYK then recognizes the y-subunit
phosphorylated ITAM and once associated, it auto-phosphorylates itself (Fig. 2). Upon
activation of the Fc-¢RI receptor, BTK becomes membrane-bound [55], where its pleckstrin
homology (PH) domain interacts with PIP3. Similar to the BCR signaling events, BTK
becomes phosphorylated, which then phosphorylates PLCy. Activated PLCy then cleaves
PIP, into inositol trisphosphate (IP3) and diacylglycerol (DAG) (Fig. 2). IP3 travels to the
endoplasmic reticulum and causes the release of intracellular Ca2* stores while DAG
activates PKCp [43]. Ca2* plays a pivotal role in microtubule formation, microfilament
contraction, and together with PKC, it aids in the degranulation of the mast cell (Fig. 2). In
addition, an increase in intracellular Ca2* activates calcineurin (CaN), which in turn
dephosphorylates cytoplasmic NFAT and allows its translocation to the nucleus, where it
regulates the transcription of its target genes. Furthermore, BTK is very important for
cytokine gene expression in mast cells [81] such that murine bone marrow-derived mast
cells knocked out of BTK exhibit defects in degranulation and the production of cytokines
such as tumor necrosis factor alpha (TNF-a) and interleukin 2 (IL-2) [44]. Where might
TRPML2 play a role in the signaling pathway of mast cell activation? We propose that
TRPML2 participates in the release of Ca2* ions that is crucial to: (a) the process of
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degranulation; (b) vesicle fusion; (c) ARF6-dependent trafficking of immune-related GPI-
APs; and quite possibly, (d) the trafficking of activated Fc-eRI/IgE complex. Future research
in this area should specifically determine the effects of knocking down or knocking out the
TRPMLZ2 protein on the internalization of Fc-eRI/IgE complex, degranulation, and cytokine
gene expression.

TRPML2 in Dendritic Cell Signaling via its Interaction with TMEM176A Protein

Our laboratory recently demonstrated that TMEM176A interacts with the TRPML2 ion
channel [21]. The interaction may seem logical considering the two proteins both localize to
the PM and vesicular compartments of the cell [22, 53]. However, it is unclear how and
whether the TMEM176A-TRPMLZ2 interaction actually influences the maturation of DCs.
What appears to be a common denominator from various studies is that the maturation of B
cells and DCs may be dependent on the function of the TRPMLZ2 ion channel. Figure 2
illustrates a convergent pathway where TRPML2 may be crucial in cell surface protein
internalization and recycling, as well as vesicle fusion. Future investigations should focus on
why TRPML2 and TMEM176A interact with each other, and whether TRPML2 plays a role
in the trafficking of TMEM176A. Does TRPML2 through its interaction with TMEM176A
mediate the trafficking of an immune receptor complex, which is similar to the role of Fc-
eRIP subunit [62]? Is TRPML2 necessary for the internalization of TMEM176A or the
receptor complex it may be associated with? These are some of the questions that need to be
answered to fully understand the functional relevance of TRPML2 and TMEM176A
interaction. Another point of interest is to determine whether TRPML2 also interacts with
TMEM176B, since TMEM176A and TMEM176B interact with one another.

Exploiting the Functional Redundancy or Similarity Between the TRPML

Proteins as a Potential Therapy for MLIV

Previous studies have suggested a functional redundancy between the TRPML subfamily. A
study by Song and colleagues (2006) revealed that disrupting the function of TRPML2 or
TRPML1 protein by addition of a green fluorescent protein (GFP) at the C-terminus
(TRPML2-GFP or TRPML1-GFP, respectively) resulted in an enlargement of cellular
lysosomes in DT-40 B-lymphocytes and HEK-293 cells [96], much like the MLIV disease
phenotype. Furthermore, TRPML2-GFP or TRPML1-GFP expression resulted in the
disruption of cellular transport in B-lymphocytes. Specifically, endocytosed BCRs were
delivered to the MLIV-like enlarged lysosomes, further demonstrating a role for the two
TRPMLs in the regulation of cellular transport to the lysosomal compartments of B cells
[96]. Additionally, the study found that simply knocking down TRPML1 expression alone
did not induce an MLIV-like phenotype [96]. Both TRPML1 and TRPML2 were found to
localize to the lysosomes of B-lymphocytes, upon which the authors hypothesized that the
overlapping function of TRPML2 could compensate for the loss of TRPML1 and thus, the
ensuing lack of MLIV-like phenotype. Another study by Zeevi et al. (2009) demonstrated
that knock down of TRPML2 or TRPML3 in HeLa cells also produce the characteristic
MLIV phenotype of vacuole formation and enlargement of lysosomes [116], suggesting a
common function for the TRPMLs in lysosomal regulation. Furthermore, genetic
complementation of C. elegans Cup-5~/~ gene knockout (the MCOLN1 gene orthologue)
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using either human TRPML1 or TRPML3 confers phenotypic rescue [105], which suggests
that the TRPMLSs across species have a similar or overlapping function. Finally, a more
compelling evidence for functional redundancy between the TRPMLS is the recent
observation that neonatal mouse enterocytes knocked out of both Mcolnl and Mcoln3 genes
develop vacuoles that result in growth delay from birth up until weaning [87].

We and others have successfully recapitulated MLIV phenotype in several types of cultured
cells using RNAI [19, 31, 64, 116]. Recently, RNAi-mediated knock down (KD) of
TRPMLL1 in cultured retinal pigmented epithelial (RPE) cells have been found to mimic
mitochondrial dysfunction [19] that is typically observed in MLIV cells [51]. TRPML1-KD
also yields oxidative stress in cells [19, 108], which could possibly be explained by recent
observations of intracellular zinc [21, 31, 64] and iron dyshomeostasis in MLIV-affected
cells [28]. Noteworthy is that zinc accumulation, much like iron accumulation, is known to
disrupt mitochondrial function, which subsequently produces reactive oxygen species (ROS)
[93, 94]. In their report, Coblentz et al. (2014) found that transient iron exposure of
TRPML1-KD RPE cells results in lipid peroxidation and loss of mitochondrial membrane
permeability through increased production of ROS. The increase of ROS was mitigated by
the addition of a-Tocopherol (vitamin E, a ROS scavenger) [19]. These observations
suggest that the underlying pathology in MLIV maybe partly or wholly caused by metal
dyshomeostasis and oxidative stress.

Recall that MLIV patients exhibit abnormally low gastric acid production [1], and that
oxidative stress is a cellular characteristic typically seen in tissues or cells of several MLIV
disease paradigms [19, 108]. Using these two disease markers, we explored the potential of
TRPML2 to alter their manifestation in a cell culture model of MLIV. We obtained HGT-1
cells stably expressing a short-hairpin RNA that knocks down TRPML1 expression (a kind
gift of Dr. Ehud Goldin, NIH/NHGRI). The HGT-1 cell line is ideal to model the MLIV
disease because it exhibits many characteristics found in primary parietal cells such as the
presence of omeprazole-inhibited H*/K*-ATPase, calcium-activated potassium channels,
cAMP-activated chloride channels, histamine receptors, and protein transporters involved in
acid secretion [14, 65, 90, 91]. Indeed, cultured HGT-1 cells secrete gastric acid in its milieu
upon exposure to histamine and/or 3-isobutyl-1-methylxanthine (IBMX, a
phosphodiesterase inhibitor) [14]. To confirm the effect of RNAI, we used Western blot
analysis and confirmed a modest reduction of TRPML1 protein levels in TRPML1-KD
HGT-1 cells compared with WT (Fig. 4A). To test the possibility that TRPML2 OE could
influence the secretion of gastric acid in HGT-1 cells, or in this case, the effect of TRPML1
protein reduction on HGT-1 cells ability to secrete gastric acid (which have been reported to
be abnormally low in MLIV patients), we heterologously expressed TRPML?2 in both WT
and TRPML1-KD HGT-1 cells. Using the membrane impermeant pH-sensitive fluorescent
dye, 8-hydroxypyrene-1,3,6-trisulphonic acid trisodium salt (HPTS), we analyzed gastric
acid secretion in both WT and TRPML1-KD HGT-1 cells after three hours of exposure to
histamine plus IBMX. We found that TRPML2 OE significantly increased acid secretion not
only in TRPML1-KD, but also in WT HGT-1 cells when compared with untreated and
negative controls (Fig. 4B). With respect to oxidative stress caused by elevated ROS
production (a cell physiological marker that has been reported in cell culture models of
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MLIV disease), we observed that TRPML2 OE significantly reduced ROS production in
TRPML1-KD HGT-1 cells compared to controls using the CellRox Orange fluorescent dye
(Fig. 4C). Note, however, that our data indicate that the RNAi-induced reduction of
TRPMLL protein levels was not sufficient to either markedly reduce the levels of acid
secretion or the concomitant increase in ROS production in TRPML1-KD HGT-1 cells.
These observations convey to us that RNAI, at least for the TRPML1-KD HGT-1 cells used
in our study, might not be a reliable cell culture model of MLIV disease. We thus propose
the use of CRISPR-Cas9 technique to knock out TRPML.1 as the best cell culture paradigm
owing to its effectiveness and low cost. Overall, the results of our pilot study indicate that
TRPML2 could have a therapeutic potential to reverse certain disease phenotypes in MLIV
cells by reducing oxidative stress and increasing the production and secretion of gastric acid.

Challenges to Gene Therapy or Functional Complementation Approach for

MLIV

Gene correction therapy works by substituting a mutant nucleotide with the WT sequence.
This current mainstream approach uses viral vectors such as adeno-associated virus (AAV)
to deliver the therapy, but it has had many setbacks in the past due to potential complications
or immunogenic reactions in patients. Should gene correction or replacement therapy be
used for MLIV, it needs to be performed very early in life (or ideally in utero), because the
malady is congenital and begins even before the patient is born. The cost of developing such
therapy is less conducive for many pharmaceutical industries because MLIV is a rare disease
with less than 100 patients worldwide. The CRISPR-Cas9 technique may be a cost-effective
gene therapeutic option for MLIV disease; however, experts in the field have recently
advocated for a moratorium in research using human germ line cells (eggs, sperms, and
zygotes) until it is proven to be an efficient and safe technique [48]. Since no treatment
exists to alleviate symptoms or even cure MLIV, a potential therapeutic approach that our
laboratory is focusing on is to exploit the functional redundancy between the TRPML
proteins. The use of TRPML2 or TRPML3 to functionally complement the loss of TRPML1
is a proof-of-principle approach that could accomplish what gene correction therapy could
not do. One advantage of gene complementation is that endogenous MCOLN?2 and -3 genes
are present in every cell and it is just a matter of activating the expression of one or both
genes. Herein lies the challenge: How could we induce the expression of MCOLN?2 or -3
gene if they are barely detected or completely absent in brain cells? Despite knowing the
transcription factor for MCOLN2, would heterologous expression of PAX5 be sufficient to
induce TRPML2 expression in MLIV-affected brain cells? What potential side effects might
PAXS5 give when over-expressed in brain cells? On the other hand, would screening for and
identifying a drug compound that specifically expresses endogenous TRPML2 or -3 protein
be sufficient to functionally complement the missing TRPML1 in MLIV-affected brain
tissue? If such a drug were identified, how would the drug be administered? How could
potential side effects of this drug be prevented or minimized? These are just a few questions
that need to be addressed before any possible pre-clinical studies on gene complementation
could be done using the existing MLIV mouse model. Clearly, more research is needed to
determine if gene complementation is a viable option for children and young adults suffering
from a devastating genetic disease like MLIV.

Pflugers Arch. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cuajungco et al. Page 15

Concluding Remarks

In this review, we have highlighted several significant studies on TRPML2, discussed its
possible links to immune cell processes, and underscored its apparently crucial role in
normal immune function. Yet, due to the limited amount of research conducted on
TRPML2, many questions remain unanswered, and as of today, the cellular roles of
TRPML2 and its two subfamily members, remains poorly understood. Despite this, recent
evidence suggests that TRPML2 is essential in endosome-lysosome interaction, the
recycling of GPI-APs, and possibly the trafficking of immune-associated proteins such as
MHC-I, TLRs, and Fc-eRI to name a few. In addition to its possible role in adaptive
immunity through proper B cell differentiation and maturation, TRPML2 may also be
involved in type | hypersensitivity. While many aspects of the function of TRPML2 remain
to be revealed, future research will undoubtedly shed light on its importance in cells and
perhaps even unlock its potential to complement for the functional loss of TRPML1 protein
in MLIV disease.
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Figure 1. Constitutive activity of TRPML varitint-waddler (Va) mutant isoforms
(A) Protein sequence alignment of the inner half of TM5 of human and mouse TRPML

channels. Conserved amino-acid residues are highlighted in black. Arrow indicates position
of the varitint-waddler mutation A419P in TRPML3 and equivalent positions in TRPML1
and TRPML2. (B) Ca%*-imaging experiments showing intracellular Ca?* levels of HEK-293
cells expressing either wild-type (WT) mouse TRPML1, TRPML2Iv (long variant),
TRPML2sv (short variant), or TRPML3, and TRPML mutant isoforms TRPML1-V432P,
TRPML2Iv-A424P, TRPML2sv-A396P, and TRPML3-A419P. The TRPML1 and TRPML2
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mutant isoforms contain a proline substitution on TM5 that is equivalent to A419P of the
varitint-waddler mutant of TRPML3. All experiments were performed 15-20 hours after
transfection. Mean values £ SEM, n = number in parenthesis. (C) Steady-state current-
voltage plots of constitutively active whole-cell currents elicited by TRPML1-V432P,
TRPML2sv-A396P, TRPML2Iv-A424P as well as TRPML3-A419P mutant compared to
their respective WT isoforms in response to 10 ms voltage steps from a holding potential
(Hp) of +10 mV between —200 mV and +100 mV in 20 mV incremental steps, normalized
by cell capacitance (pF). (D) and (E) Average inward current densities of the TRPML-Va
mutant and WT isoforms shown in C tested at -80 mV and —200 mV shown in D and E,
respectively. All values were normalized by cell capacitance (pF). Mean values + SEM, n =
numbers in parenthesis. Reprinted with permission from Ref. [89]: Samie et al., (2009),
Pflugers Archiv — European Journal of Physiology, 459, 79-91. Copyright 2009 Springer-
Verlag.
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Figure 2. Convergent signaling pathways of specificimmune cellsimplicatearolefor TRPML2
ion channel in trafficking and signal transduction

For simplicity, only the most relevant proteins in the signal transduction pathways are
shown on this illustration. Proteins that are associated with TRPML2 (MCOLN2) expression
are in bold text. In this model, TRPML2 has been shown to play a role in the ARF6-
dependent trafficking of GPI-APs, and we propose that it serves an important function in the
internalization of cell surface receptors in mast cells and B cells such as the Fc-eR1 and pre-
BCR/BCR, respectively. Finally, the interaction of TRPML2 with TMEM176A could
potentially influence the maturation and activation of dendritic cells.
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Figure 3. Identification of the promoter region and transcription factor responsible for MCOLN2

gene activation

A) Schematic diagram of Chromosome 1 showing the position and orientation of MCOLN2
and MCOLNS3 genes. A predicted CpG island 951 bp in length is shown for MCOLNS3, while
two predicted CpG islands 1,182 bp and 630 bp in lengths are shown for MCOLN2. B) A
map of the core promoter region of MCOLN?2 illustrating the putative binding sites of five
immune-related transcription factors (CTCF, MZF1, KLF4, NF-xB and PAX5) identified by
cross-referencing the JASPAR and TRANSFAC databases. C) Real-time RT-gPCR analysis
of HEK-293 cells transiently transfected with the corresponding TF proteins. Endogenous
MCOLN2 mRNA levels were quantified 48 hours post-transfection. The RT-gPCR data
were analyzed using 18S rRNA as the normalizer, while the untreated control was used as
the calibrator (value = 1). ***p-value < 0.001; ANOVA followed by Bonferroni’s multiple
comparison post-hoc test, n > 3 independent trials. D) Representative WB image of
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endogenous TRPML2 protein expression upon transient transfection of candidate TFs. The
top panel is TRPML2 blotted with anti-TRPML2 polyclonal antibody (pAb). The lower
panel is the loading control taken from the same blot where the bands in each individual lane
represented non-specific binding of the anti-TRPML2 pAb. E) Semi-quantitative analysis of
endogenous TRPML2 protein bands upon heterologous expression of candidate TF proteins
using IDV analysis (NIH ImageJ). PAX5 significantly increased the TRPML2 protein levels
compared with control and other transcription factors. ***p-value < 0.001; ANOVA
followed by Bonferroni’s multiple comparison post-hoc test, n > 3 independent trials.
Reprinted with permission from Ref. [106]: Valadez and Cuajungco (2015), Gene, 555,
194-202. Copyright 2015 Elsevier.

Pflugers Arch. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Cuajungco et al.

Page 28

A HGT-1 cells

65kDa - | —— —— | TRPML1

42 kDa - —— — B.ACT'N

B _. B Wild-type HGT1 + Histamine
) 150+ *kk 5 &
- I I [ TRPML1-KD HGT1 + Histamine
[

S 1004
e
(%)
=
T
© 504
o
Q
DA S A
O
o“‘é <§0 J'o
(¢ & N
(] E© Q_Q
> ) A
\@q @&Q
Treatment

c _ Bl Wild-type HGT1
2 L ' = I ] TRPML1-KD HGT1
(3

s il
S 4000
et
o
=
T
© 2000
[«
»
g
0" \| T
& o Y
¢ o N
2 $° &
> Q <
S Q
& &
Treatment

Figure 4. Heterologous expression of TRPML2 in wild type HGT-1 cellsand TRPML 1 knocked
down HGT-1 cells

(A) Representative image of WB illustrating TRPML1 protein expression levels in HGT-1
WT cells and HGT-1 cells knocked down of TRPML1 (TRPML1-KD). The blot was probed
with human anti-TRPML1 monoclonal antibody (mAb) and anti-B-ACTIN pAb, and
visualized using a LICOR Sa™ infrared imaging scanner. (B) Relative acid production
between WT and TRPML1-KD HGT-1 cells with or without heterologously over-expressed
TRPML2 (TRPML2 OE). The cells were plated in triplicate wells, transfected with
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TRPML2, and cultured for 48 hours. The cells were then incubated with 100 uM histamine
and 100 uM IBMX for 3 hours, washed with phosphate-buffered saline (PBS), incubated
with HPTS for 1 hour, and then assayed for relative fluorescence. Data shown were obtained
at 450 nm excitation wavelength (emission at 510 nm wavelength), since the fluorescence
excitation at 405 nm produced saturation due to continued acid secretion in the culture
media. ***p-value < 0.001, ANOVA followed by Dunnett’s multiple comparison post-hoc
test (n = 3 independent trials). (C) Relative ROS production between WT and TRPML1-KD
HGT-1 cells in the presence or absence of TRPML2 OE. The cells were plated in triplicate
wells, transfected with TRPML2, and cultured for 48 hours. The cells were then incubated
with 5 UM CellRox Orange, washed with PBS, and assayed for relative fluorescence. ***p-
value < 0.001, ANOVA followed by Dunnett’s multiple comparison post-hoc test (n =3
independent trials).
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Table 1
MCOLN2 mRNA expression levelsin mouse hematopoietic cell lines

Adapted from Lindvall et al., 2005 [73].

Cdll line TRPML2 Expression

A20 (Mature B-cells) ++

Yac-1 (T-cells) -

NIH 3T3 (Fibroblast) -

N2A (Neuroblastoma) -

5T33 (Myeloma) +++
EL-4 (T-cell) +++
P815 (Mastocytoma) +

Negative control -

+++, High levels; ++, Intermediate levels; +, Low levels; — not detected
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Table 2
MCOLN2 mRNA expression levelsin wild-type and BTK -defective mice

Adapted from Lindvall et al., 2005 [73].

Cell type Unstimulated ~ Anti-lgM  PMA + [onomycin
Primary splenic B cells (Wild-type CBA mouse) ++ +++ +++
Primary splenic B-cells (BTK-defective mouse) + ++ +++

Negative control - - -

+++, High levels; ++, Intermediate levels; +, Low levels; — Not detected
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