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A B S T R A C T

Background: The endolysosomal, non-selective cation channels, two-pore channels (TPCs) and mucolipins
(TRPMLs), regulate intracellular membrane dynamics and autophagy. While partially compensatory for each
other, isoform-specific intracellular distribution, cell-type expression patterns, and regulatory mechanisms
suggest different channel isoforms confer distinct properties to the cell.
Scope of review: Briefly, established TPC/TRPML functions and interaction partners (‘interactomes’) are dis-
cussed. Novel TRPML3 interactors are shown, and a meta-analysis of experimentally obtained channel inter-
actomes conducted. Accordingly, interactomes are compared and contrasted, and subsequently described in
detail for TPC1, TPC2, TRPML1, and TRPML3.
Major conclusions: TPC interactomes are well-defined, encompassing intracellular membrane organisation pro-
teins. TRPML interactomes are varied, encompassing cardiac contractility- and chaperone-mediated autophagy
proteins, alongside regulators of intercellular signalling.
General significance: Comprising recently proposed targets to treat cancers, infections, metabolic disease and
neurodegeneration, the advancement of TPC/TRPML understanding is of considerable importance. This review
proposes novel directions elucidating TPC/TRPML relevance in health and disease. This article is part of a
Special Issue entitled: ECS Meeting edited by Claus Heizmann, Joachim Krebs and Jacques Haiech.

1. Introduction

The Nobel Prize in Chemistry of 2012 was awarded to professors
Lefkowitz and Kobilka for their pioneering discoveries of G protein-
coupled receptor (GPCR) signalling. The pair disentangled the multi-
faceted signal transduction pathways, desensitisation processes, and
regulatory mechanisms governing the world of adrenergic receptors
[1]. Today, the GPCRs, kinase receptors, transporters, and voltage-/li-
gand-gated ion channels (VGIC/LGICs) are, to varying extents, under-
stood. Whenever a novel protein family is characterised, it is invariably
reaffirmed that molecular function is contextually defined. While
adrenergic receptors were initially thought to signal from the plasma
membrane, they are today recognised to reside in membrane micro-
compartments where their roles are dictated by neighbours; to be en-
docytosed where downstream signalling is drastically altered; and
subjected to a plethora of regulatory mechanisms exerted by Arrestins,
regulatory kinases, sorting- and adaptor proteins – All finely tuned to
orchestrate appropriate response to stimuli. Unquestionably, one
cannot claim to fully understand how a protein functions until its
context-defining protein interactions have been described.

The endolysosomal non-selective cation channels, comprised by the
mucolipins (TRPML1–3) and two-pore channels (TPC1/2), form a re-
cently characterised protein family [2–14]. By virtue of their residency
on intracellular membranes, the channels for long eluded efforts char-
acterising membrane trafficking events and signal transmission path-
ways due to technical limitations. While recent developments in ge-
netics such as cloning, in proteomics such as mass spectrometry (MS),
or in electrophysiology such as endolysosomal patch clamping, have
aided their characterisation, they remain enigmatic in function and
importance. For example, both channel families are gated by the en-
dolysosomal phosphoinositide PI(3,5)P2, conferring Na+ currents upon
activation. TRPML channels are widely accepted to be Ca2+ permeable,
yet the recent discovery of NAADP-activated TPC-mediated Ca2+ cur-
rents remains heavily debated, as at least two groups claim that TPCs
are predominantly Na+ permeable channels activated by PI(3,5)P2,
while several other groups show that TPCs are also Ca2+ permeable and
can be activated by both PI(3,5)P2 and NAADP [15–21]. Resolution of
these ongoing debates is of particular importance, as the channels are
proposed therapeutic targets to treat disorders such as cancer [22,23],
neurodegeneration [24–27], metabolic/cardiovascular disorders
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[12,28], and infectious diseases [29–32].
Since the best described proteins to date such as the GPCRs and

LGICs are widely appreciated to serve context-driven functions, this
paper will compare and contrast contexts of each endolysosomal cation
channel to summarise what is known about their situations to date, and
what future steps should be taken to delineate their biological im-
portance. To achieve this, the established channel contexts will initially
be discussed, followed by an unbiased proteomic meta-analysis sum-
marising and discussing the to-date identified endolysosomal cation
channel interaction partners.

1.1. TPCs and mTOR

Cang et al. [33] found, in an effort to locate endolysosomal ATP-
sensitive channels, TPC-mediated Na+ currents to be mTORC1-regu-
lated [33]. Through recording primary peritoneal macrophages, cardi-
omyocytes, fibroblasts, hepatocytes, and TPC1/TPC2-overexpressing
HEK293 cells, the authors demonstrated endolysosomal ATP-sensitive
Na+ currents to be attributable to activity of TPC1 and TPC2, but not
TRPML1 (TRPML1 and mTOR are discussed in Section 1.3) [33].
Ogunbayo et al. [21] recently demonstrated mTORC1 to not only reg-
ulate lysosomal Na+ release, but also TPC2/NAADP-mediated Ca2+

release both in pulmonary arterial smooth muscle cells (PASMCs) and
stably expressing HEK293 cells [21]. Indeed, rapamycin elicited similar
Ca2+ signals as NAADP in wild-type PASMCs through lysosomal Ca2+

release, while neither NAADP nor rapamycin evoked similar signals in
Tpc2−/− PAMSCs [21]. While TPC2 sensitivity to ATP requires
mTORC1 kinase activity, the mTOR target site on TPC2 remains un-
characterised. Recently however, a widely distributed human TPC2
gain-of-function polymorphism (G734E) was linked to decreased ATP
sensitivity [34]. This could provide a stepping stone to further elucidate
the exact mechanism of mTORC1-dependent TPC regulation.

1.2. TRPML1 and ALG-2

Li et al. [35] discovered a role of TRPML1 in lysosomal positioning
and trafficking: Performing fluorescence recovery after photobleaching
(FRAP) with the late endosomal (LE)/lysosomal (LY) marker LAMP1,
the authors found an equivalence of Ca2+-dependent retrograde (per-
iphery to perinucleus) and anterograde (perinucleus to periphery) LE/
LY trafficking under resting conditions, shifting towards retrograde
trafficking upon brief starvation [35]. Pharmacological TRPML activa-
tion enhanced retrograde LE/LY migration and perinuclear LE/LY ac-
cumulation, which was conversely suppressed by TRPML inhibition
[35]. Overexpression of TRPML1, but not other TRPML isoforms, fa-
voured peripheral LE/LY accumulation [35,36]. TRPML1 had pre-
viously been shown to interact Ca2+-dependently with ALG-2 (PDCD6)
[36]. ALG-2 acts as a cytosolic penta-EF-hand Ca2+ sensor, permitting
scaffolding upon binding Ca2+. Considering TRPML1 might regulate
motility upon ALG-2 recruitment, ALG-2 overexpression was demon-
strated to facilitate perinuclear LE/LY accumulation, while Ca2+-
binding-deficient ALG-2 showed no effect on LE/LY distribution [35].
Consolidating the relevance of the TRPML1:ALG-2 interaction, both
TRPML antagonism and TRPML1 knockout cells overexpressing ALG2-
interaction-deficient TRPML1 showed abrogated ALG-2-induced peri-
nuclear LE/LY accumulation [35]. Similarly, ALG-2 knockout cells were
irresponsive to starvation- and TRPML activation-induced LE/LY ret-
rograde trafficking [35]. LE/LY motility was demonstrated to depend
on dynein motor proteins: Dynamitin – a constituent of the dynein
cofactor complex – was co-immunoprecipitated with ALG-2 [35].
Dominant negative (DN) dynein expression and antagonism (ciliobrevin
D) abrogated starvation- and TRPML1-induced LE/LY perinuclear re-
distribution [35]. The authors reasoned TRPML1 Ca2+ release in re-
sponse to acute starvation raises perilysosomal [Ca2+], facilitating ly-
sosomal recruitment of the ALG-2:dynactin:dynein motor complex,
culminating in retrograde lysosomal movement [35].

1.3. TRPML1 and mTOR: debated interacTOR

Alike the TPCs, TRPML1 has been implicated in mTOR nutrient
sensing. Acute pharmacological mTORC1 inhibition alleviates TRPML1
S51, S572, and S576 phosphorylation, phosphorylation of the latter two
inhibiting TRPML1-mediated Ca2+ release [37]. Unlike TPCs however,
TRPML1 currents on isolated endolysosomes are unaffected by ATP
[33]. Lysosomal proteins, such as the v-type H+ ATPase, interact with
mTOR under certain conditions, which could also be the case for
TRPML1 [33]. As previously discussed (Section 1.2), TRPML1 interac-
tions with the lysosomal motility complex appears driven by TRPML1-
dependent Ca2+ release and ALG-2 scaffolding. Upon characterising
TRPML1-dependent lysosomal ALG-2 recruitment, TRPML1 was shown
to interact with Sec13 via ALG-2 [36]. Beyond facilitating Endoplasmic
Reticulum (ER)-Golgi trafficking, Sec13 is a constituent of the GTPase-
activating proteins towards Rags 2 (GATOR2) complex, a mTOR acti-
vator [38]. TRPML1 could thus potentially activate mTORC1 via ALG-2-
dependent GATOR2 recruitment. In fact, TRPML1 has already been
shown to induce mTOR activity, where TRPML1-mediated Ca2+ release
activates mTORC1 via calmodulin (CaM) [39]. Furthermore, the pos-
sibility of mTOR-dependent TRPML1 regulation cannot be entirely
discarded based on endolysosomal patch clamp data, as this regulation
could require cytoplasmic factors eliminated upon endolysosomal iso-
lation. Onyenwoke et al. [37] proposed mTOR regulation of TRPML1
could be mediated by a downstream kinase of mTOR such as S6K [37].
It is therefore of interest that the previously postulated mTOR phos-
phorylation motif on TRPML1, formed by S572 and S576 (CGRDPSE-
EHS), conforms better with the S6K target motif (RxR[T/R]xSx[S/T]xS)
than with the mTOR-associated motif (xx[P/S][G/F]SPP[P/A][P/L])
[40,41].

While direct mTOR regulation of TRPML1 is debated, it is accepted
that mTOR regulates TRPML1 transcription. Long-term mTOR inhibi-
tion induces endolysosomal TRPML1 currents in a manner dependent
on de novo protein synthesis [42]. The transcription factor for lysosomal
biogenesis, TFEB [43], appears responsible for starvation-induced
TRPML1 transcription. Reciprocally, TRPML1 activates TFEB via Ca2+

release, activating the Calcineurin (PP2B) to dephosphosphorylate
TFEB, permitting its nuclear translocation and transcriptional activa-
tion. Thereby, TRPML1 and TFEB form a positive feedback loop fa-
vouring lysosomal biogenesis and autophagy [44]. Additionally, a ne-
gative feedback loop appears evident, where sustained TRPML1 activity
can suppress its own activity through Ca2+-dependent mTORC1 acti-
vation. The latter would prove crucial following starvation, where
sustained TRPML1-induced Ca2+ release would reactivate mTOR, in
turn suppressing excessive autophagy. The possible involvement of
TRPML1-dependent lysosomal GATOR2 recruitment in this scenario
remains to be validated.

The connection between TRPML1 and mTOR appears further re-
levant given the molecular functions of both converging at the cAMP-
activated protein kinase A (PKA). The interaction between Ca2+ sig-
nalling, PKA and mTOR signalling has been postulated by several
groups, where PKA phosphorylates Akt/PKB, which in turn activates
mTOR [45–49]. In this context it is interesting to note that Vergar-
ajauregui et al. [50] identified two PKA consensus motifs in the C-
terminal tail of TRPML1, containing S557 and S559. The authors found
PKA inhibition by H89 potently blocked phosphorylation of S557/S559,
while adenylyl cyclase activation by forskolin causing cAMP generation
increased wild-type TRPML1 phosphorylation, together suggesting PKA
activity at TRPML1 S557 and S559. They also found that PKA-mediated
phosphorylation inhibits TRPML1 activity [50]. The positive correla-
tion between PKA and mTOR activity alongside negative correlations
between PKA/mTOR activity and TRPML1 further consolidates the in-
tegration of TRPML1 within the PKA and mTOR signalling network.

Evidently, the endolysosomal non-selective cation channels appear
central in regulating intracellular membrane trafficking and cellular
adaptation to nutrient deprivation. This raises the question whether
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these novel, multifunctional channels are of importance in other areas
of biology. To assess this possibility, this review will present novel
TRPML3 interaction data and conduct an unbiased meta-analysis,
gauging consistencies, variabilities and specificities of TRPML- and TPC
interactions.

2. Methods

2.1. Proteomics-based TRPML3 interactome screen

The TRPML3 interaction screen was performed as previously de-
scribed by Grimm et al. [12], using SILAC-labelled HEK293 cells
overexpressing human TRPML3-YFP [25,51]. Proteomic datasets are
available in the supplement (Supplementary Tables 1–2). Where
TRPML3 interaction data obtained in this publication is presented, it
will be referred to by an asterisk ‘*’.

2.2. Protein interactome meta-analysis

Proteomic data was curated from published articles including ex-
perimentally obtained proteomic interaction data on either human or
mouse TRPML1 (MCOLN1), TRPML2 (MCOLN2), TRPML3 (MCOLN3),
TPC1 (TPCN1), and TPC2 (TPCN2). Publications containing interaction
datasets were obtained by search engines Google Scholar, BioGRID 3.4
[52], and EMBL-EBI IntAct [53]. In silico interaction partner predictions
were excluded from acquired data. Interaction partner identities were
translated into Homo sapiens gene names, taking HGNC HUGO Homo
sapiens standardised gene notation into consideration [54]. Sources of
identified interactors are referenced where appropriate and in Supple-
mentary Table 3. The analysis worksheet of mutual interaction partners
is accessible in Supplementary Table 4. For visualisation of interaction
networks, Cytoscape 3.6.1 [55] was employed alongside the following
Cytoscape plug-in applications: For grouping by EBI GO biological pro-
cesses gene ontology terms, ClueGO was employed, loading marker lists
for Homo sapiens and applying GO term fusion (GO Biological Process
EBI, release 20.11.2017) [56–58]. CluePedia was used to visualise in-
teractions between channel interactors, loading marker lists for Homo
sapiens, and visualising protein-level interactions (activation, binding,
catalysis, inhibition, post-translational modifications, and reactions)
[59]. Lone proteins were removed from obtained interaction networks.
The TRPML2 interactome could not be visualised due to the limited
number of TRPML2 partners identified, but the interactor list is avail-
able in Supplementary Table 3. CluePedia interaction networks were
overlaid with gene ontology/protein family terms as identified by
GeneCards [60], and disease relevance as identified by MalaCards
[60,61].

3. Results

Aiming to assess the degree of interaction partners being shared
between endolysosomal cation channels, we compared our databases of
compiled experimentally obtained TRPML and TPC interactors
(Table 1). Not surprisingly, most interaction partners were shared be-
tween TPC1 and TPC2 (35.8% of all identified interacting proteins) – a
likely consequence of Lin Moshier et al. [13] having used the same
methodology to rigorously compare and contrast interactions of the
two. Shared TPC interactors are involved in membrane organisation
(Annexins, GDI2, RABs, Syntaxins, SYNGR2, VTI1B), cytoskeletal or-
ganisation (CAP1, HAX1, LMNA, MYH9), transmembrane transport
(MRS2, Sideroflexins, SLC3A2, SLC25A5/6, TM9SF1–3, TMEM165,
VDAC2/3), and proteostasis (AUP1, HSP90AA1, MTOR, TMEDs,
TMEM33). Similar ventures of rigorous, cross-isoform interaction
landscape comparisons have not been performed for the TRPML chan-
nels, although this would provide valuable information both regarding
general TRPML function, and isoform-specific roles. Still, it appears
evident TRPMLs more frequently share interaction partners with other

TRPMLs, than with the TPCs. The highest degree of interaction partners
shared outside the TPC family occurs between TRPML2 and TRPML3
(2.48% of interactors), although this could be attributable to the few
TRPML2 interactors identified to date. Intriguingly, the proto-oncogene
SRC appears shared between the two, possibly reflecting SRC implica-
tions in endocytosis and, thereby, localisation proximal to early endo-
some (EE)/recycling endosome (RE) compartments of TRPML2 and
TRPML3 residency. TRPMLs further share interactors implicated in the
immune response, such as the chemokine receptor CCR6, the lymphoid
adhesion molecule CLEC2B, and the B-cell specification marker LY6D.
Of interest and possible clinical relevance, most within-family shared
TRPML interaction partners are implicated in cancer.

3.1. Two-pore channels

3.1.1. TPC1
In silico analysis of the experimentally obtained TPC1 interaction

network reveals that identified interactors [13,65–67] are associated
with a narrow range of EBI GO biological processes [56,58], encom-
passing vesicle organisation (30.0%), organelle membrane fusion
(26.7%), and cellular monovalent inorganic cation homeostasis
(20.0%) (Supplementary Fig. 1).

The vesicle organisation- and organelle membrane fusion-associated
TPC1 interactor terms principally regard vesicle organisation, vesicle
fusion, and EE-LE/LE-LY vesicle transport. Vesicle organisation and
fusion terms include the low-affinity, Ca2+-inducible membrane-
binding Annexins (ANXA1 [13] and ANXA2 [13]), the LE trafficking-
regulator RAB7A [13], and the vesicle-trafficking and -fusion SNARE
complex constituents STX7 [66], STX8 [66], STX12 [66], and STX16
[13] as well as VTI1B [66]. Other vesicle organisation-proteins include
the endosomal sorting complex required for transport-III (ESCRT-III)
proteins CHMP2B [66] and CHMP3 [66]. EE-LE- and LE-LY-trans-
porting proteins include CHMP3 [66], while RAB7A [13] and STX8
[66] are included specifically within the EE-LE transport term, and the
protein-degradation/autophagy regulator VCP [13] and CHMP2B [66]
within the LE-LY transport term.

In silico interaction screening demonstrates extensive interactions
between TPC1 and endolysosomal fusion proteins as well as membrane-
trafficking Annexins. From these interactors, RAB7A [13], STX7 [66],
STX8 [66], and STX12 [66] have been validated by co-im-
munoprecipitation and western blotting (Supplementary Table 3).
Considering the substantial overlap between identified TPC1- and
TPC2-associated membrane trafficking partners, these will be discussed
collectively (Section 3.1.2).

The cellular monovalent inorganic cation homeostasis term includes
the Na+/K+ ATPase subunit ATP1A1 [13], the H+-transporting v-type
ATPase subunits ATP6V0C and ATP6V1C1 [66], the calcineurin-like
regulator of the Na+/H+-exchanger CHP1 [13], the Golgi voltage-
gated anion channel GPR89B [13], RAB7A [13], and the Golgi Ca2+/
H+ antiporter TMEM165 [13]. In silico interaction screening reveals
relatively weak interactions between the TPC1-associated cation
transporters, suggesting TPC1 does not participate in a larger, defined
protein complex with these (Fig. 1). Among the putative interactors
involved in cation transport, only RAB7A has been validated (co-IP/
WB) [13].

3.1.2. TPC2
In silico analysis of the experimentally obtained TPC2 interaction

network reveals that identified interactors [12,13,65,67] are associated
with well-defined EBI GO biological processes [56,58], encompassing
membrane organisation (26.5%) and vesicle organisation (19.1%)
(Supplementary Fig. 2). Therefore, TPC2 will be discussed in the fol-
lowing alongside TPC1 in the context of its numerous, interconnected,
associated proteins mediating intracellular membrane organisation
(Fig. 2).

To date, every TPC-centred proteomic publication has reported
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Table 1
Endolysosomal intra- and interfamily interactor promiscuity.

Characterised protein interactions of endolysosomal cation channels were compared between and within channel families (TRPMLs and TPCs). For TRPML U
TRPML and TRPML U TPC, brackets denote interacting isoforms. Data obtained were obtained from referenced publications [9,12,13,62–67]. BioGRID [52] was used
to access unpublished interaction data from Huttlin et al. [65], EMBL-EBI IntAct [53] to access unpublished interaction. ‘*’ denotes data obtained in this publication.
Inset visualises shared interactor frequency for specified isoform pairs. Blue columns indicate interactors shared within TRPMLs, red within TPCs, and purple across
families.

TRPML TRPML (8) TRPML TPC (11) TPC1 TPC2 (59)
CCR6 (ML1, ML3)[65] ATP1A1 (ML3, TPC1, TPC2)[13]* ALDOA[13] ANXA1[13]
CLEC2B (ML1, ML2)[65] ATP2A2 (ML1, TPC1)[13,63] ANXA2[13] ANXA3[13]
LY6D (ML1, ML2)[65] BAG2 (ML3, TPC1, TPC2)[13]* ANXA4[13] ANXA5[13]
MCOLN1 (ML2, ML3)[65,67] PHB2 (ML3, TPC1, TPC2)[13]* ANXA6[13] ANXA7[13]
MCOLN2 (ML1, ML3)[65,67] PTPRD (ML2, TPC2)[65,67] ANXA11[13] ATXN2L[13]
MCOLN3 (ML1, ML2)[65,67] SLC1A5 (ML1, TPC1)[13,63] AUP1[13] CAP1[13]
PHB (ML1, ML3)[63]* SLC7A5 (ML1, TPC1, TPC2)[13,63] CERS2[13] CHP1[13]
SRC (ML2, ML3)[65]* STX16 (ML2, TPC1, TPC2)[13,65] FITM2[13] GDI2[13]

SURF4 (ML1, TPC1, TPC2)[13,63] HACD3[13] HAX1[13]
TMED10 (ML1, TPC1, TPC2)[12,13,63] HSP90AA1[13] LMAN2[13]
VDAC1 (ML1, TPC1, TPC2)[13,63] LMNA[13] MRS2[13]

MTOR[13] MYH9[13]
PGRMC1[13] PNKD[13]
PPA1[13] PRDX1[13]
PRDX4[13] PRDX6[13]
RAB7A[13] RAB11A[12,13]
RCN2[13] SFXN1[13]
SFXN2[13] SFXN4[13]
SIGMAR1[13] SLC3A2[13]
SLC25A5[13] SLC25A6[13]
STX7[12,66] STX12[12,66]
STX18[13] SYNGR2[12,13]
TM9SF1[13] TM9SF2[13]
TM9SF3[13] TMED1[13]
TMED2[13] TMED3[13]
TMED4[13] TMED5[13]
TMED7[13] TMED9[12,13]
TMEM33[13] TMEM165[13]
VDAC2[13] VDAC3[13]
VTI1B[12,66]

Fig. 1. CluePedia visualisation of proteins found to interact with TPC1 through pull-down/MS [13,65–67]. Blue edges between nodes indicate binding, black edges a
reaction, green edges activation, red edges inhibition, purple edges catalysis, and pink edges post-translational modifications. Direction is indicated by yellow spheres
at the target end. The figure was manually clustered, based on protein functions and interactions (identified by GeneCards) [60]. Cluster functions were annotated by
coloured, shaded overlays accompanied by text, denoting general GO terms, and by red dashed lines and lighter text denoting within-cluster distinctions. Additional
annotations, based on GeneCards [60] and MalaCards [61] annotations, indicate whether displayed proteins bind Ca2+ (red nodes) or cause disease (coloured circles
around nodes), respectively.
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TPC1/2:SNAP/SNARE interactions (Table 2) [12,13,66]. The SNARE
complex mediates membrane fusion through interactions between dif-
ferent SNAREs on the target membrane (t-SNARE) and on the fusing
vesicle (v-SNARE). Originally classified as t- and v-SNAREs, SNARE
proteins are now being classified as Q- (Qa, Qb, and Qc) and R-SNAREs
[68,69]. SNAP/SNARE-mediated membrane fusion events have been
thoroughly described in the context of synaptic vesicle fusion with the
PM [70]. While synaptic SNAP/SNARE-mediated vesicle release is ac-
cepted to be Ca2+-induced through synaptotagmin/complexin inter-
actions [70], the relevance of vesicular Ca2+ release in regulating
ubiquitous SNAP/SNARE complexes is only starting to gain apprecia-
tion. The ubiquitous, Ca2+-regulated Synaptotagmin VII (SYT7), e-Sy-
naptotagmins and Ferlins have all been proposed to link vesicular Ca2+

release to endosomal fusion events, although no members of these fa-
milies have been found to interact with the TPCs [71]. In contrast, a
wide range of Annexins, representing a family of Ca2+-activated
membrane-binding proteins, have been identified as TPC-interactors
(ANXA1–7), albeit lacking validation [13]. EE fusion depends on
ANXA1 in a Ca2+-dependent manner, while ANXA2 has been demon-
strated to Ca2+-dependently interact with SNAP23, another TPC2-as-
sociated SNARE (Table 2) [13,72]. ANXA5 and ANXA6 mediate fusion
of autophagosomes/LY and LE/LY, respectively [73]. Other Annexins
have been implicated in vesicular membrane trafficking, highlighting
them as potential candidates to bridge TPC function and associated
SNARE complex activity [72–74]. ANKRD27, a regulator of SNARE- and
Rab-dependent melanosome enzyme trafficking is also a TPC2 inter-
action candidate [67]. In short, both TPC isoforms interact with an

extensive repertoire of proteins orchestrating intracellular membrane
dynamics, but the mechanistic relevance of such interactions remain to
be elucidated. The observed, consistent, and validated interactions of
TPCs with endosomal membrane trafficking proteins also appear
functionally relevant: Castonguay et al. [66] demonstrated TPC1−/−

cells, but not TPC2−/− cells, exhibit impaired bacterial toxin trafficking
through EE/RE [66]. Similarly, Grimm et al. [12] found TPC2 to be
necessary for endosomal trafficking of LDL and EGF/EGFR, TPC2−/−

causing accumulation of EGF in Rab7+/LAMP1+ vesicles (LE/LY) [12].
The importance of TPCs in vesicular trafficking is further emphasised
by the apparent dependence of particular viruses on channel activity for
viral uptake and infectivity. TPC inhibition prevents infectivity of re-
combinant vesicular stomatitis virus strains (VSV) bearing filovirus
glycoproteins (Ebola and Marburgvirus), but not VSV, Lassa virus, Ve-
nezuelan equine encephalitis virus, nor Rabies virus [29]. Recently, the
middle east respiratory syndrome (MERS) coronavirus was also shown
to depend on TPC1, TPC2, and NAADP signalling for endosomal traf-
ficking and infectivity [75,76]. It remains unclear which other viruses
may require TPC for uptake and transport, and which are TPC-in-
dependent (for instance, candidates from virus families Arenaviridae,
Rhabdoviridae, and Togaviridae were shown not to) [29]. All in all, the
potential to interfere with virus uptake through modulating TPC1/2-
associated endosome functions appears evident, although the exact
mechanism of viral entry and trafficking interference, alongside the
particular pathogen targets of such interventions, require further
characterisation.

Fig. 2. CluePedia visualisation of proteins found to interact with TPC2 through pull-down/MS [12,13,65,67]. Blue edges between nodes indicate binding, black edges
a reaction, green edges activation, red edges inhibition, purple edges catalysis, and pink edges post-translational modifications. Direction is indicated by yellow
spheres at the target end. The figure was manually clustered, based on protein functions and interactions (identified by GeneCards) [60]. Cluster functions were
annotated by coloured, shaded overlays accompanied by text, denoting general GO terms, and by red dashed lines and lighter text denoting within-cluster dis-
tinctions. Additional annotations, based on GeneCards [60] and MalaCards [61] annotations, indicate whether displayed proteins bind Ca2+ (red nodes) or cause
disease (coloured circles around nodes), respectively.
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3.2. TRPML1

In silico analysis of the experimentally obtained TRPML1 interaction
network reveals that identified interactors [53,62,63,65,67] are asso-
ciated with numerous of EBI GO biological processes [56,58], encom-
passing actin-mediated cell contraction and action potential regulation
(54.6%) and regulation of transcription from RNA polymerase II pro-
moter in response to stress (22.7%). TRPML1 will first be discussed in
the context of cardiac cytoskeletal and action potential-associated in-
teraction partners. Thereafter, due to the overarching topic of stress
response among associated interactor terms, TRPML1 will be discussed

in the context of associated chaperones and regulators of the TGFβ
signalling pathway (Supplementary Fig. 3).

The actin-mediated cell contraction-associated TRPML1 interactor
terms principally regard actin filament-based movement and regulation
of action potential. Both terms include the cardiac Ca2+-transporting,
sarco-/endoplasmic reticulum ATPase (SERCA) ATP2A2 [63], the des-
mosomal, Ca2+-regulated, cadherin-like DSG2 [63], and the Ca2+-in-
activated Na+

V subunit SCN5A [63]. The former term also includes the
gap junction protein GJA1, the myosin components MYL6 and MYL6B,
and the sarcomere microfilament-connecting TTN, while the latter term
includes the nAChR subunit CHRNB2 [63], and the myosin-binding,

Table 2
TPC-interacting SNARE proteins.

The identified TPC-interacting SNARE-proteins are shown, alongside publications identifying interactions, validation status, implicated fusion events, and com-
plexes involved in the respective fusion event.

TPC1 TPC2

Q
a

Syntaxin 7 (STX7)
Castonguay et al. (2017)[66]
Validated by co-IP/WB[66]

Grimm et al. (2014)[12]
Validated by co-IP/WB and FRET[12]

EE/LE: STX7:VTI1B:STX8:VAMP8[68]
LE/LY: STX7:VTI1B:STX8:VAMP7[68,69]
LE/LE: STX7:VTI1B:STX8:VAMP8[68,69]

Syntaxin 12 (STX12)
Castonguay et al. (2017)[66]

Validated by co-immunoprecipitation/WB[66]
Grimm et al. (2014)[12]

Not validated
EE/EE: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]
EE/PM: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]
RE/PM: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]

Syntaxin 16 (STX16)
Lin-Moshier et al. (2014)[13]

Not validated
TGN/EE: STX16:VTI1A:STX6:[VAMP3/-4][68,69]

TGN/LE: STX16:VTI1A:STX10:VAMP3[68,69]
Syntaxin 18 (STX18)

Lin-Moshier et al. (2014)[13]
Not validated

ER/ER: STX18:BNIP1:USE1:SEC22B[68,69]
ERGIC/ER: STX18:BNIP1:USE1:SEC22B[68,69]
CGN/ER: STX18:BNIP1:USE1:SEC22B[68,69]

Q
b

VTI1B
Castonguay et al. (2017)[66]

Not validated
Grimm et al. (2014)[12]

Not validated
EE/LE: STX7:VTI1B:STX8:VAMP8[68]

LE/LY: STX7:VTI1B:STX8:VAMP7[68,69]

Q
b/

Q
c

SNAP23
Lin-Moshier et al. (2014)[13]

Not validated
EE/EE: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]
EE/PM: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]
RE/PM: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]

LE/PM: STX4:SNAP23:VAMP7[68]
LY/PM: STX4:SNAP23:VAMP7[68]
SG/PM: STX4:SNAP23:VAMP8[68]

Q
c

Syntaxin 8 (STX8)
Castonguay et al. (2017)[66]

Validated by co-immunoprecipitation/WB[66]
EE/LE: STX7:VTI1B:STX8:VAMP8[68]

LE/LY: STX7:VTI1B:STX8:VAMP7[68,69]
LE/LE: STX7:VTI1B:STX8:VAMP8[68,69]

Syntaxin 6 (STX6)
Grimm et al. (2014),[12]Huttlin et al. (2017)[67]

Validated by FRET[12]
TGN/EE: STX16:VTI1A:STX6:VAMP3[68,69]
TGN/EE: STX16:VTI1A:STX6:VAMP4[68,69]

VAMP2
Grimm et al. (2014),[12] Huttlin et al. (2017)[67]

Not validated
EE/EE: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]
EE/PM: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]
RE/PM: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]

SV/PM: STX1:SNAP25:VAMP2[68,69]
VAMP3

Grimm et al. (2014),[12] Huttlin et al. (2017)[67]
Not validated

TGN/EE: STX16:VTI1A:STX6:[VAMP3/-4][68,69]
TGN/LE: STX16:VTI1A:STX10:VAMP3[68,69]

EE/EE: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]
EE/PM: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]
RE/PM: STX12:[SNAP23/-25]:[VAMP2/-3][68,69]

R
-S

N
A

R
E

Q
-S

N
A

R
E
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sarcoplasmic reticulum membrane-anchored protein SLMAP [63]. An in
silico interaction screen further demonstrates the tight interaction be-
tween the TRPML1-interacting sarcomere constituents MYL6, MYL6B,
and TTN, while a slightly weaker, yet functional, interaction appears
between GJA1 and the voltage-gated cation channel subunits KCNG2,
SCN5A, and SCN10A (Fig. 3). Neither of these interactions have been
validated, nor further investigated in the context of TRPML1. It should
also be emphasised the cardiac interaction network is constituted by
data from a single publication, using mouse Trpml1 as bait in either
murine RAW264.7 macrophages, or against a mouse heart cDNA library
in a split ubiquitin Y2H assay (Supplementary Table 3) [63]. TRPML1 is
highly expressed in the heart [77], yet little data exists on its im-
portance in cardiac muscle. Mutations of TRPML1 causes the rare
neurodegenerative disease mucolipidosis type IV (MLIV), marked by
neurological, ophthalmological, and gastric manifestations, but no
discernible cardiac phenotype [2]. The existence of sarcoplasmic re-
ticulum (SR)/LY microdomains were however recently described in
cardiomyocytes, placing TRPML1 in tight association with the cardiac
contractile machinery [78]. However, until now TRPML1 has not been
recognised for specifically vascular or cardiac functions [79].

The transforming growth factor beta (TGF-β1)/stress response-as-
sociated TRPML1 interactor terms encompass negative regulation of
TGF-β1 signalling and general stress response. Both terms include the
TFEB-induced unfolded protein response (UPR) chaperone of lysosomal
proteins HSPA5 (BiP, HSP70 family) [63] and the proteasome-directing
ubiquitin, UBC. Furthermore, TRPML1 interacts with a component of
the Ca2+-binding, TGF-β1-regulating microfibril subunit FBN1 [63].

Interactors from the stress response term include the autophagy-asso-
ciated UPR chaperone DNAJB1 [63], the mitophagy-associated ubi-
quitin-conjugating UBE2D2 [63], and the mTORC1-regulated 26S pro-
teasome subunits PSMB2 [63] and PSMD1 [63]. In silico simulations
demonstrated extensive physical and functional interactions between
TRPML1-interacting ubiquitin regulators and proteasomal proteins,
chaperones, RNA processing-, DNA binding-, and phagocytosis-asso-
ciated proteins (Fig. 3). Neither of the aforementioned interactors have
been validated, and all arise from a single publication using mouse
Trpml1 as bait in either murine RAW264.7 macrophages, or against a
mouse heart cDNA library in a split ubiquitin Y2H assay (Supplemen-
tary Table 3) [63].

Interactions between TRPML1 and chaperones are extensively
documented. Chaperone-mediated autophagy (CMA) appears impaired
in MLIV (TRPML1−/−) fibroblasts, a possible consequence of down-
regulated LAMP2 (the lysosomal degradation-marked protein translo-
cator) [80]. Overexpression of the HSP70-constituent hspA1L in TRPML
knockout Drosophila neurons (trpml1) rescues lethality and fly motility,
suggesting functional relevance to TRPML1/chaperone interactions
[81]. Several CMA proteins co-immunoprecipitate with TRPML1
(Hsp40, Hsc70, Hsc90 and Hop), two of these (HSP40 and HSC70) in-
teracting with the luminal TRPML1 ECL1 [80]. The classical perception
of chaperones situates them in the cytosol, shuttling degradation-tar-
geted peptides towards the lysosome. However, HSC70 also functions
intralumenally in degradative pathways, ‘pulling’ proteins across the
lysosomal membrane, explaining its association with luminal TRPML1
domains [82]. Venugopal et al. [80] noted the TRPML1:HSC70

Fig. 3. CluePedia visualisation of proteins found to interact with TRPML1 either through pull-down/MS [63,65,67] or by TRPML1 yeast two-hybrid screens against
cDNA libraries [62,63]. Blue edges between nodes indicate binding, black edges a reaction, green edges activation, red edges inhibition, purple edges catalysis, and
pink edges post-translational modifications. Direction is indicated by yellow spheres at the target end. The figure was manually clustered, based on protein functions
and interactions (identified by GeneCards) [60]. Cluster functions were annotated by coloured, shaded overlays accompanied by text, denoting general GO terms, and
by red dashed lines and lighter text denoting within-cluster distinctions. Additional annotations, based on GeneCards [60] and MalaCards [61] annotations, indicate
whether displayed proteins bind Ca2+ (red nodes) or cause disease (coloured circles around nodes), respectively.
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interaction to be Ca2+-dependent, where cytosolic [Ca2+] facilitates
lysosomal HSC70 translocation [80]. Given reported roles of TRPML1
in nutrient sensing and adaptation to starvation [37,39,44] and an
apparent reliance of chaperone function on TRPML1 [80,81], a func-
tional relationship between the channel and CMA appears evident. As a
lysosomal Ca2+ efflux channel, TRPML1 activity upon starvation could
liberate Ca2+ necessary for lysosomal HSC70 recruitment [80], en-
hancing CMA and shifting metabolism from an anabolic towards a
catabolic, nutrient-liberating state.

The stress response-implicated TRPML1 interactors are particularly
interesting in the light of predicted interactions between TRPML1 and
TGF-β1 regulators. As previously discussed, ER stress activates an UPR
cascade which ultimately inhibits Golgi-ER retrograde transport while
promoting PM translocation of HSPA5 (another putative interaction
partner of TRPML1) [83]. PM-resident HSPA5 binds CD109, com-
plexing TGF-β1 in calveolae to abrogate TGF signalling, and promoting
proliferation [83]. Along similar lines, the observed interaction of FBN1
and TRPML1 is of interest, as FBN1 constitutes a versatile regulator of
TGF-β1 signalling (full-length FBN1 sequesters TGF-β1 in microfibrils
to prevent TGF signalling, while FBN1 fragments dissociate sequestered
TGF-β1 to facilitate TGF signalling) [84]. While it was initially noted
that trpml1 Drosophila larvae show impaired synapse integrity re-
miniscent of a Drosophila mutant exhibiting impaired TGF-β regulation
and synaptic recycling [81,85], the phenotype was later attributed to
altered mTORC1/JNK signalling [85]. The possible interplay between
TRPML1 activity and TGF-β1 signalling remains unexplored.

3.3. TRPML3

In silico analysis of the experimentally obtained TRPML3 interaction
network reveals that identified interactors [64,65,67]* are associated
with few EBI GO biological processes [56,58], encompassing cellular
monovalent inorganic cation homeostasis (34.0%), ATP hydrolysis-
coupled transmembrane transport (31.9%), rDNA chromatin silencing
(14.9%) and the interleukin-7-mediated signalling pathway (6.38%)
(Supplementary Fig. 4). First, the obtained interaction network will be
discussed with respect to the more ubiquitous transmembrane transport
term. Thereafter, since TRPML3 expression and function is established
in immune cells, in particular macrophages [51,86] and the chromatin
silencing term encompasses immunological differentiation, the
TRPML3 interaction network will be discussed in the context of im-
munology.

The transmembrane transport-associated TRPML3 interactor terms
(Fig. 4) predominantly regard ATP-coupled transmembrane transport
and cellular monovalent inorganic cation homeostasis, the constituents
of both terms largely overlapping. Reflecting this, both terms include
Na+/K+ ATPase subunits (ATP1A1,* ATP1A2,* and ATP1A3*), the
ATP synthase subunit ATP5B,* and v-type H+ ATPase subunits
(ATP6V0A1,* ATP6V1A,* ATP6V1B1,* ATP6V1B2,* and ATP6V1E1*).
Otherwise, the ATP-coupled transmembrane transport term also in-
cludes the SERCA subunit ATP2A3 [65,67], the ATP synthase subunit
ATP5A1,* and the lysosomal P-type ATPase subunit ATP13A2 [65,67].
The monovalent inorganic cation homeostasis term also includes the
Na+/K+ ATPase subunit ATP1B3.* An in silico interaction screen de-
monstrates the interaction of TRPML3 with interacting subunits of the
Na+/K+ ATPase, the v-type H+ ATPase, and ATP synthase. Neither of
these interactions have been validated. However, due to the multitude
of TRPML3-associated Na+/K+ ATPase and v-type H+ ATPase sub-
units, these will be discussed in more detail.

TRPML3 localises to EE and LE/LY, residing alongside Na+/K+

ATPase in PM/EE fractions, and alongside v-type H+ ATPase
throughout the endosomal system [5,51]. TRPML3 activity is sup-
pressed in acidic environments such as the LE/LY: In the presence of
intraluminal [Na+], H+ exerts an irreversible inhibition, while in en-
vironments of lower [Na+], H+ inhibition becomes reversible [87].
Thus, v-type H+ ATPase activity is inversely correlated with TRPML3

activity. Functionally, this entails lysosomal TRPML3 being inactive in
the acidified, Na+-rich lumen, whereas disruption of electrochemical
membrane gradients decreasing intraluminal [H+] and [Na+] leads to
TRPML3 activation and lysosomal exocytosis [86,88]. On the other
hand, in an environment of low [H+] and high [Na+] such as the EE
lumen, TRPML3 would be unaffected by Na+/K+ ATPase-mediated
Na+ influx. Instead, the Na+/K+ ATPase would maintain an interior-
positive membrane potential, opposing v-type H+ ATPase acidification
[89] and sustaining TRPML3 activity. TRPML3 conversely appears to
regulate endosomal pH: Wild-type [6], as well as dominant negative
(DN) TRPML3 (DD458/459KK) overexpression and knockdown [90]
are all found to increase the pH of endosomes. How this is mechan-
istically possible that both TRPML3 overexpression and knockdown
disrupt endosomal pH remains unclear, but a tight control of TRPML3
expression may be critical. Evidently, a thorough validation of the
above mentioned potential ATPase interaction partners is needed,
alongside an investigation of the effects these may have on TRPML3
function or vice versa.

The immune-cell signalling-associated TRPML3 interactor terms
(Fig. 4) largely encompass cellular response to platelet-derived growth
factor (PDGF), the interleukin-7 (IL7)-mediated signalling pathway,
and chromatin silencing at rDNA. Both PDGF- and IL7-signalling-asso-
ciated proteins include the non-receptor tyrosine kinase (non-RTK)
proto-oncogene FYN.* TRPML3 also associates with the non-RTK proto-
oncogenes YES1,* SRC,* and LCK,* where the two former mediate
PDGF response and the latter IL7 signalling. Again, neither of these
interactions have been validated. However, while TRPML3 expression
has not been directly linked to non-RTK activity, it has been implicated
in receptor tyrosine kinase (RTK) signalling: The RTK EGFR is upon
binding EGF internalised into EE where luminal acidification dis-
sociates bound EGF. EGF shuttles to the lysosome for degradation,
while the EGFR is either recycled or degraded [5]. TRPML3 over-
expression has been shown to decrease intracellular EGF/EGFR accu-
mulation and degradation, leading the authors to claim TRPML3
counteracts endocytosis [5]. Martina, Lelouvier and Puertollano [6]
disputed this, arguing TRPML3 overexpression diminishes EGFR de-
gradation through preventing its lysosomal delivery [6]. Nonetheless,
the two groups consented TRPML3 regulates EGFR transit through the
endosomal system [5,6]. The involvement of TRPML3 in RTK traf-
ficking makes the association of TRPML3 with non-RTKs particularly
interesting, as these often act downstream of RTK signalling. For ex-
ample, the TRPML3-associated non-RTKs SRC and FYN promote EGF/
EGFR endocytosis [91]. SRC furthermore enhances EGFR transit from
EE to LE [92], contrasting the apparent TRPML3-induced EGFR reten-
tion from later endosomes, raising the question of whether non-RTKs
mediate receptor trafficking through modulating TRPML3 activity.

IL7 signalling is recognised for regulating CD4+ T-cell numbers
(increasing numbers upon direct T-cell stimulation, decreasing numbers
indirectly through dendritic stimulation) [93], and recently, for reg-
ulating tissue resident macrophage development [94]. Accordingly,
TRPML3 appears highly expressed in the thymus [3,95], being tran-
scribed in macrophages, CD4+ T-cells, and dendritic cells [95]. The
TRPML3-interacting non-RTKs FYN and LCK are recruited and activated
by IL7R upon IL7 signalling, yet their downstream pathways following
IL7 stimulation remain uncharacterised [96]. FYN and LCK are better
described in the context of T-cell receptor (TCR) signalling, and could in
theory serve similar functions upon IL7 signalling: TCR-activated LCK
recruits intracellular FYN and lipid rafts, culminating in outcomes such
as thymocyte development, T-cell survival, or antigen recognition [97].
TRPML3 appears upregulated in squamous cell carcinoma and hepa-
tocellular carcinoma, and downregulated in erythroleukemia and pla-
telets of cancer patients [95]. The potential implications of TRPML3 in
immunological and oncogenic signalling pathways may be of particular
relevance here.
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4. Summary

Recent technological advancements have permitted the biophysical
characterisation of proteins residing on intracellular membranes and
the proteins they interact with (their interactomes, or ‘contexts’). In an
effort to further characterize mucolipins (TRPMLs) and two-pore
channels (TPCs), this review has 1) summarized their established in-
teractions and the relevance of these, 2) compared consistencies and
contrasted differences between interaction signatures of each channel,
and 3) outlined interactions of apparent functional relevance, which
should be investigated further. The TPCs share several functionally
comparable interaction partners mediating intracellular membrane
trafficking, while the TRPMLs show more defined, isoform-specific in-
teractions. Common for all endolysosomal cation channels investigated,
is their numerous interactions with proteins implicated in diseases af-
fecting all body systems (Figs. 1–4). Several of these diseases currently
lack treatment options, such as TRPML1 and TPCs interacting with the
cystic fibrosis-associated VDAC1, or TRPML3 interacting with four
proto-oncogenic non-RTKs. It should however be stressed that several of
the described interactors lack validation following their initial pro-
teomic identification. Similarly, further investigations of described in-
teractors must be carried out before drawing final conclusions of their
importance in a TPC/TRPML-associated context. Taken together, this
review underscores the potential held by TPC/TRPML as future ther-
apeutic targets to treat currently incurable diseases, while identifying
approaches necessary to elucidate the multifaceted roles of these

endolysosomal, non-selective cation channels [12,22–25,29–31].

Abbreviations

Organelles

EE early endosome
ER endoplasmic reticulum
LE late endosome
LY lysosome
PM plasma membrane
RE recycling endosome
SR sarcoplasmic reticulum

Methodology

cDNA complementary DNA
Co-IP co-immunoprecipitation
Cryo-EM cryo-electron microscopy
dKO double knockout
DN dominant negative
FRAP fluorescence recovery after photobleaching
MS mass spectrometry
rDNA ribosomal DNA
SILAC stable isotype labelling by AA in cell culture
WB Western blotting

Fig. 4. CluePedia visualisation of proteins found to interact with TRPML3 through pull-down/MS [64,65,67].* Blue edges between nodes indicate binding, black
edges a reaction, green edges activation, red edges inhibition, purple edges catalysis, and pink edges post-translational modifications. Direction is indicated by yellow
spheres at the target end. The figure was manually clustered, based on protein functions and interactions (identified by GeneCards) [60]. Cluster functions were
annotated by coloured, shaded overlays accompanied by text, denoting general GO terms, and by red dashed lines and lighter text denoting within-cluster dis-
tinctions. Additional annotations, based on GeneCards [60] and MalaCards [61] annotations, indicate whether displayed proteins bind Ca2+ (red nodes) or cause
disease (coloured circles around nodes), respectively.
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Y2H yeast two-hybrid

Miscellaneous

BRV-UK bovine rotavirus
CMA chaperone-mediated autophagy
ECL1 extracellular loop 1
HEK293 human embryonic kidney cell line
JNCL juvenile neuronal ceroid lipofuscinosis
MERS middle east respiratory coronavirus
MLIV mucolipidosis type IV
PAMSC pulmonary artery smooth muscle cell
RAW264.7 murine macrophage cell line
UPR unfolded protein response
VSV vesicular stomatitis virus

Proteins

ALDOA aldolase, fructose-bisphosphate A
ALG-2 asparagine-linked glycosylation 2 homolog
ANKRD27 Ankyrin repeat domain-containing protein 27
ANXA* Annexin family
ATP adenosine triphosphate
ATP1* Na+/K+ transporting ATPase
ATP13A2 PARK9 cation transporting ATPase 13A2
ATP2* Ca2+ transporting SR/ER ATPase
ATP5* ATP synthase family
ATP6* V-type H+ ATPase
ATXN2L Ataxin 2 like
AUP1 ancient ubiquitous protein 1
BAG2 BCL2 associated athanogene 2
BK big-conductance K+ channel
BSG basigin
CaM calmodulin
CAP1 adenylyl cyclase-associated protein 1
CCR6 C-C chemokine receptor type 6
CD109 activated T-cell marker CD109
CD4 T-cell surface glycoprotein CD4
CERS2 ceramid synthase 2
CHMP* charged multivesicular body protein family
CHP1 calcineurin like EF-hand protein 1
CHRNB2 cholinergic receptor nicotinic beta 2
CLEC2B C-type lectin domain family 2 member B
CLN3 ceroid lipofuscinosis, neuronal 3
DNAJB1 DnaJ heat shock protein family (Hsp40) B1
DSG2 desmoglein 2
EGF epidermal growth factor
EGFR epidermal growth factor receptor
ESCRT* endosomal sorting complex required for transport
FBN1 fibrillin 1
FITM2 fat storage-inducing transmembrane protein 2
FLOT1 flotillin 1
FYN proto-oncogene c-Fyn
GATOR2 GTPase-activating proteins towards Rags 2
GDI2 GDP dissociation inhibitor 2
GJA1 Gap junction alpha-1 protein
GPCR G-protein coupled receptor
GPHR Golgi pH regulator family
GPR89B putative Golgi PH regulator C
H3F3A H3 histone family member 3A
HACD3 3-hydroxyacyl-CoA dehydratase 3
HAX1 HCLS1 associated protein X-1
HIST1H* histone cluster 1 family
HIST2H3A histone cluster 2 family
HSC70 heat shock cognate 71 kDa protein
Hsc90 heat shock protein 90

Hsp40 chaperone DnaJ
HSP70 heat shock protein 70
HSP90AA1 heat shock protein 90 alpha family class A1
HSPA5 heat shock protein A5 or BiP
IL7 interleukin 7
IL7R interleukin 7 receptor
IP3R inositol triphosphate receptor
JNK c-Jun N-terminal kinase
KCNG2 potassium voltage-gated modifier subfamily G2
LAMP1 lysosomal-associated membrane protein 1
LAMP2 lysosomal-associated membrane protein 2
LC3* microtubule-associated protein 1 light chain 3
LCK proto-oncogene Lck
LDL low-density lipoprotein
LGIC ligand-gated ion channel
LMAN2 lectin, mannose binding 2
LMNA lamin A/C
LY6D lymphocyte antigen 6 family member D
MMP matrix metalloproteinase
MRS2 magnesium transporter
mTOR* mechanistic target of rapamycin
MYH9 myosin heavy chain 9
MYL6* myosin light chain 6
NAADP nicotinic acid adenine dinucleotide phosphate
NPC1 NPC intracellular cholesterol transporter 1
p62 sequestosome 1
PDGF platelet derived growth factor
PGRMC1 progesterone receptor membrane component 1
PHB* prohibitin family
PI(3,5)P2 phosphatidylinositol 3,5-bisophosphate
PKA protein kinase A
PNKD paroxysmal nonkinesigenic dyskinesia
PP2B calcineurin
PPA1 pyrophosphatase (inorganic) 1
PRDX* peroxiredoxin family
PSM* proteasome subunit family
PTPRD protein tyrosine phosphatase, receptor type D
RAB* Rab G-protein GTPase family
RCN2 reticulocalbin 2
RTK receptor tyrosine kinase
RyR ryanodine receptor
S6K P70-S6 kinase 1
SCN10A sodium voltage-gated channel alpha subunit 10
SCN5A sodium voltage-gated channel alpha subunit 5
Sec13 SEC13 homolog, nuclear pore and copii coat
SERCA sarco/endoplasmic reticulum atpase
SFXN* sideroflexin family
SIGMAR1 sigma non-opioid intracellular receptor 1
SLC1A5 sodium-dependent amino acid transporter 2
SLC25A* adenine nucleotide translocator family
SLC3A2 amino acid transporter heavy chain, member 2
SLC7A5 sodium-independent amino acid transporter
SLMAP sarcolemma associated protein
SNAP* soluble NSF attachment protein family
SNARE SNAP receptor
SRC proto-oncogene c-Src
STX* syntaxin family
SURF4 surfeit 4
SYNGR2 synaptogyrin 2
SYT7 synaptotagmin-7
TCR T-cell receptor
TFEB transcription factor EB
TGF* transforming growth factor
TM9SF* transmembrane 9 superfamily
TMED* transmembrane p24 trafficking protein family
TMEM165 transmembrane protein 165
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TMEM33 transmembrane protein 33
TPC* two-pore channel
TRPML* mucolipin
TTN titin
UBC polyubiquitin-C precursor
UBE2D2 ubiquitin conjugating enzyme E2 D2
VAMP* vesicle associated membrane protein family
VCP vasolin-containing protein
VDAC* voltage dependent anion channel family
VGIC voltage-gated ion channel
VTI1B vesicle transport through T-SNAREs 1B
YES1 proto-oncogene c-Yes
YFP yellow fluorescent protein
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