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Transient Receptor Potential, Melastatin-related, member 4
(TRPM4) channels are Ca**-activated Ca**-impermeable cati-
on channels. These channels are expressed in various types of
mammalian tissues including the brain and are implicated in
many diverse physiological and pathophysiological conditions.
In the past several years, the trafficking processes and regu-
latory mechanism of these channels and their interacting pro-
teins have been uncovered. Here in this minireview, we sum-
marize the current understanding of the trafficking mechanism
of TRPM4 channels on the plasma membrane as well as het-
eromeric complex formation via protein interactions. We also
describe physiological implications of protein-TRPM4 inter-
actions and suggest TRPM4 channels as therapeutic targets in
many related diseases. [BMB Reports 2015; 48(1): 1-5]

TRPM4 (Transient Receptor Potential, subfamily M (Melastatin-
related), member 4) channels are Ca’*-activated nonselective
cation channels (CANs) permeable only to monovalent ions
(K* and Na*). TRPM4 forms a functional channel as a tetramer
and each monomer comprises six predicted transmembrane
domain helices (TM1-TM6) with a pore region between TM5
and TM6, and cytoplasmic N- and C-terminal domains (1-3).
TRPM4 channels are expressed in a wide range of human tis-
sues and are involved in various physiological processes such as
T cell activation, myogenic vasoconstriction, allergic reactions
and neurotoxicity (4-9). In the brain, expression and/or channel
activities of TRPM4 have been detected in the prefrontal cortex,
hippocampus, cerebellar Purkinje cells, preBétzinger complex
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in the brainstem, magnocellular cells in supraoptic and para-
ventricular nuclei, and substantia nigra pars compacta (10-15).

TRPM4 channels have three isoforms resulting from alter-
native splicing: (1) the full-length TRPM4 (TRPM4b), (2) an
N-terminal 174 amino acid deletion isoform of TRPM4
(TRPM4a), and (3) a TRPM4 isoform lacking 537 amino acids
(TRPM40) (3, 16, 17). Although the specific functions of these
splicing variants in vivo are unknown, a recent study of splic-
ing alterations in a myotonic dystrophy suggested that each
TRPM4 splicing variant may have distinct functions (18).

Human mutations in the TRPM4 gene and their consequent
dysfunction have been linked to cardiac diseases (19-21).
Increases in the level of TRPM4 channels have been reported
in vascular endothelium following hypoxia/ischemic stroke,
and in the endothelial cells of capillary vessels following spi-
nal cord injury (22, 23). TRPM4 has also been implicated in
experimental autoimmune encephalomyelitis and human mul-
tiple sclerosis tissues (9). Therefore, understanding the regu-
latory mechanism of TRPM4 channels on the plasma mem-
brane may open the therapeutic window for intervention in
TRPM4-related diseases.

TRAFFICKING MECHANISM OF TRPM4

In addition to the regulation present at the transcription and
translation levels, membrane proteins, including ion channels,
are tightly regulated with regards to the number on the plasma
membrane by their exocytic (forward) trafficking - retention
and exit from the endoplasmic reticulum and insertion into the
plasma membrane - and endocytotic (reverse) trafficking proc-
esses — internalization for sorting into either recycling or deg-
radative pathways (24). Although there are numerous interact-
ing molecules and post-translational modifications have been
identified that affect the trafficking process of ion channels, the
trafficking mechanism of TRPM4 channels remained elusive
until two recent key findings (17-19).

We have reported that membrane targeting of TRPM4 was
mediated by interactions with 14-3-3y (17). Based on the ob-
servation that a shorter isoform (TRPM4a) resides mostly within
intracellular compartments and that a longer isoform (TRPM4b
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with an additional N-terminal fragment of 174 amino acids)
reaches the plasma membrane, we identified 14-3-3y as a traf-
ficking chaperone using the N-terminal fragment (N174) of
TRPM4b by yeast two-hybrid screening (16, 17). We also
found that Ser88 at the N-terminus of TRPM4b is critical for
14-3-3y binding, presumably in a phosphorylation-dependent
manner and that the TRPM4b-S88A mutant failed to reach the
plasma membrane (Fig. 1). Co-expression of 14-3-3y and
TRPM4b in HEK293T cells results in increased TRPM4 current
density compared to TRPM4b alone. Specific gene silencing
via short hairpin RNAs (shRNAs) of either 14-3-3y or TRPM4b
reduced the glutamate-induced current amplitude of TRPM4
channels endogenously expressed in a neuronal cell line,
HT-22 (17). Interfering with the forward trafficking of TRPM4b
channels using 14-3-3y shRNA efficiently blocked glutamate-
induced neurotoxicity in HT-22 cells, which is comparable to
the effect of 9-phenanthrol, a TRPM4b specific antagonist.
These results clearly showed that the interaction of TRPM4b
with 14-3-3y influences glutamate-mediated neurotoxicity
through its function in controlling forward trafficking to the
plasma membrane.

Understanding of the retrograde trafficking of TRPM4 chan-
nels is still limited. A missense mutation at the cytoplasmic
N-terminus (Glu7Lys) of TRPM4 in patients with a progressive
cardiac bundle branch disease was found to cause de novo
SUMOylation and consequential defect in endocytosis of the
channel, which led to increased levels of the channels on
the plasma membrane (19) (Fig. 1). Additional mutations
(Arg164Trp, Ala432Thr, and Gly844Asp - all likely facing the
intracellular side) were found in a cardiac conduction disease
which also caused impaired deSUMOylation/endocytosis, re-
sulting in increased current density of TRPM4 although the res-
idues were not directly SUMOylated (20). SUMOylation is a
post-translational modification that modulates protein function
by binding a member of the SUMO (small ubiquitin-like modi-
fier) family to the target protein (25).

The balance between SUMOylation and deSUMOylation

plays an important role in regulating ion channels and neuro-
transmitter receptors, modulating synaptic transmission and
plasticity by mainly affecting endocytosis in the brain (26).
Therefore, elucidating the regulatory mechanism of TRPM4 via
SUMOylation may be critical for understanding the trafficking
of these channels. Although TRPM4 has been shown to be sen-
sitive to SENP1 (sentrin-specific protease 1) and Ubc9, a SUMO
conjugation enzyme, the SUMOylation site(s) of TRPM4 chan-
nels have not been identified (19). Therefore, the endocytotic
mechanism of TRPM4 remains largely elusive although there is
a possibility that it is dynamin-dependent (19, 20).

GLYCOSYLATION OF TRPM4

In addition to these two findings on the trafficking of TRPM4
channels, the level of TRPM4 has been shown to be affected
by glycosylation (27, 28). N-glycosylation is important for ma-
turation and proper targeting of ion channels to the plasma
membrane (29).

Woo et al., showed that rat TRPM4 on the plasma mem-
brane is sensitive to peptide:N-glycosidase F, and the Asn988
residue was identified as a glycosylation site. They reported
that a mutation at this residue did not affect surface expression
or channel activities. The study also suggested that N-glyco-
sylation may play a role in stabilizing the surface expression of
TRPM4, based on comparisons of the number of wild-type and
Asn988GIn mutant channels in the presence of cyclohexa-
mide, a protein synthesis inhibitor (27).

Syam et al. identified Asn992 (the homologous site of
Asn988 in rat TRPM4) of human TRPM4 as a glycosylation site
and a mutation at this residue decreased current density with-
out affecting the number of channels at the plasma membrane
(28) (Fig. 1). They also reported that application of tunicamy-
cin, an inhibitor of protein glycosylation, to HEK293 cells ex-
pressing wild type TRPM4 increased the current density of
TRPM4, which was in contrast to the results from Woo et al
(27, 28). The discrepancy in trafficking effects of glycosylation
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at a conserved site of TRPM4 remains to be explained: wheth-
er it is merely species-specific or whether additional regulatory
mechanism(s), including additional protein-protein inter-
action(s), are required.

PHOSPHORYLATION OF TRPM4

Phosphorylation has been studied extensively for the purpose
of regulating ion channels and neurotransmitter receptors, es-
pecially with respect to their trafficking and protein-protein in-
teractions and influencing cellular excitability and synaptic
functions (30-33). As Ca®*-activated channels, PKC-mediated
phosphorylation of TRPM4 at Ser1145 and Ser1152 has been
shown to affect their Ca>* sensitivity, and Ca”*/calmodulun
binding sites have been identified at the C-terminus of TRPM4
(34) (Fig. 1). In addition to the presumably phosphorylation-
dependent, 14-3-3y-dependent forward trafficking described
above, PKC3 activation increased the surface expression of
TRPM4 channels in vascular smooth muscle cells, and casein
kinase 1 (CK1) phosphorylation of TRPM4 at Ser839 has been
reported as responsible for its basolateral localization (8, 35)
(Fig. 1). However, whether TRPM4 channels can be modu-
lated by PKA and/or other kinases (and resulting protein-pro-
tein interactions) is unknown, although multiple putative PKA
phosphorylation sites are predicted at both the N- and C-termi-
ni of the channels (34).

HETEROMERIZATION OF TRPM4 WITH TRPC3 AND
SURT1

Intriguingly, TRPM4 has been shown to associate with differ-
ent types of ion channel subunits (36, 37). First, TRPM4b has
been shown to bind to TRPC3, and TRPM4b activation sup-
presses TRPC3-mediated current density in HEK293T cells (36)
(Fig. 1). TRPC3, a calcium-activated, calcium-permeable TRP
family member, may play an important role in physiological
and pathophysiological functions due to the wide spectrum of
its calcium signaling mechanism (38). However, the physio-
logical significance of the TRPM4-TRPC3 heteromer has not
been examined in cells with simultaneous expression of these
two channels. Therefore, it remains to be seen how TRPM4-
TRPC3 heteromeric channels function in vivo.

Another interesting finding is the functional heteromeriza-
tion of SURT (sulfonylurea receptor 1) with TRPM4 (37) (Fig. 1).
SURT is known to associate with Kir6.2 (or Kir6.1) to form Karp
channels that link metabolic signals to excitability in various
types of cells (39). In traumatic brain and spinal cord injury or
ischemic stroke, increased levels of TRPM4 and SUR1 have
been found in astrocytes, neurons and capillaries (37, 40).
Co-expression of TRPM4 and SUR1 showed functional dis-
tinction compared to the properties of the individual channels:
pharmacological properties of SURT — acquired sensitivity to
diazoxide and glibenclamide, an activator and an inhibitor, re-
spectively - and biophysical properties of TRPM4 - doubled af-
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finity for calmodulin and doubled sensitivity to intracellular
calcium (37). It remains to be seen how interactions of SURT1
with TRPM4 and Kir6.2 functionally affect both TRPM4 and
Katp activities in the same cells (10). The bigger question is
whether different combinations of heteromeric TRPM4 chan-
nels (with other types of ion channels) require additional pro-
tein-protein interactions or new regulatory modes for traffic-
king.

As mentioned previously, understanding of the trafficking
mechanism of TRPM4 is still in the early stages. For example,
in Brugada syndrome, an associate risk of cardiac arrhythmia,
mutations in TRPM4 that resulted in either increased (Thr873lle
and Leu1075Pro) or decreased (Pro779Arg and Lys914X) ex-
pression on the plasma membrane were found without chang-
ing the biophysical properties of the channels (41). Therefore,
there may be additional mechanism(s) affecting the trafficking
of TRPM4 on the plasma membrane, especially where polar
expression patterns exist in subcellular locations (e.g., axon
and dendrites of the pyramidal neurons). In addition, other
post-translational modifications (e.g., ubiquitylation and pro-
tein lipidation) that have been shown to modulate many other
ion channels need to be examined for trafficking regulation of
TRPM4 channels (42-44).

CONCLUSIONS

Here, we briefly summarized the regulation of TRPM4 channels
via protein-protein interactions. Trafficking of TRPM4 channels
often requires post-translational modifications (phosphorylation,
and SUMOylation) to achieve protein-protein interactions,
however, other types of modifications yet remain to be ex-
amined. Heteromerization of TRPM4 channels with SUR1
and/or TRPC3 need to be studied further for their physiological
significance in diverse tissues. This will lead to a better under-
standing of the dysfunctional contributions of these channels
and open the therapeutic door for diseases related to the
channels.
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