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Abstract. - OBJECTIVE: Progressive cardiac
conduction disease (PCCD) is a common pediat-
ric heart conduction disorder. It is an autosomal
inheritance of rare mutations, which leads to fa-
milial cases of PCCD. In these cases, the His-Pur-
kinje system’s conductive capacity is progressive-
ly deranged, involving either right or left bundle
branch block. Also, QRS complexes display wid-
ening is an important characteristic that culmi-
nates in complete AV block, syncope, and sudden
death. Mutations in TRPM4 gene that encodes for
transient receptor potential melastatin 4 have re-
cently been reported to cause familial cases of PC-
CD and heart block. TRPM4 conducts a Ca?*-acti-
vated non-selective monovalent cationic current
leading to a negative plasma membrane poten-
tial. TRPM4 channels let Na* ion influx, causing
membrane depolarization, whereas, at positive
membrane potentials, TRPM4 channels repolar-
ize the membrane by facilitating K* ion efflux from
the cell. TRPM4 protein contains many regulatory
motifs that confer voltage dependence, ATP/ADP
sensitivity, and Ca* responsiveness. Mutational
studies revealed the significance of the two-calm-
odulin binding sites at the N-terminus of for Ca**
dependent activation of this channel. Mutations
that reduce deSUMOylation increase the steady-
state levels of active TRPM4 channels on the mem-
brane without alteration of its sensitivity to Ca?* or
ATP or its voltage dependence of activation. In-
creased TRPM4 function interferes with cardiac
conduction and eventually contributes to heart
block. Both gain and loss of function mutations
of TRPM4 are implicated in the cardiac block. Cur-
rently, the major therapeutic management of cardi-
ac block due to TRPM4 mutations is implantation
of a pacemaker to reinstate normal current propa-
gation through AV node.
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Introduction

Heartbeat with its specific rhythm is dependent
on electrical impulse. This impulse is transmitted
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through the heart by the presence of direct junc-
tions between the cardiomyocytes and through
the conduction system of the heart muscle. This
system consists of the sinoatrial node, which is
the physiological pacemaker, relatively ill-defined
atrial tracks, and the atrioventricular (AV) node.
Besides these, there is also a conduction system
made up of a bundle of His, the left and right bun-
dle branches, and Purkinje fibers called the ven-
tricular conduction system'. Artificial pacemaker
implantation is strongly suggested as a therapeu-
tic measure under conditions of conduction block
at the AV level or completes heart block. Progres-
sive cardiac conduction disease (PCCD) is a com-
mon conduction disorder with a progressive dis-
turbance in conduction through the His-Purkinje
system, with either right or left bundle branch
block. Moreover, characteristic widening of QRS
complexes that culminates in complete AV block,
syncope, and sudden death, are confirmed indica-
tors?. Familial causes for the above pathological
state involve an inheritance pattern that is autoso-
mal dominant in nature, the presence of sporadic
mutations in genes that code for components of
cardiac impulse propagation systems and the in-
tercellular communication. Some of these genes
include SCNS5A, coding for Navl.5 sodium chan-
nel’, SCNIB coding for sodium channel B-sub-
unit* and TRPM4, coding for Transient Receptor
Potential Melastatin 4 cation channel', and GJAS5,
coding for connexin’. TRPM4 is known to con-
duct a Ca?'-activated non-selective cationic cur-
rent. Therefore, at negative plasma membrane po-
tential, TRPM4 channels let Na* ions to enter the
cell, causing membrane depolarization. However,
at positive plasma membrane potentials, TRPM4
channels help in repolarizing of the membrane
by facilitating K' ion efflux from the cell®’. Thus,
the function of TRPM4 could either reduce or
increase the driving force for Ca*, which has a
significant impact on the frequency of intracellu-
lar Ca*" oscillation in several cell types including
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TRPM4 membrane topology and some cardiac block causing mutations
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Figure 1. Plasma membrane topology of TRPM4 subunit and some cardiac block causing mutations. TM1-TM6, mem-
brane-spanning segments. ABC D: ATP binding cassette domain; CaMBD: calmodulin binding site; Mutation sites are indi-
cated in italics and “Stars”. NH2, N-terminus of TRPM4; HOOC, C-terminus of TRPM4.

cardiomyocytes®. Also, TRPM4 is expressed in
large quantities the heart® and the above channel
represents the cardiac Ca**-activated transient in-
ward current (Iti)*'°. So, it is quite probable that
TRPM4 plays an important role in the cardiac
conduction system'’,

Structure and Function of TRPM4

TRPM4 is a non-selective monovalent cation
channel (NSCCa) that is activated by Ca*" ions.
However, it is not permeable to Ca®" ions and
has a single channel conductance in the range of
20-25pS. Moreover, it was initially described in
rodent as well as in human cardiomyocytes'>!.
Importance of TRPM4 in heart function has been
confirmed by (I) the identification of TRPM4
specific inhibitor, 9-phenanthrol, which was in-
strumental in examining the TRPM4 mediated
current modulation in the hearts of lab animals',
(IT) development of TRPM4-knockout mice for
understanding the role of this cationic channel
in heart” and (III) significance of different mu-
tations of TRPM4 by positional cloning as well
as their association with heart block and Bruga-
da syndrome'®. TRPM4 has been shown to play a

role not only in heart function but also in the reg-
ulation of immune response, control of pancreatic
B-cell insulin secretion apparatus, contraction of
smooth muscle and apoptosis'". Expression-sta-
tus of other membrane ion channels/transporters
influences TRPM4 activation or inactivation and
its cellular response””. TRPM4 belongs to the
family of transient receptor potential channel pro-
teins that includes TRPV1, TRPV4, TRPC, and
others, which are encoded by nearly 28 genes
in the human genome"”. TRPM4 is a 1214-ami-
no acid protein, coded by the TRPM4 gene and
is present on chromosome 19°. Similar to other
members of this transient receptor potential chan-
nels family, there are 6 transmembrane domains
(TM1-TM6) in each TRPM4 monomer, and the
actual channel pore is formed by a tetramer. Each
of these four monomers possesses a membrane
inserted loop structure, called P-loop, between
TMS and TM6 domains (Figure 1). Transmem-
brane domains TM5 and TM6 together with the
P-loop constitute the central conduction pathway
pore with the selectivity filter, which is selectively
permeable to monovalent cations in the following
preference: Na* > K" >> Cs* > Li". Voltage depen-
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dence, Ca?" sensitivity (activation/inactivation) of
TRPM4 are also dependent on several regulato-
ry motifs present on this protein. These include
the ABC transporter motifs on the cytoplasmic
amino-termini, carboxy-termini sites for protein
kinase C (PKC) phosphorylation, a TRP domain
for calmodulin binding and a pleckstrin homol-
ogy (PH) domain?. Mutational studies revealed
that the two calmodulin binding sites at the N-ter-
minus of TRPM4 are essential for Ca?* dependent
activation of this channel”. Besides, the Ca’* sen-
sitivity of TRPM4, it is found observed to be ele-
vated by PIP2 (phosphatidylinositol biphosphate),
which shifts the voltage-dependence of TRPM4
channel activation toward negative potentials®**.
Also, cytosolic ATP and ADP inhibit** whereas
hydrogen peroxide activates TRPM4 channel ac-
tivity?*. Further, it has been shown that reduced
deSUMOylation increases the steady-state levels
of active TRPM4 channels on the membrane with-
out alteration of its sensitivity to Ca*" or ATP".
However, it has been speculated that SUMOyla-
tion likely interferes with the ubiquitination and
proteosomal targeting of TRPM4 for degradation,
thereby elevating its plasma membrane levels'.
Furthermore, in neuronal cells, a functional as-
sociation between sulfonylurea receptor (SUR1)
and TRPM4 (analogous to K-ATP channel and
SURI), has been observed, but its significance in
cardiac function is still not clear*-2¢.

TRPM4 and Conduction Blocks

An E7K mutation on the TRPM4 was the first
evidence for its direct involvement in human heart
block diseases, and this mutation is related to the
conduction block in cardiac bundle branch'. Later
studies identified several other TRPM4 mutations
that are inherited in the autosomal dominant man-
ner in different families along with isolated heart
conduction blocks?’. Many of these TRPM4 mu-
tations were observed in 25% of the right bundle
branch blocks and also in 10% of the AV blocks?’.
Interestingly, none of the mutations directly af-
fected TRPM4 with respect to its biophysical or
regulatory functions. However, these mutations
were associated with the elevated amplitude of
the whole-cell current, which was attributed to in-
creased TRPM4 channel protein molecules on the
cell membrane due to decreased proteasomal tar-
geting and degradation of TRPM4!!!, Initial evi-
dence that linked TRPM4 with heart disease was
noticed in two large pedigrees, a South African
family! and a Lebanese family'! by the identifi-
cation of an association with progressive familial

heart block type I (PFHBI). There is a progressive
impairment of conduction through the His bun-
dle branches in PFHBI. The right bundle branch
block (RBBB) is the site where this loss of con-
duction typically starts followed by left anterior
hemiblock (LAHB), which progresses to a com-
plete AV block. In PFHBI, there is an increase in
QRS duration with time even though no chang-
es are seen in PR and QTc intervals?®. Following
these two initial reports on the involvement of
TRPM4 in PFHBI, several gain-of-function and
loss-of-function TRPM4 variants have been re-
ported?"?. A recent study'® on 95 unrelated PCCD
patients identified variants of TRPM4 gene em-
ploying next generation sequencing technologies.
The above report also observed a novel variant
1376T in TRPM4, which is carried by the proband
of a 4-generation French pedigree. TRPM4-p.
1376T mutation leads to a gain of function of this
ion channel, and also enhances current density in
association with elevated expression of TRPM4
protein at the cell surface (Table I).

Possible Mechanisms for TRPM4
Gain/Loss of Function Mediated Defect in
Cardiac Conduction

Despite the convincing study of the E7K
gain of function mutation of TRPM4 associat-
ed with heart block, other evidence associated
with conduction disorders led to the speculation
that TRPM4 variants likely act only as modifiers
of cardiac conduction?”*. One possibility is that
as TRPM4 generates a net inward depolarizing
current, assuming a tonic activity under resting
conditions. So, an increase in TRPM4 function
would depolarize the resting membrane poten-
tial, while a reduction in its activity would be
expected to lead to hyperpolarization. Because
of this, the functionality of the excitable Na* and
Ca?" channels become dependent on TRPM4 ac-
tivity; thus, altered TRPM4 activity could cause
defective conduction?. In a recent study, two
losses of function variants of TRPM4 (A432T
and A432T/G582S) (Figure 1; Table I) in two
patients with childhood AV block were found
to show decreased expression at the cell mem-
brane, which is probably due to misfolding of
the protein and reduced trafficking to the mem-
brane. Even though G582S variant alone showed
increased expression, this was not related to
SUMOylation of this variant. Moreover, other
rare variants (D198G, A432T, T6771, and V921I)
observed in this work indicated alternate mech-
anisms that are possible for elevated TRPM4
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Table 1. Various TRPM4 mutations and their effect on cardiac conduction and pathology.

Influence
Mutation Location in protein TRPM4 levels of mutation ECG/phenotype Reference
IL-1B (ng/mL) Before treatment 156.4+£32.6 157.8 £35.5 0.069 0.924
After treatment 133.4 +25.7 179.2 +43.5 5.326 0.032
TNF-a (ng/mL) Before treatment 26.8+7.2 254+7.6 0.125 0.836
After treatment 123+£52 447 +£16.8 5.624 0.030
IL-6 (ng/mL) Before treatment 456 77 437 +£8.2 0.326 0.724
After treatment 376 +6.2 65.3+9.6 5.127 0.035
IFN-y (umol/L) Before treatment 155+£33 153+3.5 0.215 0.766
After treatment 145+2.6 187+34 4.968 0.037
IL-13 (ng/mL) Before treatment 16.7+5.2 16.55.3 0.426 0.695
After treatment 21.8+4.5 13.5+34 5.102 0.035
IL-4 (ng/mL) Before treatment 246.3 £ 64.9 2347+ 75.8 0.328 0.532

CaM: calmodulin; ND: not determined; RBBB: right bundle branch block; LBBB: left bundle branch block; LAHB: left
anterior hemiblock; PFHBI: progressive familial heart block type I; AB block: atrioventricular block; BrS: Brugada syndrome;

TM: transmembrane.

protein levels®. In line with what is said above,
it has been noticed that the phenotype of differ-
ent mutations of TRPM4 closely resembles the
phenotypes of mutations in Navl.5 Na" channel
coding gene SCN5A. This reaffirms the idea that
in cardiomyocyte excitability the main function
of TRPM4 channel is to conduct Na* inward cur-
rents. The TRPM4 mRNA expression pattern
in human heart revealed much higher levels of
Purkinje fibers and weak expression in the left
ventricle, with the relative order of TRPM4 ex-
pression being Purkinje fibers >> septum, right
ventricle > right atrium, left ventricle, under-
lining the importance of this channel in cardiac
conduction system?'. The mutated TRPM4 and
the increased current associated with ICCD and
PFHBI probably lead to an elevated membrane
leak conductance, which in turn disables action
potential propagation down the Purkinje fibers.
In agreement with this suggestion, there is of-
ten a broadened QRS complex in the electrocar-
diogram of patients with a right-bundle-branch
block, bivascular block, and heart conduction
block!. It is possible that TRPM4 channels are
activated by an increase in intracellular Ca?"
during a late phase of cardiac action potentials,
which results in slow down of action potential
repolarization. Thus, both gain- and loss-of-
function mutations in TRPM4 could cause con-
duction slowdown by decreasing the availability
of Navl.5 channels'. It has also been suggested
that both gain and loss of function mutations of
TRPM4 likely cause a rise or fall in extracellular
K, thus, influencing the propagation velocity of
cardiac impulse®-.

Pharmacological Agents Against TRPM4
TRPM4 channel was found" to be inhibited
by the macrolide 9-phenanthrol, with an IC50 of
about 2 uM, without affecting related channels
like TRPMS, TRPC3, and TRPC6. However, at
higher concentrations, 9-phenanthrol also af-
fects other ion channels, like the voltage-gated
Ca?* and K' channels in cardiomyocytes, thus
limiting its use as a probe and as a drug®'. Since
9-phenanthrol acts as an anti-arrhythmic agent, it
appears promising to develop better drugs to in-
hibit TRPM4, with high potency and specificity
for use as anti-arrhythmic agents. The interaction
between SUR1 and TRPM4 bestows sensitivity to
drugs like glibenclamide in a manner and potency
similar to that of K-ATP channels®?. However, the
significance of SUR1/TRPM4 interaction in heart
and its role in cardiac blocks needs to be ascer-
tained both experimentally as well as clinically
so as to entertain the idea of exploiting SUR1/
TRPM4 interaction for drug development. Other
drugs such as clotrimazole, MPB-104, etc., that
are also known to inhibit TRPM4 but due to less
specificity they have limited application.

Conclusions

PCCD is a common pediatric heart conduction
disorder responsible for complete AV block, syn-
cope, and sudden death. Mutations in TRPM4 are
prime causes of PCCD and heart block. The major
therapeutic management of cardiac block due to
TRPM4 mutations is implantation of a pacemaker
to reinstate normal current propagation through
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AV node. Pharmacological treatment options are
still in the research stage and are not yet available.
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