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1. Contribution to publications

1.1 Contribution to Publication | [1]
In my first publication [1], | explored whether the TRPM7-mediated uptake of

Zn?* promotes tumour survival and assessed the potential for combining TRPM7
inhibitors with standard cancer treatments to achieve a synergistic therapeutic effect.
Using genome-wide transcriptome profiling of haploid human leukemia (HAP1) cells, |
investigated pathways commonly affected by knockout of TRPM7 using the
CRISPR/Cas9 approach as well as by pharmacological agent NS8593, a potent
blocker of the TRPM7 channel. These experiments showed that TRPM7 regulates the
expression levels of multiple transcripts, including the human epidermal growth factor
receptor 2 HER2 (ERBB2). Also, | studied different non-hematopoietic cells, including
trophoblast stem (TS) cells, HEK293 cells, HeLa cells and found that the deletion of
TRPM7 impacts HER2 expression in a Zn?*"-dependent manner. Additionally, |
discovered that co-administering pharmacologic antagonists of HER2 and TRPM7
exerted a synergistic antiproliferative effect in HER2-positive SKBR3 breast cancer
cells. However, this synergistic effect was not observed in HER2-deficient MDA-MB-
231 cells. Collectively, the study concludes that the TRPM7 channel is critically
implicated in Zn?*-dependent regulation of HER2 expression. These findings suggest

a new strategy for treating HER2-positive breast cancer cells.

In this study, | conducted the experiments illustrated in Figure 1 A, C, D, E, Figure
2, Figure 3 A, B, C, D, Figure 4, Figure 5 A, B, C, D, Figure 6, Suppl. Figure S1, Suppl.

Figure S2, Suppl. Figure S4, Suppl. Table S1, Suppl. Table S2, and Suppl. Table S3



Figure 1: Functional examination of TRPM7 KO HAP1 cells.

Given that clonal selection procedures often contribute to a considerable diversity of
cell phenotypes, | investigated two clones of HAP1 cell lines with independent
frameshift mutations in TRPM7. To functionally characterize these clones of HAP1
cells, | used the patch-clamp technique, which confirmed the absence of detectable
TRPM7 currents in both HAP1 TRPM7 knockout (KO) cell lines. | then compared the
proliferation rates of wild type (WT) and TRPM7 KO cells and found that TRPM7 KO

cells grew significantly slower than WT cells.

Figure 2: Transcriptome profiling of HAP1 cells.

To examine cellular pathways regulated by TRPM7, | conducted genome-wide
transcriptome profiling of HAP1 cells using a microarray approach. This led to the
identification of several commonly up- and down-regulated transcripts in WT HAP1
cells treated with NS8593 and two TRPM7 KO cell lines. | verified the results obtained
using the qPCR technique. Among other changes, | observed that HER2 expression

was 30-fold upregulated in two TRPM7 KO HAP1 cell lines.

Figure 3: TRPM7 regulates the HER2 expression in HAP1 cells.

To assess whether TRPM7 could also influence HER2 expression on the protein level,
| utilized the western blot approach with a HER2-specific antibody. | found that two
HAP1 TRPM7 KO cell lines exhibited significantly higher HER2 expression compared
to the wild type. Since TRPM7 is a Zn?* permeable channel, | further investigated if the
effect of TRPM7 KO on HER2 expression is Zn?* dependent. | supplemented the HAP1

cells with a medium containing additional Zn?* or zinc pyrithione (a small organic



molecule acting as a Zn?* ionophore). Treatment of the HAP1 TRPM7 KO cells with
Zn?* or zinc pyrithione significantly reduced HER2 levels, bringing them closer to the

levels observed in WT cells.

Figure 4: The effect of TRPM7 KO on HER2 expression in trophoblast stem (TS) cells
and HEK293 cells

To determine if HER2 represents a regulatory target of TRPM7 in non-hematopoietic
cells, | compared the expression levels of HER2 in mouse WT and Trom7 KO
trophoblast stem (TS) cells, WT and TRPM7 KO HEK293 cells, and WT HEK293 cells
treated with TRPM7 siRNA. In all TRPM?7 deficient cells, the HER2 expression was
significantly downregulated, and this effect could be reversed by supplementation of
cells with Zn?* or zinc pyrithione. These results indicate that TRPM7 modulates the

expression of HER2 in a Zn**-dependent manner.

Figure 5: Targeting of TRPM7 in breast cancer cells.

Given HERZ2’s critical role in breast cancer progression, | investigated whether TRPM7
inhibition impacts HER2 expression and the proliferation of breast cancer cells. The
human breast cancer cell lines SKBR3, MCF-7 and MDA-MB-231 cells each exhibit
varying levels of HER2 overexpression and are widely used to test new therapeutic
strategies. We utilized western blotting to confirm that SKBR3 cells express
significantly higher levels of HER2 compared to MCF-7 and MDA-MB-231 cells.
Following, | examined whether HER2 is a regulatory target of TRPM7 in SKBR3 cells,
and | found that two different anti-TRPM7 siRNAs significantly downregulated HER2
levels in SKBR3 cells. Additionally, | investigated the impact of NS8593 on breast

cancer cell proliferation and discovered that NS8593 dose-dependently inhibited the



proliferation of SKBR3 and MDA-MB-231 cells. These findings suggest that inhibition
of TRPM7 in breast cancer cells reduces HER2 levels and elicits an antiproliferative

effect.

Figure 6: Combinatory pharmacological treatment of SKBR3 cells.

To determine if combined pharmacologic inhibition of TRPM7 and HER2 can be used
to improve the targeted therapy of HER2-positive cancer cells, | examined the viability
of HER2-positive SKBR3 cells treated with different concentrations of CP724714, a
HER2-specific inhibitor, in combination with distinct concentrations of NS8593, the
TRPM?Y inhibitor. The results showed a significantly synergistic antiproliferative effect

of CP724714 and NS8593 in SKBR3 cells.

Supplementary Figure S1: Verification of TRPM7 KO mutation in HAP1 cells.

To examine the newly generated TRPM7 KO-01 HAP1 cell line, | analyzed the
presence of aberrant TRPM7 transcripts using RT-PCR and sequencing. The analysis
revealed that the PCR product from TRPM7 KO-01 cells had an incorrect linkage of

exon 3 to an intronic sequence leading to a frameshift mutation in TRPM7 mRNA.

Supplementary Figure S2: Examination of human HelLa cells with TRPM7 KO

mutation.

| conducted patch clamp and western blot experiments to confirm that the new TRPM7
KO HelLa cells lack TRPM7 activity. Consistent with the findings in the experiments
with TS and HEK293 cells (Figure 4), TRPM7 KO HelLa cells also showed

downregulation of HER2 expression.
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Supplementary Fiqure S4: The treatment of MDA-MB-231 cells with CP724714 and

NS8593.

Since MDA-MB-231 cells display very low HER2 expression levels, | performed
experiments similar to those shown in Figure 6. MDA-MB-231 cells showed no
response to treatment with CP724714, and CP724714 failed to increase NS8593's
antiproliferative effect in these cells. These findings further strengthen the hypothesis
that the effect of NS8593 and CP724714 on SKBR3 cells is synergistic due to the high

expression of HER2.

Suppl. Table S1: Affymetrix microarray analysis of transcriptome in HAP1 cells. The

data from this table was used for Figure 2.

Suppl. Table S2: Up- and down-regulated transcripts in HAP1 cells subjected to

genetic and pharmacological ablation of TRPM7. Inactivation of TRPM7 in HAP1 cells

resulted in up-and down-regulation of several genes, as outlined in Figure 2.

Suppl. Table S3: Sequence of primers used for qRT-PCR procedures in the present

study.
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1.2 Contribution to Publication Il [2]

The channel-kinase TRPM7 controls the membrane transport of divalent cations [1, 3-
7]. It is well established that cytosolic Mg?* levels regulate the TRPM7 channel [8-10],
but the molecular mechanisms of this process remain enigmatic. In the present study,
we used electrophysiological techniques and molecular dynamics (MD) to obtain
evidence that intracellular Mg?* interacts directly with TRPM7, leading to inhibition of
channel activity. Specifically, we proposed that four N1097 residues located in the
channel gate of TRPM7 form a regulatory Mg?*-binding site. We found that the
N1097Q mutation reduced the potency of Mg?* but did not affect the action of other
TRPM7 ligands. We also showed that mutagenesis of the closely located N1098
(N1098Q) results in a gain-of-function variant of the TRPM7 channel, offsetting the
effects of all examined TRPM7 ligands, including Mg?*, Mg-ATP, PIP, and
pharmacological compounds NS8593 and naltriben, reinforcing the idea that the lower
channel gate of TRPM7 has a critical functional role.

In the present study, | conducted the experiments presented in Supplementary

Figures 2 and 4.

Supplementary Figure 2: | investigated the subcellular localization of the wild-type

(WT) TRPM7 and two TRPM7 variants with N1097Q and N1098Q mutations. After
transiently expressing the WT and mutant TRPM7 cDNA variants in HEK293T caells, |
stained the fixed cells with mouse monoclonal anti-TRPM7 antibody and goat anti-
mouse IgG conjugated to Alexa Fluor 488. Confocal microscopy using an LSM 880
AxioObserver with Airyscan showed no noticeable differences in the subcellular

localization or distribution of TRPM7 variants in HEK293T cells. This suggests that the
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N1097Q and N1098Q mutations alter TRPM7 function but do not affect its stability or

cellular trafficking.

Supplementary Figure 4: | examined whether the reduced Mg-ATP sensitivity

observed in the N1097Q and N1098Q mutations of TRPM7 also holds true for other
magnesium nucleotides, such as Mg-GTP [11, 12]. Towards this purpose, | measured
TRPMY7 currents in HEK293T cells expressing WT, N1097Q and N1098Q TRPM7
variants in the presence of 6 mM Mg-GTP and 250 puM free Mg?*. While this
coadministration inhibited the WT TRPM7 channel, the currents in N1097Q and
N1098Q TRPM7 remained unchanged after the exposure to Mg-GTP, analogously to
our experiments with Mg-ATP. Based on these experimental data, | concluded that the
N1097Q and N1098Q mutations did not affect the channel's response to Mg-ATP and

Mg-GTP.
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2. Introduction

The transient receptor potential cation channel, subfamily M, member 7 (TRPM7), is a
plasma membrane protein that contains a channel segment fused to a serine/threonine
protein kinase domain (Figure 1). The channel segment of TRPM7 shares sequence
homology with a large group of tetrameric ion channels referred to as transient receptor
potential (TRP) channels [13].

In mammals, the TRP gene superfamily consists of 28 members forming six
distinct groups (subfamilies): TRPA channels (ankyrin repeats containing TRPs),
TRPC channels (canonical TRPs), TRPM channels (melastatin-related TRPs), TRPML
channels (mucolipin TRPs), TRPV channels (vanilloid receptor-related TRPs) and
TRPP proteins (polycystin TRPs) [14]. Among the eight channels of the TRPM
subfamily, only TRPM7 and its nearest homolog, TRPMG6, contain the C-terminal
protein kinase.

The kinase domain of TRPM7 resembles other protein kinases referred to as ao-
kinases, which can phosphorylate serines and threonines located in a-helixes of
substrate proteins [15]. In addition to TRPM6 and TRPM7, there are four other
mammalian a-kinases, including eukaryotic elongation factor-2 kinase and a-kinases
1-3 [15].

TRPM7 and TRPMG6 function as plasma membrane cation channels highly
permeable to divalent cations [6, 12, 16]. While TRPM6 is primarily expressed in the
kidney, intestine and placenta [7, 17, 18], TRPM7 is ubiquitously expressed throughout
various tissues [12, 16, 19, 20]. TRPM7 plays a critical role in regulating of Zn?* and
Mg?* homeostasis, Ca?*-dependent signaling, and cellular functions such as

proliferation, motility, and exocytosis [7, 12, 21-25].
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Mg-ATP
NS8593

Figure 1. TRPM7 is a bifunctional plasma membrane protein.

The channel segment of TRPM7 contains six transmembrane helixes (S1-S6) linked
to an a-type protein kinase domain. The channel pore-forming segment is located
between the S5 and S6 helixes (in blue). The TRPM7 channel is permeable to Mg?*,
Ca?*, and Zn?* and is negatively regulated by Mg?* and Mg-ATP. The small synthetic
molecule NS8593 inhibits TRPM7 channel activity.

2.1 Functional characteristics of the TRPM7 channel

TRPMY is a constitutively active channel that is highly permeable to divalent cations
with the following preference: Zn?* = Ni?* >> Ba?* > Co?* > Mg?* 2 Mn?* 2 Sr?* 2 Cd?*
> Ca?* [6, 12]. Intracellular Mg?* and Mg-ATP have been shown to act as negative
regulators of the TRPM7 channel [8-10]. Thus, a common strategy to induce TRPM7
currents in patch-clamp experiments is based on the application of EDTA/EGTA-
containing intracellular pipette solutions, enabling the removal of intracellular Mg?* and
Mg-ATP, thereby activating TRPM7 currents [11, 12, 26]. It has been hypothesized
that Mg?* and Mg-ATP maintain a negative feedback mechanism linking the metabolic
state of the cell and TRPM7-mediated uptake of divalent cations [11, 12, 26].

In addition to Mg?* and Mg-ATP, the TRPM7 channel is regulated by
phosphatidylinositol 4,5-bisphosphate (PIP2). The activation of phospholipase C (PLC)
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by G-protein-coupled receptors leads to PIP2 depletion and, consequently, inactivation
of the TRPM7 channel [27]. Other factors that modulate TRPM7 activity include
intracellular and extracellular pH [28], mechanical stress [29-33], halogens [34], and
osmolarity [35]

Alongside the aforementioned physiological factors regulating the TRPM7
channel, synthetic drug-like ligands of the TRPM7 channel have been discovered and
have been used extensively to map the function of TRPM7 in cultured cells and model
animals [36]. For instance, NS8593 is a potent inhibitor [36], while naltriben acts as an
activator [37], allowing for instant modulation of TRPM7 channel activity in living cells.
Other frequently used drug-like inhibitors of the TRPM7 channel are waixenicin A [38]

and FTY720 [39].

2.2 Functional characteristics of the TRPM7 kinase

The TRPM7 kinase domain displays catalytic activity and is capable of phosphorylating
serine and threonine residues in target proteins [40]. Several proteins have been
suggested as physiological substrates of TRPM7 kinase, including TRPM6 [41],
annexin | [42], several isoforms of myosin Il [43], eEF2-K [44], phospholipase C
gamma 2 (PLCy2) [45], tropomodulin [46] and stromal interaction molecule 2 (STIM2)
[4], mothers against decapentaplegic homolog (SMAD) 2/3 [47] and Ras homolog
family member A (RhoA) [48]. In addition, the TRPM7 kinase domain can
autophosphorylate its own serine and threonine residues primarily within a segment
located upstream of the kinase domain itself [49, 50].

Annexin |, which is involved in membrane fusion, is phosphorylated by TRPM?7,
and this modification is thought to contribute to cell growth and apoptosis [42, 51]. The

phosphorylation of myosin IIA, IIB, and IIC by TRPM7 kinase has been associated with
16



cell motility and adhesion [43, 52, 53]. Furthermore, the TRPM7-induced
phosphorylation of eEF2K likely leads to an altered protein translation rate [44]. The
phosphorylation of PLCy2 by the TRPM7 kinase induces changes in PLCy2 signaling
[45]. TRPM7 kinase also phosphorylates tropomodulin, affecting the regulation of
tropomodulin capping activity and, as a result, the dynamics of actin filaments [46].
The phosphorylation of STIM2 by the TRPM7 kinase domain leads to a modulatory
effect of store-operated Ca?* entry (SOCE) [4]. Additionally, the phosphorylation of
SMAD2/3 through the TRPM7 kinase moiety plays a role in autoimmune and
inflammatory disorders [47]. Lastly, RhoA can be phosphorylated and activated by the
TRPM?7 kinase moiety [48].

Despite the identification of these substrates, small molecules that selectively
target the TRPM7 kinase remain to be identified. Song et al. introduced the organic
compound TG100-115 as the first small inhibitor of TRPM7 kinase [54], though

subsequent experiments revealed that TG100-115 also inhibits TRPM®6 kinase [55].

2.3 Cellular processes regulated by TRPM7

The channel and kinase functions of TRPM7 were extensively investigated in cultured
cells. Pioneering work examined DT40 chicken lymphocytes with the disabled Trom7
gene and showed that the loss of TRPM7 leads to a proliferation defect. This
phenotype was reversible by Mg?* supplementation, leading the authors to propose
that the TRPM7 channel maintains the cellular equilibrium of Mg?* and that this
mechanism is crucial for the proliferation of DT40 cells [7, 12]. This phenotype has
since been recapitulated in many mammalian cell lines, including mouse embryonic
stem (ES) cells and trophoblast stem (TS) cells [56, 57], human embryonic kidney

(HEK293T) cells [3] and human haploid leukemia (HAP1) cells [56]. Similar to research
17



on DT40 cells, supplementation of cell culture medium with Mg?* (usually 10 mM Mg?*)
ameliorates the proliferation defect of TRPM7 gene-deficient cell lines [7, 56, 57].

Several studies have linked the TRPM7 channel to Ca?* signaling [6, 12, 16, 57].
TRPM7 Ca?* currents are essential in replenishing intracellular Ca?* stores [4].
Additionally, TRPM7 was found to interact with the endoplasmic reticulum Ca?* sensor
STIM2, which activates the plasma membrane Ca?* channels ORAI1 and ORAI2 [4].
It also has been discovered that TRPM7 plays a role in cytoplasmic Ca?* oscillations
in mouse eggs upon fertilization [24, 25] and modulates Ca?* flickering in human
embryonic lung fibroblasts [58].

Our group recently demonstrated that TRPM7 controls cellular Zn?* balance in
HAP1 cells [5]. Other researchers [3] reported that TRPM7 can be localized in
uncharacterized intracellular vesicles enriched in glutathione and Zn?*, referred to as
M7V. These vesicles were distinct from endosomes or lysosomes and were suggested
to act as intracellular Zn?* stores regulated by TRPM7 [3]. Additionally, TRPM7 has
been shown to maintain Zn?* levels in mouse embryonic stem (ES) cells [59]. Reports
show stress hormones enhancing the neurotoxicity of Zn?* by increasing its influx
through TRPM7 in human SH-SYS5Y cells [60].

Recent studies have implicated many other physiological and pathophysiological
processes dependent on regulation by the TRPM7 channel, such as cell motility [43,
58, 61], mechanosensitivity [31, 32, 58], cell cycle [7, 12, 38, 62], hypertension [63],
exocytosis [23], anoxic neuronal death [64], neurodegenerative disorders [65, 66],
cardiac fibrosis [67], and cancer [68-71].

TRPM?7 kinase also regulates several cellular processes, such as PLC activity,
which influences B-cell receptor signaling in immune responses [45]. TRPM7 kinase

controls TGF-B-mediated SMAD2 phosphorylation [47]. Inhibition of TRPM7 kinase
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activity by a mutation within its active site (K1646R) results in a decrease in the
production of CD4* T helper 17 (Tu17) lymphocytes, the known crucial regulators of
autoimmune and inflammatory responses [47]. TRPM7's kinase domain has been
shown to be split from the channel domain, to translocate in the nucleus and
phosphorylate chromatin-remodeling proteins like histone H3, thus modulating the

epigenetic landscape [59], likely depending on Zn?* [3].

2.4 The physiological role of TRPM7 in animal genetic models

Experiments with animal genetic models showed the crucial role of TRPM7 in early
prenatal development, tissue morphogenesis, and the organismal equilibrium of
divalent cations [72]. Global inactivation of the Trom7 gene (Trom7 null mutation) leads
to lethality at embryonic day 7.5 (e7.5) [72], emphasizing the critical role of TRPM7 in
prenatal development. Mutant mice with conditional deletion of Trom7 in the embryonic
heart at €9.0 displayed abnormal cardio genesis [73, 74], while conditional ablation of
cardiac Trom7 between €9.0 and e12.5 did not induce histological changes but
triggered ventricular arrhythmia, suggesting that TRPM7 controls cardiac automaticity
in adult mice [73, 74]. Mice with Trpm7 inactivation in the T-cell lineage display
disrupted thymopoiesis [72] indicating a vital function of TRPM7 in immune system
development.

TRPMY plays a vital role in prenatal kidney morphogenesis [75]. It was found that
deletion of Trom7 in the embryonic metanephric mesenchyme leads to a deficiency of
TRPM?7 protein in the renal tubules of the adult mice. Consequently, the mutant
individuals develop morphological changes in the kidney with less glomeruli, dilatation
of the renal tubules, and growth of cysts in the proximal tubules, indicating that Trom7

is essential for nephrogenesis [75]. Macrothrombocytopenia is a rare human disorder
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combining enlarged platelets and thrombocytopenia. Megakaryocyte-specific
inactivation of Trpm7 in mice also produces a macrothrombocytopenia-like phenotype,
further highlighting the role of TRPM?7 in platelet production and function [76].

More recently, our laboratory has shown the crucial role of the TRPM7 channel
in intestinal absorption of divalent cations such as Zn?*, Mg?* and Ca?*. Thus,
enterocyte-restricted deletion of Trom7 in mice caused early postnatal growth arrest
and mortality. Mutant pups displayed reduced levels of Zn?*, Ca?* and Mg?* in serum
and bones. Remarkably, dietary Zn?* and Mg?* supplementation of breastfeeding
mothers significantly extended the survival rate of mutant pups [5].

The inactivation of TRPM7 a-kinase activity by a point mutation within its active
site (K1646R, Trom7%R) showed no effect on embryonic development, tissue
morphogenesis, postnatal survival [77], nor did it influence Ca?* and Mg?* serum levels,
indicating that the phenotypes of mice with Trom7 null mutations were mainly triggered
by the lack of TRPM7 channel activity. Interestingly, Ryazanova et al. [78]
hypothesized that the TRPM7 kinase functions as a sensor of Mg?* levels in the
organism since they found that adult Trom7~R mice are more resistant to dietary Mg?*
withholding [78].

Taken together, these findings underscore the crucial role of TRPM7 channel in
maintaining the homeostasis of divalent cations, particularly Mg** and Zn*.
Inactivation of TRPM7 leads to imbalances in divalent cation homeostasis which can

contribute to various human diseases.
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2.5 Research goals

In this project, we aimed to investigate the mechanisms of TRPM7 channel regulation
by intracellular Mg?* and to identify the cellular pathways influenced by TRPM7
channel activity.
In particular, we sought to address the following key questions:
1. What are mechanisms of Mg?* inhibition of the TRPM7 channel? (Publication Il)
2. What are the cellular pathways regulated by the TRPM7 channel?
(Publication 1)
3. Are these pathways dependent on TRPM7-mediated entry of Zn?*?
(Publication 1)
4. What is the therapeutic relevance of TRPM7 inhibition in cancer cells?

(Publication 1)

21



3. Abstract

Previous research has indicated that the plasma membrane channel kinase Transient
Receptor Potential Cation Channel Subfamily M Member 7 (TRPM7) is involved in the
uptake of divalent cations, including Zn?*, Mg?*, and Ca?* [3-7], which are required for
many cellular processes. Studies with cultured cells and animal disease models
demonstrated that inactivation of TRPM7 led to impaired proliferation of cancer cells.
However, mechanistically, the role of TRPM7 in tumour progression remains poorly
understood. In our study, we conducted electrophysiological and cell biological
experiments to investigate how intracellular Mg?* interacts directly with TRPM7,
leading to the inhibition of TRPM7 currents. In addition, we used genome-wide
transcriptome profiling of haploid human leukemia (HAP1) cells to identify cellular
pathways altered upon introduction of loss-of-function mutations in the TRPM7 gene
using the CRISPR/Cas9 approach or the administration of a pharmacological inhibitor
of the TRPM7 channels, NS8593. Notably, among the affected gene networks, we
observed that the expression levels of human epidermal growth factor receptor HER2
(ERRB2), a well-known oncogene in breast cancer, were altered upon TRPM7
inhibition. Consequently, we examined the interplay of TRPM7 and HER2 in several
cell lines and found that TRPM7 mediates Zn?*-dependent downregulation of HER2
protein levels. In addition, we observed that simultaneous administration of CP724714
(an inhibitor of HER2) and NS8593 (a TRPM7 inhibitor) synergistically suppressed the
proliferation of HER2-positive SKBR3 cells but not HER2-negative MDA-MB-231 cells.
Our study, therefore, provides new insights into the regulatory mechanisms of the
TRPM7 channel and uncovers new cellular counterparts of TRPM7. We demonstrate
that the inhibition of TRPM7, in combination with HER2-targeted therapy, can more

effectively suppress the proliferation of HER2-positive breast cancer cells.
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4. Zusammenfassung

Bisherige Forschungen haben gezeigt, dass die Plasmamembrankanalkinase TRPM7
an der Aufnahme essenzieller bivalenter Kationen wie Zn?*, Mg?* und Ca?* beteiligt ist
[3-7], die fUr zellulare Prozesse von entscheidender Bedeutung sind. Unabhangige
Studien mit kultivierten Zellen und Tiermodellen haben gezeigt, dass die Inaktivierung
von TRPM7 zu einer eingeschrankten Proliferation von Krebszellen fuhrt. Der
Mechanismus von TRPM7 bei der Tumorentwicklung ist jedoch nach wie vor wenig
verstanden. In unserer Studie haben wir elektrophysiologische und zellbiologische
Experimente durchgefiihrt, um zu erforschen, wie intrazellulares Mg?* direkt mit dem
unteren Gate von TRPM7 interagiert, was zu einer Hemmung der Kanalaktivitat fuhrt.
Darlber hinaus haben wir ein genomweites Transkriptom-Profiling haploider
menschlicher Leukamiezellen (HAP1) durchgefluhrt, um zellulare Signalwege zu
identifizieren, die sich nach der Insertion von Loss-of-Function-Mutationen im TRPM7-
Gen mithilfe des CRISPR/Cas9-Ansatzes oder der Verabreichung eines
pharmakologischen Inhibitors der TRPM7-Kanale, NS8593, verandern. Unter den
betroffenen Gennetzwerken stellten wir fest, dass die Expressionswerte des
menschlichen epidermalen Wachstumsfaktorrezeptors 2, HER2 (ERRB2), eines
kritischen Onkogens bei Brustkrebs, durch die Inhibition von TRPM7 verandert
wurden. Daraufhin untersuchten wir das Zusammenspiel von TRPM7 und HER2 in
mehreren Zelllinien und stellten fest, dass TRPM7 eine Zn?*-
abhangige Herabregulierung von HER2 bewirkt.

Daruber hinaus konnten wir beobachten, dass die gleichzeitige Verabreichung von
CP724714 (einem HER2-Inhibitor) und NS8593 (einem TRPM7-Inhibitor) die
Proliferation von HER2-positiven SKBR3-Zellen, nicht aber von HERZ2-negativen

MDA-MB-231-Zellen synergistisch unterdrickte.
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Unsere Studie bietet daher neue Einblicke in die Regulationsmechanismen des
TRPM?7-Kanals und deckt neue zellulare Gegenspieler von TRPM?7 in Krebszellen auf.
Wir zeigen, dass die Hemmung von TRPM7 in Kombination mit einer auf HER2
ausgerichteten Therapie die Proliferation von HER2-positiven Brustkrebszellen

wirksam unterdricken kann.
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Abstract: TRPMY is a divalent cation-permeable channel that is highly active in cancer cells. The
pharmacological inhibitors of TRPM7 have been shown to suppress the proliferation of tumor cells,
highlighting TRPM7 as a new anticancer drug target. However, the potential benefit of combining
TRPMY inhibitors with conventional anticancer therapies remains unexplored. Here, we used genome-
wide transcriptome profiling of human leukemia HAP1 cells to examine cellular responses caused
by the application of NS8593, the potent inhibitor of the TRPM7 channel, in comparison with two
independent knockout mutations in the TRPM7 gene introduced by the CRISPR/Cas9 approach. This
analysis revealed that TRPMY regulates the expression levels of several transcripts, including HER2
(ERBB2). Consequently, we examined the TRPM7/HER? axis in several non-hematopoietic cells to
show that TRPM? affects the expression of HER?2 protein in a Zn?*-dependent fashion. Moreover, we
found that co-administration of pharmacological inhibitors of HER2 and TRPM? elicited a synergistic
antiproliferative effect on HER2-overexpressing SKBR3 cells but not on HER2-deficient MDA-MB-231
breast cancer cells. Hence, our study proposes a new combinatorial strategy for treating HER2-
positive breast cancer cells.

Keywords: TRP channels; HER2; ERBB2; NS8593; CP724714; zinc; breast cancer

1. Introduction

The transient receptor potential cation channel, subfamily M, member 7 (TRPM?), is a
bifunctional protein containing a membrane-spanning cation channel segment fused to a
cytosolic protein kinase domain [1-4]. Electrophysiological experiments demonstrated that
TRPM? forms a constitutively active channel, which is highly permeable to divalent cations,
including Zn?*, Mg?*, and Ca?* [5-9]. Independent evidence supports the notion that
the TRPM7 channel represents the main route for the cellular uptake of divalent cations,
especially Mg?* and Zn?* [10-14]. In line with this assumption, the genetic disruption of
TRPMY causes cell cycle arrest [10-12]. In addition to the homeostatic control of Mg2+, the
TRPM? channel regulates multiple Zn?*- and Ca®*-regulated pathways pertinent to cancer
progression [15-20].

The kinase domain of TRPM7 belongs to the atypical group serine/threonine-protein ki-
nases entitled o-kinases (or alpha-protein kinases) [4,21-23]. TRPM7 and its close homologous
protein TRPM6 are the only known ion channels covalently fused to kinase domains [2,4]. In
addition, four other human proteins contain «-kinase domains, including eukaryotic elonga-
tion factor-2 kinase (eEF-2K) and alpha-protein kinases 1-3 (ALPK1-3) [21-23]. The identified
phosphorylation substrates of TRPM7 kinase comprise a set of functionally heterogeneous
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proteins like TRPMS6, annexin A1, myosin II, eEF-2K, tropomodulin, PLCy2, STIM2, SMAD?2,
RhoA, and CREB [1-3,22,23].

Several drug-like molecules were identified as potent modulators of the TRPM7
channel [24-28]. Among them, NS8593, waixenicin A, and FTY720 represent the most
comprehensively characterized inhibitors of the TRPM7 channel [25,29-32]. Recently,
cryogenic electron microscopy (cryo-EM) structures of the TRPM7 channel in active open
and inactive closed states were solved [4,33,34]. In addition, cryo-EM identified the binding
site of NS8593 and delineated the molecular mechanism underlying its inhibitory impact
on the TRPM7 channel [4,34]. Mechanistically, the pharmacological effects of waixenicin A
and FTY720 on TRPM7 remain less understood.

NS8593 was extensively used to dissect cellular functions of the TRPM7 channel
in different physiological and pathophysiological settings, including animal models of
human diseases [25,35,36]. One of the most noticeable findings is that NS8593 showed
inhibitory effects on the proliferation of cancer cells [10,20,35,37-41]. Additionally, many
investigators used NS8593 or other TRPM? inhibitors, often in combination with RNAi
silencing of TRPM7, to demonstrate the crucial role of TRPM?7 in signaling pathways
and cellular processes linked to tumor progression [25,35,38,40,42—45], including breast
cancer [38,46-51]. These findings correlate well with genetic, histological and bioinformatic
analysis of human tissue samples, suggesting TRPM?7 is aberrantly expressed in many
cancer types and can serve as a prognosis marker of the disease progression and survival
of the patients [52-56]. Consequently, TRPM7 has been proposed as a new anti-cancer drug
target [56-58].

In the present study, we conducted transcriptome profiling of human leukemia HAP1
cells to characterize cellular responses after genetic inactivation and pharmacological
inhibition of TRPM?. In follow-up experiments with HAP1 cells and different cancer cells,
we found that TRPMY7 regulates the expression of HER2 and that this regulatory mechanism
can be exploited for combinatorial pharmacological treatment of HER2-expressing breast
cancer cells.

2. Materials and Methods
2.1. Pharmacological Agents

NS8593 and CP724714 were acquired from Tocris, Bristol, UK. ZnCl, and zinc pyrithione
(#PHR1401) were purchased from Merck, Darmstadt, Germany.

2.2. HAP1 Cells

Parental (herein referred to as wild-type (WT) cells) and TRPM7 knockout (TRPM?7
KO) human haploid leukemia (HAP1) cells were acquired from Horizon Discovery (Cam-
bridge, UK). The genetic and functional characterization of clone 10940-04 (referred to as
TRPM7 KO-04) was described previously [12,39]. A CRISPR/Cas9 approach was used to
introduce a 17 bp (GTGACCATTTTAATCAG) deletion in exon 4 of the human TRPM7
gene, resulting in a frame-shift mutation [12,39]. The clone 10940-01 of HAP1 cells (re-
ferred to as TRPM7 KO-01) was characterized in the present study. A 16 bp targeting
sequence (AAAATGGTCACCCAAT) was selected to modify the exon 4 of TRPM7 using
the CRISPR/Cas9 technique. The TRPM7 KO-01 clone was examined by RT-PCR ap-
proach using h"TRPM7-Forward 5'-GGAGTCCGCCCCGTGAGG-3' and h'TRPM7-Reverse
5-TGACTTCCGCCCCATACTTTCCAACAG-3' primers and the following PCR settings:
95 °C 30", 63 °C 15", 72 °C 90”. The obtained PCR products were isolated from the gel,
purified and sequenced. The sequence of PCR product from WT cells matched to TRPM7
mRNA. The PCR product from TRPM7 KO-01 cells contained a sequence of exon 3, which
was aberrantly spliced to an intronic sequence followed by a sequence from the distal part
of exon 4 of TRPM?7 (Supplementary Figure S1). In silico translation of the mutant cDNA
revealed a frame-shift mutation in TRPM?.
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2.3. Cell Cultures

HAP1 cells were cultured in IMDM supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin and 100 ug/mL streptomycin mixture (all from Merck, Darmstadt,
Germany). Unless indicated otherwise, TRPM7 KO-01 and KO-04 HAP1 cells were supple-
mented with 10 mM MgCl, included in the regular cell culture medium.

WT and TRPM7 knockout (TRPM7 KO) mouse trophoblast stem (TS) cells were de-
rived from mouse blastocysts as described earlier [39]. TS cells were cultured in RPMI 1640
medium (Merck, Darmstadt, Germany) supplemented with 20% FBS (ES type, Life Tech-
nologies, Darmstadt, Germany), 1 mM sodium pyruvate (cell culture type, Merck, Darm-
stadt, Germany), 100 mM p-mercaptoethanol (Merck, Darmstadt, Germany), 50 pg/mL
streptomycin (Merck, Darmstadt, Germany), 50 U/mL penicillin (Merck, Darmstadt, Ger-
many), 1.0 mg/mL heparin (cell culture type, Merck, Darmstadt, Germany), 25 ng/mL
human recombinant FGF4, 5 ng/mL human recombinant TGF-$1, and 10 ng/mL recombi-
nant activin A (all from R&D systems, Minneapolis, MN, USA). Cells were maintained in a
humidified cell culture incubator (Heraeus, Thermo Fisher Scientific, Waltham, MA, USA)
at 37 °C and 5% CO,.

TRPM7 KO HEK293 cells were described previously [15]. WT and TRPM7 KO
HEK293 cells were maintained in DMEM supplemented with 10% FBS, 100 pug/mL strep-
tomycin, and 100 U/mL penicillin (all from Merck, Darmstadt, Germany). WT and TRPM7
KO HelLa cells were acquired from Abcam (Cambridge, UK; ab265480). The frame-shift mu-
tation in exon 14 of TRPM?7 was introduced using CRISPR/Cas9. WT and TRPM7 KO HeLa
cells were maintained in DMEM supplemented with 10% FBS, 100 ug/mL streptomycin,
and 100 U/mL penicillin (all from Merck, Darmstadt, Germany). MCF-7, MDA-MB-231,
and SKBR3 cells (all from DSMZ-German Collection of Microorganisms and Cell Cul-
tures, Brunswick, Germany) were maintained in RPMI 1640 medium containing 10% FBS,
100 U/mL penicillin, 100 pg/mL streptomycin (all from Merck, Darmstadt, Germany).

2.4. Genome-Wide Transcriptome Profiling and gRT-PCR Analysis

To study the impact of TRPM7 KO mutations and NS8593 on transcriptome of HAP1
cells, WT, TRPM7 KO-01, and KO-04 cells were maintained in 25 cm? flasks (Sarstedt,
Niimbrecht, Germany) with IMDM containing 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 pg/mL streptomycin (all from Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10 mM MgCl, (IMDM-Mg). At ~50% confluence, the IMDM-Mg
was exchanged for the regular IMDM. The cells were cultured for an additional 24 h. To
extract total RNA, the medium was removed, and the cells were immediately exposed to a
lysis solution followed by RNA purification using the GenElute Mammalian Total RNA
Miniprep kit (Merck, Darmstadt, Germany).

To investigate the effect of NS8593, WT HAP1 cells were maintained in IMDM-Mg
(to match conditions used for TRPM7 KO cells). Next, the cells were incubated in regular
IMDM containing NS8593 for 24 h, and total RNA was extracted as described above.
Whole genome profiling was performed using a GeneChip Human Gene 1.0 ST Array
(Affymetrix, Santa Clara, CA, USA) at Source Bioscience (Nottingham, UK) as described
previously [12,39]. Processing of the array data, quality assessment, background correction,
and normalization were performed with the Affymetrix Expression Console (version 1.4.0).
Differential expression analysis was performed with DNASTAR ArrayStar 11.0 software
(Supplementary Table S1). DNASTAR ArrayStar 11.0 software was also used to generate
Venn diagrams for transcripts showing > 1.5-fold changes in samples from TRPM7 KO
and NS8593-treated WT cells as compared to WT HAP1 cells and to select transcripts
commonly affected in KO-01, KO-04, and NS8593-treated WT HAP1 cells versus WT cells
(Supplementary Table S2). Microarray data were deposited in NCBI Gene Expression
Omnibus (GEO) (GSE203013).

For qRT-PCR analysis, RNA was extracted with GenElute Mammalian Total RNA
Miniprep Kit (Merck, Darmstadt, Germany). The PCR primer pairs (Metabion, Planegg,
Germany) used are shown in Supplementary Table S3. The first strand cDNA synthesis was
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generated using the Thermo Scientific RevertAid H Minus First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, Waltham, MA, USA). qPCR reactions were performed using
the Thermo Scientific Absolute qPCR SYBR Green Mix (Thermo Fisher Scientific, Waltham,
MA, USA) and a LightCycler 480 (Roche, Basel, Switzerland) with the following PCR
settings: 95 °C 15/, 95 °C 15", 60 °C 15", 72 °C 30"’. The cycle thresholds (CT) of the test
and reference (HPRT) genes were calculated using LightCycler 480 software (version 1.5.0,
Roche, Basel, Switzerland). The relative mRNA expression levels were calculated using the
2-AACT approach.

2.5. siRNA Targeting of TRPM7

HEK293 and SKBR3 cells were seeded in 6-well plates (Sarstedt, Niimbrecht, Germany)
(~10° cells/well). The next day, the cells were transiently transfected with 20 nM FlexiTube
siRNAs silencing TRPM7: Hs_TRPM7_7 FlexiTube siRNA (siRNA #7), Hs_TRPM7_8
FlexiTube siRNA (siRNA #8), and AllStars Negative Control siRNA (all from QIAGEN,
Hilden, Germany) using Lipofectamine 2000 reagent (Thermo Fisher Scientific, Waltham,
MA, USA). The cells were analyzed 72 h after transfection.

2.6. Electrophysiological Techniques

Patch-clamp experiments were performed and analyzed as reported previously [4,24,
28,59]. Briefly, whole-cell currents were recorded using an EPC10 patch-clamp amplifier
(Harvard Bioscience, Holliston, MA, USA) and PatchMaster software (version V2x69,
Harvard Bioscience, Holliston, MA, USA). Voltages were corrected for a liquid junction
potential of 10 mV. Currents were elicited by voltage ramps from —100 mV to +100 mV
over 50 ms applied every 2 s. The inward and outward current amplitudes were measured
at —80 mV and +80 mV and were normalized to the cell size as pA/pFE. The capacitance was
measured using the automated capacitance cancellation function of EPC10. The standard
extracellular solution contained 140 mM NaCl, 2.8 mM KCl, 3 mM CaCl,, 10 mM HEPES-
NaOH, and 11 mM glucose (all from Merck, Darmstadt, Germany). Solutions were adjusted
to pH 7.2 using an FE20 pH meter (Mettler Toledo, Columbus, OH, USA) and to 290 mOsm
using a Vapro 5520 osmometer (Wescor Inc, South Logan, UT, USA). Patch pipettes were
made of borosilicate glass (Science Products, Hofheim, Germany) and had a resistance of
2.0—3.7 MQ) when filled with the standard intracellular pipette solution containing 120 mM
Cs-glutamate, 8 mM NaCl, 10 mM Cs-EGTA, 5 mM Cs-EDTA, and 10 mM HEPES-CsOH
(all from Merck, Darmstadt, Germany). The intracellular solution was also adjusted to
pH 7.2 and 290 mOsm.

2.7. Aequorin-Based Ca®* Influx Assay

Measurements of [Ca®*]; in TRPM7 expressing cells were performed and analyzed as
reported previously [4,28]. HEK293 cells were maintained at 37 °C and 5% CO, in DMEM
supplemented with 10% FBS, 100 ug/mL streptomycin, and 100 U/mL penicillin (all from
Merck, Darmstadt, Germany). Cells cultured in 6-well plates (~60% confluence) were trans-
fected with 2 pg/dish Trpm7 plasmid DNA and 0.1 pg/dish pG5A plasmid DNA encoding
eGFP fused to Aequorea victoria aequorin, using Lipofectamine 2000 (Thermo Fisher Scien-
tific, Waltham, MA, USA). Twenty-four hours after transfection, the cells were washed with
Mg2+—free HEPES-buffered saline (Mg2+—free HBS) containing 150 mM NaCl, 5.4 mM KCl,
0.5 mM CaCly, 5 mM HEPES (pH 7.4), and 10 mM glucose, and mechanically resuspended
in the Mg?*-free HBS. For reconstitution of aequorin, cell suspensions were incubated
with 5 pg/mL coelenterazine (Carl Roth, Karlsruhe, Germany) in the Mg?*-free HBS for
30 min at room temperature. Cells were washed twice by centrifugation at 2000 rpm for
5 min (Heraeus Pico 17 microcentrifuge, Thermo Fisher Scientific, Waltham, MA, USA),
resuspended in the Mg?*-free HBS and aliquoted into 96-well plates (1 x 10° cells per well).
Luminescence was detected at room temperature using a CLARIOstar microplate reader
(BMG LABTECH GmbH, Ortenberg, Germany). To monitor the effects of CP724714 and
NS8593, the extracellular concentration of Ca?* was increased to 5 mM by injecting the
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CaCl,-containing Mg?*-free HBS in the absence or presence of the inhibitors. The experi-
ments were terminated by lysing cells with 0.05% (v/v) Triton X-100 in the Mg?*-free HBS
to record the total bioluminescence. The bioluminescence rates (counts/s) were analyzed
at 1-s intervals and calibrated as [Ca®*]; values using the following equation:

plCa®*]; = 0.332588 (—log(k)) + 5.5593 6))

where k represents the rate of aequorin consumption, i.e., counts/s divided by the total
number of counts.

2.8. Assessment of Cell Viability

To study the impact of Mg?* supplementation on the growth rate of WT and TRPM7 KO
HAP1 cells (Figure 1A), the cells of each genotype were seeded in 6-well plates (10° cells/well)
in a standard culture medium supplemented with 10 mM MgCl,. After 24 h, the cell culture
medium was replaced by the fresh medium with or without additional Mg?*, and the cell
counts were determined at 24 h intervals using a Neubauer chamber (Marienfeld Superior,
Lauda-Konigshofen, Germany). The cell density at day 1 was accounted as 100%.

To examine the antiproliferative effects of NS8593 on HAP1 cells, the cells were seeded
in a 96-well plate (5 x 10% cells/well) in the standard culture medium supplemented
with 10 mM MgCl,. After 24 h, the culture medium was replaced with the fresh medium
with or without 10 mM MgCl, and indicated concentrations of NS8593. The cells were
further cultured for an additional 72 h. Cell Counting Kit-8 (CCK-8, Selleck Biotechnol-
ogy, Frankfurt am Main, Germany) was used to determine cell density according to the
manufacturer’s protocol.

To assess the antiproliferative effects of NS8593 and CP724714 on breast cancer cells,
SKBR3, and MDA-MB-231 cells were seeded in 96-well plates (2 x 10* cells/well) in the
standard cell culture medium. After 24 h, the indicated concentrations of NS8593 and
CP724714 were added to the cell culture medium and the cells were incubated for an
additional 72 h. The cell density was determined using a Neubauer chamber. The synergy
in the effects of NS8593 and CP724714 was assessed using the LOEWE model (Combenefit
2.021 software [60]).

2.9. Western Blot (WB) Analysis

To assess the effects of Zn?* and zinc pyrithione on HER?2 expression, HAP1 cells were
seeded in a 6-well plate (10° cells/well) and cultured for 72 h in the presence or absence of
the supplements. After the treatment, the culture medium was removed by aspiration, and
the cells were disrupted using a lysis buffer (Pierce IP Lysis Buffer, Thermo Fisher Scientific,
Waltham, MA, USA; #87787) containing protease and phosphatase inhibitor cocktails (Selleck
Biotechnology, Frankfurt am Main, Germany). Aliquots of the cell lysates were mixed (1:1)
with 2 x Laemmli buffer, heated at 70 °C for 10 min and cooled on ice. The samples were
separated by SDS-PAGE (4-20% gradient acrylamide/bis-acrylamide, Bio-Rad, Feldkirchen,
Germany) and electroblotted on nitrocellulose membranes (Merck, Darmstadt, Germany;
#GE10600002). After blocking with 5% (w/v) non-fat dry milk in Tris-buffered saline with
0.1% Tween 20 (TBST), the upper part of the membrane was probed by a rabbit monoclonal
anti-HER?2 antibody (Cell Signaling Technology, Danvers, MA, USA; #2165, 1:2000) in TBST
with 5% (w/v) bovine serum albumin (BSA; Merck, Darmstadt, Germany) overnight at 4 °C,
followed by triple washing steps in TBST, incubation with a horseradish peroxidase-coupled
anti-rabbit 1gG (Cell Signaling Technology, Danvers, MA, USA; #7074V, 1:1000) in TBST with
5% (w/v) BSA for 1 h at r.t. and washing in TBST. The lower part of the membrane was assessed
by the anti-mouse monoclonal anti--Actin-Peroxidase (Merck, Darmstadt, Germany; #A3854,
1:100,000) in TBST with 5% (w/v) BSA for 1 h at r.t. and triple washing steps in TBST. Blots
were examined by the luminescence imager ChemiDoc (Bio-Rad, Feldkirchen, Germany). The
HER?2 signal was normalized to the signal obtained with the mouse monoclonal anti-3-Actin-
Peroxidase (Merck, Darmstadt, Germany; #A3854, 1:100,000) using the Image Studio Lite Ver
5.2 software. WB analysis of HER2 expression in other cells was conducted similarly.
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Figure 1. Assessment of human leukemia HAP1 cells. (A) Left panel: Whole-cell currents measured at
—80 and +80 mV over time in WT (WT) and two TRPM7 KO (KO-01 and KO-04) HAP1 cell lines. Middle
panel: Representative current—voltage (I—V) relationships obtained at 300 s in measurements illustrated
on the Left panel. Right panel: Bar graphs of current amplitudes at +80 mV (300 s) illustrated on the Left
panel. Data are mean =+ SD; 1, the number of cells examined. ** p < 0.01 (one-way ANOVA). (B) Left
panel: Whole-cell currents measured at —80 and +80 mV over time in WT HAP1 cells in the absence (Con-
trol) and the presence of 10 or 30 M NS8593. Middle panel: Representative I—V relationships obtained
at 300 s in measurements illustrated on the Left panel. Right panel: Bar graphs of current amplitudes
at +80 mV (300 s) illustrated on the Left panel. Data are mean =+ SD; n, the number of cells examined.
***p < 0.001 (one-way ANOVA). (C,D) Proliferation rate of WT and TRPM7 KO-01 (C) and KO-04
(D) HAPI cells. The cells were cultured for 3 days in the regular cell culture medium. The initial
cell density (Day 0) was accounted as 100%. Data are mean + SD of n = 3 independent experiments.
% p < 0.001; ** p < 0.01 (t-test). (E) Viability of WT HAP1 cells maintained in regular cell culture medium
(Control) or medium with an additional 10 mM MgCl, (Mg suppl) containing different concentrations of
NS8593 for 72 h. Cell densities in the absence of NS58593 were accounted as 100%. Data are mean + SD
of n = 3 independent experiments. *** p < 0.001; ** p < 0.01; ns—not significantly different (t-test).
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2.10. Statistical Analysis

Data are presented as the means + standard deviation (SD). Data showed a normal
distribution. Data were compared using a two-tailed ¢-test. For multiple comparisons, an
ANOVA (GraphPad Prism 10.1.2 software) was used. Significance was accepted at p < 0.05.

3. Results
3.1. Genetic and Pharmacological Inactivation of TRPM?7 Suppresses the Proliferation of Human
Leukemia HAP1 Cells

In previous studies, we employed a human leukemia HAP1 cell line (referred to as
clone KO-04) carrying a frame-shift mutation in the TRPM7 gene [12,39]. Because clonal
selection can produce a considerable diversity of cell phenotypes, we took advantage
of an alternative HAP1 cell line with a frame-shift mutation in TRPM7 (clone KO-01)
(Supplementary Figure S1). TRPMY functions as a constitutively active cation channel,
which is negatively regulated by intracellular Mg?* through a regulatory site located in
the lower channel gate of TRPM7 [2,59]. In patch-clamp measurements, the induction of
whole-cell TRPM7 currents is achieved by removing cytosolic Mg?* using EDTA-containing
patch pipette solutions [2]. We applied this approach to characterize HAP1 cells. Patch-
clamp measurements with parental WT HAP1 cells (clone WT-C631) revealed characteristic
endogenous TRPMY7 currents, which were entirely abrogated in both TRPM7 knockout
(KO) cell lines (Figure 1A).

Because frame-shift mutations in TRPM7 permanently eliminate channel and kinase
activities of TRPM?7, we asked whether NS8593, a potent inhibitor of the TRPM7 chan-
nel [29,35], can serve as an alternative strategy to block the TRPM7 channel in HAP1 cells
acutely. We observed that exposure of WT HAP1 cells to 10 or 30 uM NS8593 markedly
suppressed the TRPM7 currents (Figure 1B).

In accordance with previous studies [10-12], we found that TRPM7 KO HAP1 cells
grow normally in a cell culture medium containing an additional 10 mM Mg?*. However,
we observed that maintaining TRPM7 KO HAP1 cells in a regular cell culture medium
suppressed the proliferation of KO-01 and KO-04 cell lines and that this effect was well
noticeable after 48 h of the medium’s replacement (Figure 1C,D). Next, we cultured WT
HAP1 cells in the regular cell culture medium containing different concentrations of N58593
for 72 h and observed concentration-dependent inhibition of cell growth (Figure 1E).
However, the proliferation of NS8593-treated HAP1 cells was fully normalized in the
Mg?*-supplemented medium (Figure 1E).

Hence, the pharmacological inhibition of the TRPM7 channel replicated the effects of
TRPM7 KO mutations on endogenous TRPM7 currents and the proliferation of HAP1 cells.

3.2. Gene Expression Profiling of HAP1 Cells Reveals New Regulatory Targets of TRPM7

Previously, we conducted genome-wide transcriptome profiling of mouse tissues to
investigate organismal responses upon deleting the Trpm6 and Trpm7 genes in mice [12,39].
In the present study, we applied this approach to uncover cellular pathways affected by the
deletion of the TRPM7 gene in HAP1 cells. We cultured the parental WT HAP1 cells and
two TRPM7 KO clones in the regular cell culture medium (without additional 10 mM Mg?*)
for 24 h, the incubation time preceding the growth defect of TRPM7 KO cells (Figure 1C,D).
Consequently, RNA was acutely extracted from adherent cells, and transcriptome profiling
was performed analogously to our previous studies [12,39]. Applying a cut-off value of
1.5-fold changes, we identified 274 up- and 201 down-regulated genes in TRPM7 KO-01
cells compared to WT HAP1 cells (Figure 2A, Supplementary Table S1). A similar analysis
of TRPM7 KO-04 cells revealed 473 up- and 221 down-regulated genes (Figure 2A, Supple-
mentary Table S1). Among other transcripts, we noted that the receptor tyrosine-protein
kinase HER?2 gene (ERBB2) expression was remarkably up-regulated in both TRPM7 KO
clones (Supplementary Table S1). Interestingly, transcripts of «-kinases eEF-2K and ALPK1-
3 were detected in HAP1 cells (Supplementary Table S1), but the expression levels of only
ALPK1 were increased in either of the TRPM?7 KO cell lines (Supplementary Table S2).
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Figure 2. Genome-wide transcriptome profiling of HAP1 cells. (A) Venn diagrams for transcripts
showing >1.5-fold up-regulation (Left panel) and down-regulation (Right panel) in TRPM7 KO-
01 (KO-01), TRPM7 KO-04 (KO-04), and NS8593-treated WT (NS8593) HAP1 cells as compared
to untreated WT HAP1 cells. (B-D) Relative expression levels of HER2 (ERBB2) (B) and HER3
(ERBB3) (C) and ALPK1 (D), assessed by qRT-PCR approach in WT (WT), TRPM7 KO-01 (KO-01),
TRPM7 KO-04 (KO-04), and NS8593-treated WT (WT+NS8593) HAP1 cells with HPRT as a reference
transcript. Data are mean =+ SD of 1 = 3 independent experiments. *** p < 0.001; ** p < 0.01; * p < 0.05;
ns—not significantly different (one-way ANOVA).

Next, we investigated how inhibition of the TRPM7 channel by NS8593 could impact
the transcriptome of WT HAP1 cells and whether these changes can be correlated to the
effects of TRPM7 KO mutations. To this end, we cultured WT HAP1 cells for 24 h in the
regular cell culture medium containing 30 uM NS8593, followed by transcriptome profiling
analogously to the experiment with TRPM7 KO cells. This analysis identified 228 up- and
111 down-regulated genes in NS8593-treated cells compared to WT HAP1 cells (Figure 2A,
Supplementary Table S1). Next, we compared these results with two datasets obtained with
TRPM?7 KO cells. We found that pharmacological or genetic ablation of TRPM? activity in
HAP1 cells caused up-regulation of 32 genes and down-regulation of 12 genes (Figure 2A,
Supplementary Table S2). Hence, the combinatory profiling of HAP1 cells enabled us to
narrow the list of putative regulatory targets of TRPM? for future analysis.

We noted that NS8593-treated WT HAP1 cells increased the expression of HER2 and
ALPK1, hence recapitulating the impact of TRPM7 KO mutations (Supplementary Table S2).
These findings were re-examined by the qRT-PCR approach, which demonstrated that the
expression levels of HER2, but not HER3, were significantly higher in the two TRPM7 KO
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cell lines (Figure 2B,C). The exposure of WT HAP1 cells to NS8593 also increased HER2
expression, but these changes were not statistically significant in these settings (Figure 2B).
ALPK1 expression was similarly up-regulated in NS8593-treated WT and TRPM?7 KO cells
(Figure 2D).

3.3. TRPM7 Regulates Expression Levels of HER2 in a Zn**-Dependent Fashion

The crucial role of HER? in the diagnosis and treatment of breast cancer [61] prompted
us to study how TRPMY7 regulates the expression of HER2. Using the western blotting
approach, we found that HER2 protein levels were 5.0- and 2.5-fold higher in TRPM7
KO-01 and KO-04 cells than in parental WT HAP1 cells (Figure 3A). Since the TRPM7
KO-04 HAP1 cells were extensively studied previously [12,35,39,62], we selected this cell
line for further experiments.
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Figure 3. The impact of TRPM7 on HER2 expression levels in HAP1 cells. (A) HER2 expression in
WT (WT), TRPM7 KO-04 (KO-04), TRPM7 KO-01 (KO-01), and NS8593-treated WT (WT+NS8593)
HAP1 cells. (B-D) Effects of 10 uM ZnCl; (Zn) and 0.5 pM zinc pyrithione (ZP) on HER2 expression
in WT (WT) and TRPM7 KO-04 (KO) HAP1 cells. (E) HER2 expression in WT HAP cells treated by
20 uM NS8593 for 24, 48, and 72 h. In (C-E), equal DMSO volumes (DMSO) were used instead of
ZP or NS8593. Upper panels: Representative western blots are shown. Equal volumes of cell lysates
were assessed using anti-HER2 and anti-B-actin antibodies. Lower panels: Bar graphs showing
normalized HER2 expression levels in experiments from the Upper panel. The ratio of HER2 and
anti-B-actin signals in untreated WT HAP1 cells was accounted as 100%. The results shown in the bar
graphs are mean =+ SD of n = 3 independent experiments. In (A-D), *** p < 0.001; ** p < 0.01; ns—not
significantly different (one-way ANOVA). In (E), ** p < 0.01; * p < 0.05; ns—not significantly different
(t-test).
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The TRPM? channel is highly permeable for divalent cations, including Zn?**, and
its genetic deletion leads to the cellular deprivation of Zn?* in TRPM7 KO-04 HAP1
cells [12]. However, Zn?* levels were normalized in TRPM7 KO-04 HAP1 cells after Zn2*
supplementation, arguing that alternative Zn?* transporters can compensate for the lack of
TRPMY [12]. In accordance with this assumption, we showed previously that the uptake
of radioactive ®*Zn?* was significantly reduced but not completely abolished in TRPM7
KO-04 HAP1 cells [12]. Along these lines, we investigated herein whether adding Zn?* to
the cell culture medium can reverse the effect of TRPM7 KO-04 cells on the expression of
HER2. We observed that adding 10 uM Zn?* to the regular medium could ameliorate the
impact of TRPM7 KO on HER2 expression (Figure 3B). The expression of HER2 was further
normalized in TRPM7 KO-04 cells after the application of 0.5 uM zinc pyrithione (ZP), a
broadly used Zn?* ionophore (Figure 3C). In agreement with these findings, analogous
treatment of WT HAP1 cells by additional Zn?* or ZP caused a significant reduction of
HER?2 expression (Figure 3D). These results support the notion that deletion of TRPM7
indirectly altered HER2 expression, likely due to Zn?* deprivation of HAP1 cells.

We noted that HER2 expression was not altered in WT HAP1 cells cultured for 24 h
in the presence of NS8593 (Figure 3A). We asked whether a more prolonged inhibition of
the TRPM7 channel is necessary to replicate the impact of TRPM7 KO mutations on HER2
expression. To this end, we exposed WT HAP1 cells to NS58593 for 48-72 h and found that
the prolonged application of the TRPM?7 inhibitor caused a gradual increase in HER2 levels
(Figure 3E).

The haploid HAP1 cells were engineered from cells isolated from a patient with chronic
myeloid leukemia [63]. To investigate whether HER?2 is the regulatory target of TRPM7 in
cells of non-hematopoietic origin, we examined HER2 expression in embryonic trophoblast
stem (TS) cells isolated from WT and Trpm7 KO mice [28,39]. Unexpectedly, we found that
Trpm7 KO TS cells displayed significantly reduced HER2 expression levels compared to WT
TS cells. This effect was partially reversed by adding Zn?* or ZP to the cell culture medium
(Figure 4A). Furthermore, the exposure of WT TS cells to the medium supplemented by
Zn?* or ZP increased the expression of HER2 (Figure 4B).

HEK?293 cells were often used to study the cellular role of endogenous TRPM?7 [15,24,28,64].
We found that, analogously to TS cells, HEK293 cells with TRPM7 KO mutation [15]
displayed reduced levels of HER2 compared to WT cells and that Zn?* supplementation
ameliorated this phenotype (Figure 4C). Consistently, the exposure of WT HEK293 cells
to the Zn?*-enriched medium resulted in up-regulation of HER2 expression (Figure 4E).
However, we noted that the application of ZP did not normalize HER2 levels in WT and
TRPM7 KO HEK293 cells (Figure 4D,E). Next, we asked whether siRNA silencing of TRPM7
could alter HER2 expression analogously to the TRPM7 KO mutation. Applying two
alternative TRPM7-specific siRNA constructs, we observed that both treatments lowered
HER?2 levels in HEK293 cells and that this effect was comparable to the impact of TRPM7
KO mutation (Figure 4F).

In addition, we studied the impact of TRPM7 KO on human HeLa cells, which were
derived from cervical cancer [65]. Using the patch-clamp approach, we found that WT HeLa
cells display characteristic TRPM7 currents, which were fully diminished in TRPM7 KO
cells (Supplementary Figure S2A). Analogously to our experiments with TS and HEK293
cells, TRPM7 KO caused down-regulation of HER2 expression in HeLa cells (Supplementary
Figure S2B). However, we observed that Zn?* supplementation of TRPM7 KO HeLa cells
did not normalize HER?2 levels, likely reflecting the inability of alternative Zn?* transporter
proteins to compensate for the role of TRPMY in these cells (Supplementary Figure S2B).
In line with this notion, adding Zn?* to the culture medium of WT HeLa cells caused
only modest up-regulation of HER2 expression, but these changes were not statistically
significant (Supplementary Figure S2C).
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Figure 4. The regulatory effect of TRPM7 on HER2 expression in embryonic trophoblast stem (TS) cells
and HEK293 cells. (A,B) Assessment of HER2 expression in WT (WT) and TRPM7 KO (KO) TS cells.
Upper panels: Representative western blots obtained with the cells cultured in the absence or presence
of 10 uM ZnCl, (Zn) and 0.5 uM zinc pyrithione (ZP) are shown. Equal volumes of cell lysates were
assessed using anti-HER2 and anti-B-actin antibodies. Equal volumes of DMSO (DMSO) were used
instead of ZP as an additional control. Lower panels: Bar graphs showing normalized HER2 expression
levels in experiments in the Upper panels. The ratio of HER2 to anti-(3-actin signals in WT TS cells was
accounted as 100%. (C-E) Assessment of HER2 expression in WT (WT) and TRPM7 KO (KO) HEK293
cells in the absence or presence of 10 uM ZnCl, (Zn) and 0.5 uM zinc pyrithione (ZP). The experiments
were performed and analyzed analogously to (A,B). (F) Analysis of HER2 expression in untransfected
WT (Untransfected) HEK293 cells, WT HEK293 cells transfected by TRPM7-specific siRNA #7 (siRNA #7),
TRPM7-specific siRNA #8 (siRNA #8) and AllStars Negative Control siRNA (Control siRNA), and TRPM7
KO (KO) HEK293 cells. Experiments were performed and analyzed analogously to (A,B) except that the
ratio of HER? to anti-(3-actin signal in untransfected WT HEK293 cells was accounted as 100%. The results
in the bar graphs are mean + SD of n = 3 independent experiments. *** p < 0.001; ** p < 0.01; * p < 0.05;
ns—not significantly different (one-way ANOVA).
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Human breast cancer SKBR3 cells expressing very high levels of HER2 are frequently
used for testing new therapeutic strategies. Using western blotting, we could confirm
that SKBR3 cells express remarkably high HER?2 levels compared to other breast can-
cer MCF-7 and MDA-MB-231 cells (Figure 5A). Next, we investigated whether HER2
is the regulatory target of TRPM7 in SKBR3 cells. Analogously to other cells (Figure 4,
Supplementary Figure S2), we observed that two alternative anti-TRPM7 siRNAs caused
significant down-regulation of HER?2 levels in SKBR3 cells (Figure 5B). In addition, we
performed patch-clamp measurements of endogenous TRPM7 currents in SKBR3 and MDA-
MB-231 (Figure 5C). We found that both cell lines displayed similar current amplitudes,
suggesting that increased expression of HER2 did not affect the TRPM7 channel activity
(Figure 5C).

Taken together, our experiments with various cell lines revealed that TRPM7 regulates
the expression levels of HER2 protein in a Zn?>*-dependent fashion.

3.4. Combinatory Pharmacological Inhibition of TRPM7 and HER? Elicits the Synergistic Effect on
the Proliferation of HER2-Positive Breast Cancer Cells

It is well-documented that genetic or pharmacological inactivation of TRPM7 causes
an inhibitory effect on the growth of tumor cells (reviewed in [25]). In accordance with this
notion, we observed that NS8593 suppressed the proliferation of SKBR3 and MDA-MB-231
cells in a concentration-dependent fashion (Figure 5D). Moreover, the treatment of SKBR3
cells by NS8593 significantly reduced HER2 levels (Figure 5E).

Consequently, we asked whether a combined pharmacological inhibition of TRPM7
and HER2 could improve the treatment of HER2-positive cancer cells. We exposed SKBR3
cells to the potent HER2 inhibitor CP724714 [66] and found that this compound dose-
dependently suppressed the growth of SKBR3 cells (Figure 6A). Co-administration of
10 or 20 uM NS8593 with CP724714 further suppressed the proliferation of SKBR3 cells
(Figure 6B,C). Applying a LOEWE analysis [60,67], we established that a combinatory
treatment with 10 pM NS8593 and 0.5 pM CP724714 synergistically affected cell growth
(Figure 6D). Furthermore, adding 20 tM NS8593 elicited the synergetic effect in the presence
of the whole range of CP724714 concentrations (Figure 6D). To rule out that the syner-
getic effect of CP724714 was elicited due to off-target inhibition of TRPM7, we examined
transiently expressed TRPM7 in WT HEK293 cells and examined TRPM7 activity in the
presence of either 10 uM CP724714 or 10 uM NS8593. We observed that NS8593 inhibited
the channel, whereas CP724714 showed no effects on TRPM7 (Supplementary Figure S3).

Finally, we conducted analogous experiments with MDA-MB-231 cells expressing
HER?2 at a low level (Supplementary Figure S4A—C). MDA-MB-231 cells were insensitive
to the relevant concentrations of CP724714. Moreover, CP724714 could not enhance the
antiproliferative effects of 5 and 20 uM NS8593 and rather weakened the impact of 10 uM
NS8593 (Supplementary Figure S4D). These results support the idea that the synergistic
action of NS8593 and CP724714 on SKBR3 cells was attributed to the high expression
of HER2.
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Figure 5. Assessment of breast cancer SKBR3, MCF-7, and MDA-MB-231 cells. (A) Analysis of HER2
expression in SKBR3, MCF-7, and MDA-MB-231 cells. Upper panel: Representative western blot obtained
with SKBR3, MCF-7, and MDA-MB-231 cells. Equal volumes of cell lysates were assessed using anti-HER2
and anti-B-actin antibodies. Lower panel: Bar graph showing normalized HER2 expression levels in
experiments from the Upper panel. The ratio of HER2 to anti-3-actin signal in SKBR3 cells was accounted
as 100%. (B) Assessment of HER2 expression in untransfected (Untransfected) SKBR3 cells and SKBR3 cells
transfected by TRPM7-specific siRNA #7 (siRNA #7), siRNA #8 (siRNA #8), and AllStars Negative Control
siRNA (Control siRNA). Experiments were performed and analyzed analogously to (A) except that the
ratio of HER2 to anti-3-actin signal in untransfected SKBR3 cells was accounted as 100%. The results in
the bar graphs in (A,B) are mean + SD of 1 = 3 independent experiments. ** p < 0.01; * p < 0.05; ns—not
significantly different (one-way ANOVA). (C) Comparison of endogenous TRPM7 currents measured in
SKBR3 and MDA-MB-231 cells. Left panel: Whole-cell currents measured at —80 and +80 mV over time
in SKBR3 and MDA-MB-231 cells. Middle panel: Representative current—voltage (I—V) relationships
obtained at 300 s in measurements shown in the Left panel. Right panel: Bar graph of current amplitudes
at +80 mV (300 s) illustrated on the Left panel. Data are mean + SD; 7, the number of cells examined.
Ns—not significantly different (t-test). (D) Viability of SKBR3 and MDA-MB-231 cells exposed to different
concentrations of NS8593 for 72 h. Cell densities in the absence of NS8593 were accounted as 100%. Data
are mean + SD of n = 3 independent experiments. *** p < 0.001; ns—not significantly different (¢-test).
(E) HER2 expression in SKBR3 cells treated by 30 uM NS8593 (NS8593) or equal volumes of DMSO
(DMSO) for 72 h. Upper panel: Representative western blots are shown. Equal volumes of cell lysates were
assessed using anti-HER2 and anti-B-actin antibodies. Lower panel: Bar graphs showing normalized HER2
expression level in experiments from the Upper panel. The results in the bar graphs are mean + SD of
n = 3 independent experiments. ** p < 0.01 (t-test).
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Figure 6. Combinatory treatment of SKBR3 cells by NS8593 and CP724714. (A-C) Viability of SKBR3
cells treated by different concentrations of CP724714 for 72 h in the absence (Control) and presence of
5uM (A), 10 uM (B), or 20 uM (C) NS8593. Data are mean =+ SD of n = 3 independent experiments.
*** p < 0.001; * p < 0.05; ns—not significantly different (one-way ANOVA). (D) LOEWE synergy
analysis of the cytotoxic effects elicited by N58593 and CP724714 on SKBR3 cells in (A-C). * p < 0.05;
ns—not significantly different (one-way ANOVA).

4. Discussion

In the present study, we conducted transcriptome profiling of human leukemia HAP1
cells to get insights on cellular responses triggered by inhibition of the TRPM7 channel
using the pharmacological agent NS8593. Among other entities, expression levels of HER2
(ERBB2) were found to be affected by either NS8593 or genetic disruption of TRPM7 in
HAP1 cells and other cell lines. Given the exceptional importance of HER2 for treating
breast cancer, we performed proof-of-principle experiments to show that combined phar-
macological inhibition of HER2 and TRPMY elicits synergistic antiproliferative effects on
HER2-positive breast cancer cells.

HAP1 cells represent a near-haploid cell line engineered from cells isolated from a
patient with chronic myeloid leukemia triggered by the BCR-ABL fusion mutation [63]. As
HAP1 cells only have one copy of each gene, the CRISPR/Cas9 technology allows a rapid
introduction of loss-of-function mutations in these cells [63]. Consequently, HAP1 cells
were widely used in various biomedical studies, including functional profiling of oncogenic
mutations and genome-wide screens for new anti-cancer targets [68—71]. More recently,
our group and other laboratories explored HAP1 cells to elucidate the cellular role of
TRPMY7 [12,35,39,62,72]. Thus, we examined the HAP1 cell line carrying a loss-of-function
mutation in the TRPM7 gene to demonstrate that the TRPM7 channel regulates cellular
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levels of Zn?* [12,39]. In the present study, we investigated the impacts of the TRPM7
KO mutation and TRPM? inhibitor NS8593 on the transcriptome of HAP1 cells. Such
comparative analysis revealed that TRPM7 regulates HER2 expression in a Zn?*-dependent
manner [12,15].

The clinical relevance of HER2 for targeting breast cancer therapy is well-
documented [61]. Up to 30% of breast cancers overexpress HER2, whereby high HER2
expression is associated with a more aggressive disease progression and higher recurrence
rate [61]. Many patients with HER2-overexpressing cancer respond to HER2 inhibitors such
as trastuzumab, pertuzumab, lapatinib, and neratinib [73]. However, patients frequently
develop drug resistance through different mechanisms, for instance, acquiring mutations
in HER?2 or compensatory changes in cell signaling [73,74]. To this end, the identification of
new pathways connected to HER2 can offer alternative strategies for combinatorial drug
treatment of breast cancer [73].

The present study investigated the TRPM7 /HER?2 relationship in various cells, includ-
ing embryonic TS cells, HEK293, HeLa, MDA-MB-231, and SKBR3 cells. These experiments
demonstrated that TRPMY7 regulates the expression of HER2. However, unlike in HAP1
cells, the deactivation of TRPMY7 in TS cells, HEK293, HeLa, MDA-MB-231, and SKBR3
cells resulted in the down-regulation of HER2. We noted that another group investigated
the impact of Trpm7 KO on the transcriptome of mouse embryonic stem (ES) cells and
reported that HER2 was down-regulated in Trpm7 KO ES cells [16]. Previously, we per-
formed genome-wide transcriptome profiling of villi isolated from the whole intestine
of mice with enterocyte-specific Trpm7 KO [12]. Intriguingly, HER2 was down-regulated
in Trpm7-deficient villi [12]. The distinct response of HAP1 cells may be attributed to
the hematopoietic origin of these cells associated with distinct Zn?* signaling and ex-
pression profiles of Zn?* finger proteins [75]. In addition, a compensatory impact of
Zn?* transporters on the TRPM7 KO phenotype could play a role. Apart from TRPM?7,
twenty-four members of the solute carriers of family 30 (Slc30a1-10 or ZnT1-10) and fam-
ily 39 (Slc39al-14 or Zip1-14) were proposed to orchestrate cellular Zn?* balance in a
cell-specific mode [76]. It is worth noting that analysis of human breast cancer tissues
showed significant Zn?* accumulation, especially in HER2-positive and triple-negative
cancers and that this effect correlated with the grade of malignancy [77,78]. In another
study, experiments with MCEF-7 breast cancer cells demonstrated that TRPM?7 regulates
cellular levels of MDMX by modulating the intracellular Zn?* levels [79]. MDMX is a
zinc-containing negative regulator of p53, which is overexpressed in various cancers and
implicated in cancer initiation and progression [79]. Along these lines, further studies are
necessary to establish the mechanisms of the Zn?*-dependent transcriptional regulation
of HER2.

NS8593 was initially characterized as an inhibitor of Ca?*-activated K* (Kc,2.1-2.3)
channels [80]. Further research revealed that NS8593 is also a potent inhibitor of the TRPM7
channel [81]. In non-excitable cells, Kc,2.1-2.3 channels hyperpolarize the plasma mem-
brane, thereby enhancing the influx of divalent cations [80]. On the other hand, the TRPM7
channel controls the cellular uptake of Zn%*, Ca%*, and Mg2+ [2,12]. Therefore, the dual
specificity of NS8593 could be advantageous for treating rapidly growing cancer cells, which
heavily rely on a steady supply of divalent cations and other nutrients [10,20,35,37—41]. In
the present work, we investigated whether NS8593 can be advantageous for the combined
targeting of HER2-positive cancer cells. Our proof-of-concept experiments showed that
the co-application of pharmacological inhibitors of HER2 and TRPM7 had a synergistic
antiproliferative effect on HER2-positive breast cancer SKBR3 cells but not HER2-deficient
MDA-MB-231 cells. Collectively, our results reinforced the idea that TRPMY7 represents a
promising therapeutic target for treating breast cancer [38,46-51].

5. Conclusions

Transcriptome profiling of human leukemia HAP1 cells revealed that TRPMY plays a
regulatory role in the expression of several transcripts, including HER2 (ERBB2). Further
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examination of HAP1 cells and several non-hematopoietic cells demonstrated that TRPM7
affects the expression of HER?2 in a Zn?*-dependent fashion. Co-inhibition of HER2 and
TRPMY elicits a synergistic antiproliferative effect on HER2-overexpressing SKBR3 cells.
Collectively, our findings suggest a new combinatorial approach for a targeted therapy for
HER2-positive breast cancer.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cells13211801/s1, Figure S1. Characterization of TRPM7
KO-01 HAP1 cells. (A) Sequence alignment of RT-PCR product obtained with primers flanking exon
4 of the human TRPM?7 gene. RT-PCR was performed using RNA extracted from TRPM7 KO-01
HAPI cells. Note that the aberrant transcript contains an intronic sequence (indicated by the red
arrow), which was spliced between sequences encoded by exon 3 and the distal part of exon 4 of
TRPM?. (B) Magnified sequence alignment of the intronic sequence found in the aberrant TRPM7
transcript. (C) The sequence of RT-PCR product of the mutant TRPM? transcript containing the exon
3 (black sequence), intronic sequence (red sequence) and distal segment of exon 4 (blue sequence). In
silico translation of the mutant transcript revealed that the mutation results in a frame-shift mutation.
Figure S2. Assessment of human HeLa cells. (A) Left panel: Whole-cell currents measured at —80 and
+80 mV over time in wild-type (WT) and TRPM7 KO (KO) HeLa cells. Middle panel: Representative
current—voltage (I—V) relationships obtained at 300 s in measurements illustrated on the Left panel.
Right panel: Bar graph of current amplitudes at +80 mV (300 s) illustrated on the Left panel. Data are
mean + SD; 1, the number of cells examined. * p < 0.05; (one-way ANOVA). (B,C) Upper panels:
Representative western blots obtained with WT (WT) and TRPM7 KO (KO) HeLa cells maintained in
the absence or presence of 10 uM ZnCl, (Zn). Equal volumes of cell lysates were assessed using anti-
HER?2 and anti-B-actin antibodies. Lower panels: Bar graphs showing normalized HER2 expression
levels in experiments from the Upper panels. The ratio of HER?2 to anti-f-actin signals in WT cells
(B) or untreated WT cells (C) was accounted as 100%. Data are mean =+ SD of n =3 independent
experiments. ** p < 0.01; ns—not significantly different (one-way ANOVA). Figure S3. The effects
of CP724714 and NS8593 on the TRPMY channel. Intracellular Ca2* levels ([CaZ*];) were measured
using a bioluminescence-based assay in WT HEK293 cells transfected with Trpm7 plasmid DNA
exposed to 10 uM CP724714, 10 uM NS8593 or equal DMSO volumes (DMSO). (A) [Ca%*]; was
measured in the presence of 0.5 or 10 mM external Ca%* ([Ca2*],) as indicated by the horizontal bars.
Representative traces are shown from n = 3 independent experiments. (B) Ca?* rises (A[Ca%*];, mean
+ SD, n = 3) were calculated from measurements shown in (A) by subtraction of the resting [Ca*];
from the maximal [Ca®*]; after application of 10 mM [Ca®*],. *** p < 0.001; ns—not significantly
different (one-way ANOVA). Figure S4. Combinatory treatment of MDA-MB-231 cells by N58593
and CP724714. (A-C) Viability of MDA-MB-231 cells treated by different concentrations of CP724714
for 72 h in the absence (Control) and presence of 5 uM (A), 10 uM (B), or 20 uM (C) NS8593. Data
are mean + SD of n = 3 independent experiments. *** p <0.001; ** p < 0.01; * p < 0.05; ns—not
significantly different (one-way ANOVA). D, LOEWE synergy analysis of the cytotoxic effects elicited
by NS8593 and CP724714 on MDA-MB-231 cells in (A-C). * p < 0.05; ns—not significantly different
(one-way ANOVA). Table S1. Microarray profiling of differentially expressed genes after inactivation
of TRPMY7 in HAP1 cells. Excel file contains one worksheet: Genome-wide analysis of Affymetrix
probes using RNA extracted from parental wild-type (WT) cells, TRPM7 KO cells (clones KO-01 and
KO-04) and parental WT cells treated with NS8593 (WT+NS8593). Table S2. Commonly up- and
down-regulated transcripts after genetic and pharmacological inactivation of TRPM7 in HAP1 cells.
Excel file contains two worksheets: (1) Commonly > 1.5-fold up-regulated Affymetrix probes in RNA
extracted from TRPM7 KO cells (clones KO-01 and KO-04) and parental wild-type (WT) cells treated
with NS8593 (WT+NS8593) as compared to untreated parental WT cells; (2) Commonly > 1.5-fold
down-regulated Affymetrix probes in RNA extracted from TRPM?7 KO cells (clones KO-01 and KO-04)
and parental WT cells treated with NS8593 (WT+NS8593) as compared to parental untreated WT
cells. Table S3. Primers used for qRT-PCR assessment of HAP1 cells.
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Figure S1. Characterization of TRPM7 KO-01 HAP1 cells.

(A) Sequence alignment of RT-PCR product obtained with primers flanking exon 4 of
the human TRPM7 gene. RT-PCR was performed using RNA extracted
from TRPM7 KO-01 HAP1 cells. Note that the aberrant transcript contains an intronic
sequence (indicated by the red arrow), which was spliced between sequences
encoded by exon 3 and the distal part of exon 4 of TRPM?7. (B) Magnified sequence
alignment of the intronic sequence found in the aberrant TRPM?7 transcript. (C) The
sequence of RT-PCR product of the mutant TRPM?7 transcript containing the exon 3
(black sequence), intronic sequence (red sequence) and distal segment of exon 4
(blue sequence). In silico translation of the mutant transcript revealed that the mutation

results in a frame-shift mutation.
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Figure S2. Assessment of human Hela cells.

(A) Left panel: Whole-cell currents measured at —-80 and +80 mV over time in wild-
type (WT) and TRPM7 KO (KO) HelLa cells. Middle panel: Representative
current-voltage (I-V) relationships obtained at 300 s in measurements illustrated on
the Left panel. Right panel: Bar graph of current amplitudes at +80 mV (300 s)
illustrated on the Left panel. Data are mean = SD; n, the number of cells examined.
*p < 0.05; (one-way ANOVA). (B, C) Upper panels: Representative western blots
obtained with WT (WT) and TRPM7 KO (KO) HeLa cells maintained in the absence or
presence of 10 uM ZnCl2 (Zn). Equal volumes of cell lysates were assessed using anti-

HER2 and anti-B-actin antibodies. Lower panels: Bar graphs showing normalized
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HER2 expression levels in experiments from the Upper panels. The ratio of HER2 to
anti-B-actin signals in WT cells (B) or untreated WT cells (C) was accounted as 100%.
Data are mean = SD of n= 3 independent experiments. ** p < 0.01; ns—not

significantly different (one-way ANOVA).
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Figure S3. The effects of CP724714 and NS8593 on the TRPM7 channel.

Intracellular Ca?* levels ([24])) were measured using a bioluminescence-based assay
in WT HEK293 cells transfected with Trom7 plasmid DNA exposed to 10 uM
CP724714, 10 uyM NS8593 or equal DMSO volumes (DMSO). (A) [Ca?']iwas
measured in the presence of 0.5 or 10 mM external Ca?* ([Ca?*],) as indicated by the
horizontal bars. Representative traces are shown fromn= 3 independent
experiments. (B) Ca?'rises (A[Ca?')i, mean * SD,n= 3) were calculated from
measurements shown in (A) by subtraction of the resting [Ca?']i from the maximal
[Ca?*]; after application of 10 mM [Ca?*]o. *** p < 0.001; ns—not significantly different

(one-way ANOVA).
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Figure S4. Combinatory treatment of MDA-MB-231 cells by NS8593 and CP724714.
(A—-C) Viability of MDA-MB-231 cells treated by different concentrations of CP724714
for 72 h in the absence (Control) and presence of 5 uM (A), 10 uM (B), or 20 uM (C)
NS8593. Data are mean £ SD of n = 3 independent experiments. *** p <0.001; ** p <
0.01; * p = 0.05; ns—not significantly different (one-way ANOVA). D, LOEWE synergy
analysis of the cytotoxic effects elicited by NS8593 and CP724714 on MDA-MB-231

cells in (A—C). * p < 0.05; ns—not significantly different (one-way ANOVA).
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Screenshot Worksheet 1 from Supplementary Excel Table S2:

Linear expression level Fold change from WT
Affymetrix ID Gene Unigene WT KO-01 KO-04 WT+NS8593 KO-01 KO-04 WT+NS8593
8006906 ERBB2 Hs.446352 35,16 132,01 123,42 58,91 3,75 3,51 1,68
8044450 ZC3H6 Hs.190477 97,17 173,86 252,90 220,13 1,79 2,60 2,27
8102368 NEUROG2 Hs.744415 79,31 125,49 201,53 206,15 1,58 2,54 2,60
8135392 HBP1 Hs.162032 72,15 113,85 167,92 168,45 1,58 2,33 2,33
8113790 MARCH3 Hs.132441 226,41 389,20 516,74 451,85 1,72 2,28 2,00
8114326 FAM13B Hs.567453 167,01 308,62 373,08 321,99 1,85 2,23 1,93
7973306 ABHD4 Hs.445665 147,34 233,99 308,91 289,17 1,59 2,10 1,96
7948332 LPXN Hs.125474 33,43 50,36 68,07 62,34 1,51 2,04 1,87
7938329 SNORA23 Hs.689720 1018,12 1691,62 2070,50 1581,53 1,66 2,03 1,55
8133112 LOC84214 Hs.588334 35,87 64,66 71,40 63,35 1,80 1,99 1,77
8065242 LINC00652 Hs.584899 12,56 20,84 24,85 22,37 1,66 1,98 1,78
8133549 GTF2IRD2B  Hs.647039 45,84 69,11 89,33 82,80 1,51 1,95 1,81
8002897 TMEM231 Hs.156784 42,60 70,61 82,41 71,83 1,66 1,93 1,69
8140170 GTF2IRD2B  Hs.647039 45,60 70,34 87,77 83,08 1,54 1,92 1,82
8113059 MBLAC2 Hs.64004 107,77 171,94 200,29 171,21 1,60 1,86 1,59
8099506 TAPT1 Hs.479223 95,44 148,27 175,66 148,97 1,55 1,84 1,56
8084219 KLHL24 Hs.407709 81,51 125,54 145,17 204,79 1,54 1,78 2,51
8166184 CA5B Hs.653287 428,17 648,28 754,16 750,43 1,51 1,76 1,75
8138602 DFNAS Hs.520708 30,05 51,28 52,65 45,67 1,71 1,75 1,52
7941639 DPP3 Hs.502914 161,11 251,58 275,28 280,85 1,56 1,71 1,74
8174119 ZMAT1 Hs.496512 21,30 34,78 36,02 42,79 1,63 1,69 2,01
8076025 PLA2G6 Hs.170479 40,22 64,61 67,48 70,81 1,61 1,68 1,76
7900857 ST3GAL3 Hs.597915 67,98 115,34 112,15 107,83 1,70 1,65 1,59
8096919 ALPK1 Hs.652825 42,57 70,31 70,04 78,28 1,65 1,65 1,84
8003850 CYB5D2 Hs.513871 121,55 183,16 199,11 194,51 1,51 1,64 1,60
8058118 KCTD18 Hs.605775 82,48 126,25 131,28 125,39 1,53 1,59 1,52
8094476 TBC1D19 Hs.479403 84,04 129,48 132,77 146,44 1,54 1,58 1,74
7938925 NELL1 Hs.657172 55,22 95,84 86,74 87,12 1,74 1,57 1,58
8099721 SEL1L3 Hs.479384 151,55 361,97 237,27 249,94 2,39 1,57 1,65
8155192 GLIPR2 Hs.493819 135,10 204,47 205,68 208,84 1,51 1,52 1,55
7983828 TEX9 Hs.511476 66,41 103,82 100,60 99,49 1,56 1,51 1,50
8133770 CCDC146 Hs.113940 17,86 28,13 26,91 27,95 1,58 1,51 1,57

Screenshot Worksheet 2 from Supplementary Excel Table S2:

Linear expression level Fold change from WT
Affymetrix ID Gene Unigene WT KO-01 KO-04 WT+NS8593 KO-01 KO-04 WT+NS8593
8170992 DKC1 Hs.4747 397,08 137,62 103,92 224,36 0,35 0,26 0,57
8164269 ENG Hs.76753 90,27 40,23 46,91 58,01 0,45 0,52 0,64
8013987 RNY4P13 Hs.100379296 30,95 14,22 11,29 16,41 0,46 0,36 0,53
7952335 SNORD14E Hs.85391 126,98 65,09 46,66 65,52 0,51 0,37 0,52
7952339 SNORD14C Hs.180414 977,89 513,03 585,95 636,21 0,52 0,60 0,65
7904963 RNVU1-3 Hs.101954272 64,09 34,62 30,16 24,58 0,54 0,47 0,38
7915612 PTCH2 Hs.591497 58,95 32,36 32,58 24,97 0,55 0,55 0,42
7972826 LINCO0346 Hs.245390 19,64 11,36 12,85 12,76 0,58 0,65 0,65
7983228 MAP1A Hs.194301 173,88 105,54 93,99 99,43 0,61 0,54 0,57
7905329 MLLT11 Hs.75823 1278,12 815,90 730,06 627,20 0,64 0,57 0,49
7958019 DRAM1 Hs.525634 68,35 43,68 31,18 42,67 0,64 0,46 0,62
8177393 RBMY1B Hs.725744 13,10 8,55 6,10 5,59 0,65 0,47 0,43

Table S2. Commonly up- and down-regulated transcripts after genetic and
pharmacological inactivation of TRPM7 in HAP1 cells.

Excel file contains two worksheets: (1) Commonly = 1.5-fold up-regulated Affymetrix
probes in RNA extracted from TRPM7 KO cells (clones KO-01 and KO-04) and
parental wild-type (WT) cells treated with NS8593 (WT+NS8593) as compared to
untreated parental WT cells; (2) Commonly = 1.5-fold down-regulated Affymetrix
probes in RNA extracted from TRPM7 KO cells (clones KO-01 and KO-04) and
parental WT cells treated with NS8593 (WT+NS8593) as compared to parental

untreated WT cells.
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Abstract

Zn>*, Mg?* and Ca”" are essential divalent cations implicated in many metabolic processes and signalling pathways. An
emerging new paradigm is that the organismal balance of these cations predominantly depends on a common gatekeeper,
the channel-kinase TRPM?7. Despite extensive electrophysiological studies and recent cryo-EM analysis, an open question
is how the channel activity of TRPM?7 is activated. Here, we performed site-directed mutagenesis of mouse TRPM?7 in con-
junction with patch-clamp assessment of whole-cell and single-channel activity and molecular dynamics (MD) simulations
to show that the side chains of conserved N1097 form an inter-subunit Mg>* regulatory site located in the lower channel
gate of TRPM7. Our results suggest that intracellular Mg>* binds to this site and stabilizes the TRPM7 channel in the closed
state, whereas the removal of Mg?* favours the opening of TRPM7. Hence, our study identifies the structural underpinnings
through which the TRPM7 channel is controlled by cytosolic Mg?", representing a new structure—function relationship not

yet explored among TRPM channels.

Keywords TRPM7 - TRP channels - Magnesium - PIP, - ATP - Molecular dynamics simulations

Introduction

The transient receptor potential cation channel, subfamily M,
member 7 (TRPM?7) encodes a bi-functional protein com-
prising a transmembrane channel segment fused to a serine/
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threonine-protein kinase domain [1-3]. The TRPM7 chan-
nel is highly permeable to divalent cations, including Zn>,
Ca®*, and Mg?*, and there is mounting evidence to suggest
that the influx of all three cations underlies the indispen-
sable physiological role of TRPM7 [4-8]. Thus, TRPM7
controls a wide range of biological processes such as organ-
ismal Zn>*, Ca®* and Mg®* homeostasis, embryonic devel-
opment, immune responses, cell motility, proliferation and
differentiation [1-3].

TRPM7 currents were discovered in patch-clamp experi-
ments with immune cells after removing Mg>* from pipette
solutions [9-11]. In contrast, the addition of free Mg2+
and Mg-ATP prevented the opening of the TRPM7 chan-
nel through different mechanisms [11-13]. Moreover, free
Mg?* and Mg-ATP inhibit TRPM7 synergistically, since
elevation of free Mg?* concentrations increases the potency
of Mg-ATP [13]. TRPM7 currents were thus termed mag-
nesium-nucleotide-regulated metal ion currents (MagNuM)
and magnesium-inhibited cation currents (MIC) [11, 12]. In
the past two decades, this experimental paradigm was com-
monly used to identify TRPM7 currents in a wide variety of
primary isolated cells and stable cell lines [1-3]. The current
consensus is that both Mg?* and Mg-ATP act as negative
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«Fig.1 Assessment of the mouse TRPM7 variants expressed in
HEK293T cells. A Domain topology of TRPM7. A large N-ter-
minus (NT) of TRPM?7 is linked to a pre-S1 helix also known as a
linker-helical domain (LH) preceding a channel segment comprising
six transmembrane helices (S/—6) with a short pore loop and a pore
helix (PH) located between S5 and S6. The C-terminus of TRPM7
contains a receptor potential domain (7RP) followed by a coiled-coil
(CC), kinase substrate (SD) and kinase (KD) domains. Red stars indi-
cate the position of residues in the mouse TRPM7 protein subjected
to site-directed mutagenesis in the present study. B Whole-cell cur-
rents measured in untransfected HEK293T cells (Control, white) and
the cells transfected by wild type (WT, black) or indicated mutant
variants (grey) of TRPM7-YFP cDNAs. Currents were induced using
the standard [Mg2+]i-free intracellular solution and the standard
external solution. Current amplitudes (mean+SEM) were acquired
at+ 80 mV (at 300 s). n, number of cells measured; n.s., not sig-
nificant; *P<0.05 **P<0.01; ***P<0.001 (ANOVA, compared to
Control). C Representative I-V relationships of currents shown in B.
D-F A subset of TRPM7-YFP variants shown in B were examined
using an intracellular solution containing 2.3 mM [Mg?*]; (Suppl.
Table S1). D Whole-cell currents measured in WT and indicated
mutant variants of TRPM7-YFP. Current amplitudes (mean+SEM)
were acquired at — 80 and+80 mV and plotted over time. E Repre-
sentative I-V relationships of currents (at 300 s) illustrated in (D).
F Bar graphs of outward currents (mean+SEM;+ 80 mV) shown
in (D) at 300 s. n, number of cells measured; n.s., not significant;
*P<0.05 **P<0.01; ***P<0.001 (ANOVA, compared to WT). G
Multiple sequence alignment (ClustalW) of amino acid sequences
encoding the S6 and TRP segments in the mouse TRPM1 — 8 pro-
teins. Grey background indicates the sequence consensus. N1097 and
N1098 of TRPM7 are indicated in red

regulators of the ubiquitously expressed TRPM7 channel to
correlate the uptake of essential metals with the metabolic
state of the cell [1-3].

The molecular mechanism determining TRPM7 sensitiv-
ity to intracellular Mg?* remains unclear. Previously, several
research groups examined the role of the C-terminal kinase
domain with regard to TRPM7 channel sensitivity to Mg>*
and obtained controversial results. Thus, deletion of the
kinase domain resulted in either non-functional versions of
the channel [14], channel variants with unchanged [15] or
even increased sensitivity to free Mg2+ [5, 15, 16]. In other
studies, the introduction of ‘kinase-dead’ point mutations
(D1775A and K1648R) in the catalytic site of the kinase
moiety or deletion of phosphorylation residues (S1511 and
S1567) did not affect the responses of the channel to free
Mg2+ [14, 17, 18]. However, other researchers observed
that TRPM7 with ‘kinase-dead’ mutations (K1648R and
G1799D) exhibited reduced responses to free Mg2+ [5, 13],
whereas the T1482L mutation affecting a putative phos-
phorylation site in TRPM?7 increased Mg>" sensitivity of
the channel [19]. While the reason for such inconsistencies
remains unclear, the overall consensus is that functional
TRPM?7 channel variants with impaired kinase moiety retain
the sensitivity to intracellular free Mg>*, arguing that an
additional Mg?* regulatory domain must exist.

Other studies suggested that Mg>* affects the TRPM7
channel indirectly, for instance, by interfering with the inter-
action of phosphatidylinositol 4,5-bisphosphate (PIP,) and
TRPM?7, but the structural basis of such interference remains
unknown [20-22]. More recently, high-resolution structures
of a closed TRPM7 channel were resolved by cryo-electron
microscopy (cryo-EM) [23]. However, structural rearrange-
ments associated with the Mg?*- and PIP,-dependent open-
ing of the TRPM7 channel were not identified in the struc-
tures available [23].

Here, we embark on extensive functional analysis, struc-
tural modelling and molecular dynamics simulations and
propose that a pivotal Mg?* regulatory site of TRPM7 is
located within the lower channel gate. Our findings sug-
gest that Mg?* interacts directly with this protein segment
and stabilizes TRPM7 in the closed state. In line with this
model, we found that a point mutation introduced in the
Mg** regulatory site abolishes the sensitivity of TRPM7 to
physiological concentrations of intracellular Mg>*.

Results

Search for amino acid residues involved
in the Mg?*-induced inhibition of TRPM7

Recently, several structures of TRPM channels were deter-
mined using cryo-EM [24-33]. The investigators noted that
TRPM2, TRPM4, TRPMS5 and TRPMS8 harbour intra-sub-
unit Ca®*-binding sites formed by five negatively charged
and polar residues in the S2 and S3 helices and the TRP
segment (Suppl. Fig. S1) [24-33]. Interestingly, some of
these residues are substituted in TRPM1, TRPM3, TRPM6
and TRPM7 (Suppl. Fig. S1), suggesting that the latter
group of channels may contain a binding pocket for another
ligand, for instance, Mg>*. To test this hypothesis function-
ally, we exchanged E899, E903, N925, D928 and E1124 of
TRPM?7 to an uncharged alanine residue (A) or two struc-
turally related acidic (D or E) and two polar residues (Q or
N) (Fig. 1A).

In the pore domain formed by the S5 and S6 helices, the
polar side chains of N1097 and N1098 appear to arrange
the narrowest constriction in the lower gate of TRPM?7
[23]. Since asparagine side chains frequently contribute to
Mg**-binding sites in other channels [34, 35], we hypoth-
esized that N1097 and N1098 could function as an Mg>*
recognition site in TRPM7. Accordingly, we produced ver-
sions of TRPM7 with modified amino acids at positions
N1097 and N1098 (Fig. 1A). Finally, we introduced changes
in Y1085 (Fig. 1A) since its side chain hydroxyl group is
located in the upper channel gate and may potentially inter-
act with Mg”* [23]. Because of the exceptionally low effi-
ciency of in vitro site-directed mutagenesis of untagged
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mouse TRPM7 cDNA in the bicistronic pIRES2-EGFP vec-
tor, the functional impact of the introduced mutations was
investigated using mouse TRPM7 with a C-terminal YFP
tag in the pcDNA3.1 vector (see further details in “Materi-
als and methods”).

First, we studied whether the TRPM7 mutants can be
activated in the absence of cytosolic Mg>*, assuming that
mutations with a specific impact on Mg>*-dependent inhi-
bition of the channel should not significantly affect cur-
rent amplitudes and current—voltage (I-V) relationships of
TRPM7 in such an experimental setting. To this end, we
transiently transfected HEK293T cells with cDNAs encod-
ing wild-type (WT) and mutant versions of TRPM7-YFP and
conducted patch-clamp experiments with YFP-positive cells.
Whole-cell currents were elicited by a voltage ramp protocol
ranging from — 100 to+ 100 mV and a standard Mg**-free
internal solution (Fig. 1B, C). -V relationships of WT cur-
rents exhibited characteristic features, such as tiny inward
and large outward currents with a pronounced rectification
and a reversal potential of about 0 mV (Fig. 1C). Accord-
ingly, outward currents of TRPM7 variants were used to
reliably quantify the effects of the mutations (Fig. 1B). Only
six mutant variants (E903D, N1097Q, N1098A, N1098Q,
N1098D and N1098E) displayed currents significantly
different from endogenous currents in untransfected cells
(Fig. 1B). In addition, -V relationships of these mutant
channels resembled those of WT currents (Fig. 1C). Con-
sequently, only the latter six TRPM7 variants were selected
for further analysis.

Next, we examined the channel activity of WT and
mutant TRPM7 variants in the presence of relatively high
levels of intracellular Mg**. As expected, the addition of
free 2.3 mM [Mg?*], to the internal solution completely pre-
vented the development of WT currents (Fig. 1D, F). Five
channel variants (N1097Q, N1098A, N1098Q, N1098D and
N1098E) displayed currents already after break-in, which
were modestly reduced over time and exhibited typical -V
characteristics (Fig. 1F, D). In contrast, the E903D variant
showed low activity under these experimental conditions
(Fig. 1F). Hence, unlike other mutations, exchanges of
asparagine residues located in the S6 segment and the TRP
helix (Fig. 1G) resulted in active TRPM7 channels in the
presence of [Mg?*].. Consequently, we selected the N1097Q
and N1098Q variants for a more detailed assessment.

Impact of N1097Q and N1098Q mutations on TRPM7
channel inhibition by Mg**and Ba?*

To rule out a potential influence of the YFP tag on the func-
tional analysis of TRPM?7, we re-introduced the N1097Q and
N1098Q amino acid exchanges into mouse TRPM7 cDNA
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inserted into the bicistronic pIRES2-EGFP vector [36, 37].
Immunofluorescent staining of HEK293T cells expressing
WT and mutant versions of TRPM7 did not reveal differ-
ences in the subcellular distribution of the proteins (Suppl.
Fig. S2).

Next, we performed patch-clamp experiments to exam-
ine the impact of N1097Q and N1098Q on the concentra-
tion-dependent suppression of the channel by free [Mg”]i
(Fig. 2). The calculated ICs, value for WT currents was
0.47 mM (Fig. 2A, B). Currents in cells expressing TRPM7
carrying the N1097Q mutation were inhibited by [Mg>*];
with an ICy, value of 3.74 mM (Fig. 2C, D). As [Mg**];
varies between 0.5 and 1.0 mM in most mammalian cells
[41], these results suggest that, unlike the WT channel, the
N1097Q variant remains active in the presence of physi-
ological concentrations of Mg?*. Remarkably, TRPM7
containing N1098Q was highly active after break-in and
remained active over time in the presence of the whole range
of [Mg”]i examined, thus precluding a reliable calculation
of an ICs, value (Fig. 2E, F) These results indicate that the
N1098Q mutation results in a constitutively active channel
insensitive to physiological concentrations of intracellular
Mg*.

Apart from Mg?*, other divalent cations (Ba>*, Ca®* and
Zn”*) can suppress TRPM7 currents presumably through a
common regulatory site [38]. Hence, we examined whether
the N1097Q and N1098Q mutants interfered with the effects
of free [Ba2+]i (0.55 and 1 mM) on the TRPM7 channel vari-
ants (Figure S3). We observed that the WT TRPM?7 chan-
nel was inactive in the presence of both concentrations of
free [Baer]i (Suppl. Fig. S3A). The N1097Q variant showed
significantly reduced currents only after administration of
1 mM free [Ba>*]; (Suppl. Fig. S3B), whereas the N1098Q
channel remained unaffected under both experimental condi-
tions (Suppl. Fig. S3C).

Effects of N1097Q and N1098Q mutations on TRPM7
channel suppression by Mg-ATP and Mg-GTP

Previously, extensive electrophysiological analyses revealed
that free Mg”* and Mg-ATP inhibit TRPM7, most likely
through different ligand binding sites [12, 13]. Interestingly,
the elevation of free Mg?* levels increased the potency of
Mg-ATP, suggesting that Mg>* and Mg-ATP act synergisti-
cally on the TRPM?7 channel [12, 13]. Therefore, to further
verify the role of N1097Q and N1098Q, we compared the
concentration-dependent inhibition of the TRPM?7 chan-
nel variants by intracellular concentrations of Mg-ATP
[Mg-ATP],, in the presence of only 250 uM free [Mg>*]..
The physiological intracellular concentrations of ATP vary
between 2 and 9 mM in most mammalian cells [39]. In a
physiological saline solution, the apparent K; of Mg-ATP
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Fig.2 Inhibition of TRPM7 A WT [Mg2*]; (mM) B
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is ~50 pM [40] and it was estimated that >90% of cyto-
solic ATP is present as Mg-ATP [41]. Using internal solu-
tions covering this range of [Mg-ATP];, we found that WT
currents were suppressed with an ICy, value of 2.07 mM
(Fig. 3A, B). By contrast, TRPM7 mutants N1097Q and
N1098Q were characterized by a remarkably low sensitivity
to [Mg-ATP]; at all concentrations examined (Fig. 3C-F).
Due to experimental limitations, [Mg-ATP]; above 10 mM
could not be reliably examined. Since other Mg-nucleotides
(like Mg-GTP) were also capable of suppressing the TRPM7
channel, presumably through a mechanism shared with
Mg-ATP [12, 13], we asked whether co-administration
of 6 mM [Mg-GTP]; and 250 pM free [Mg2+]i will recapitu-
late the effects of 6 mM [Mg-ATP]; co-applied with 250 pM
free [Mg”]i (Suppl. Fig. S4). We observed that the impact
of the N1097Q and N1098Q mutations on the channel’s
response to both Mg-nucletides were not different in such
experimental settings (Suppl. Fig. S4).

Next, we examined the effects of 9 mM [Mg-ATP]; in
the presence of the physiological range of [Mg”]i con-
centrations using an internal solution containing 550 uM
and 1 mM free [Mg2 *];- We found that WT currents were
entirely suppressed under these conditions (Fig. 3G, Suppl.
Fig. S5). In contrast, N1097Q mutant TRPM?7 channel cur-
rents developed in the presence of 550 uM free [Mg?*],
(Fig. 3G), but were undetectable after application of 1 mM
free [Mg”*]; (Suppl. Fig. S5). These results suggest that the
N1097Q channel variant remained sensitive to Mg-ATP, but
only in the presence of high concentrations of free Mg?*, in
accord with the idea that Mg** and Mg-ATP independently
interact with different TRPM7 channel sites [12, 13], and
that the N1097Q mutation primarily affected the Mg?* regu-
latory mechanism. The N1098Q variant was not suppressed
in all experimental settings (Fig. 3E, Suppl. Fig. S5), indicat-
ing that the N1098Q mutation engendered a constitutively
active channel variant.
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Fig. 3 Inhibition of TRPM7
currents by cytosolic Mg-ATP.
Whole-cell currents measured
in HEK293T cells transfected
by WT, N1097Q and N1098Q
variants of TRPM7 cDNAs (in
pIRES2-EGFP). A, B Concen-
tration-dependent suppression
of WT TRPM7 by [Mg-ATP];
in the presence of 250 uM free
[Mg?*]; (Suppl. Table S3).

A Current amplitudes of the
WT channel (mean+SEM)
measured at+ 80mV were
plotted over time. B Concen-
tration—response curve for
currents shown in A (+ 80 mV,
300 s). The Hill equation was
used to determine ICy, and

the Hill factor. C-F Effects of
[Mg-ATP]; on the N1097Q (C,
D) and N1098Q (E, F) variants
of TRPM7. Measurements were
performed as in A. However,
bar graphs of outward currents
(mean+SEM; + 80 mV) at
300 s were used to analyse

the effects of [Mg-ATP],. G
Whole-cell currents were
measured in the presence

of 9 mM [Mg-ATP]; and

550 uM free [Mg?*]; (Suppl.
Table S4). Left panel current
amplitudes (mean + SEM)
acquired at+80 mV were plot-
ted over time. Middle panel
representative current—voltage
(I-V) relationships of cur-
rents (at 300 s) illustrated in
the left panel. Right panel bar
graphs of outward currents
(mean + SEM; + 80 mV) shown
in the left panel at 300 s. n,
number of cells measured; ns,
not significant; **P <0.01,
*#%P<(0.001 (ANOVA)

Finally, we aimed to assess the activity of TRPM7
variants without manipulations of the cytosolic contents
of Mg and Mg-ATP using perforated patch recordings
(Suppl. Fig. S6). Consistent with earlier studies [21],
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WT currents did not develop in this experimental setting,
presumably because resting concentrations of Mg?*
Mg-ATP are sufficient to inhibit TRPM7. On the contrary,
channel activity of the N1097Q or N1098Q variants was

and

well detectable (Suppl. Fig. S6), supporting the notion that
the N1097Q or N1098Q mutations diminish the inhibitory
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effects of both Mg?* and Mg-ATP in resting HEK293T
cells.

Effects of N1097Q and N1098Q on the sensitivity
of TRPM7 to pharmacological agents and PIP,
depletion

To determine whether the N1097Q or N1098Q amino acid
exchanges altered the sensitivity of TRPM7 exclusively to
[Mg**]; and [Mg-ATP]; or caused more general changes of
regulatory characteristics of the channel, we studied the
effects of small synthetic molecules acting as activators or
inhibitors of the TRPM?7 channel. First, we assessed the
action of naltriben, a potent agonist of the TRPM7 channel
[42]. In these experiments, we used intracellular solutions
containing 9 mM [Mg-ATP]; and 550 uM free [Mg>*];. The
external application of naltriben led to a fast stimulation of
WT and N1097Q currents (Fig. 4A, B). The N1098Q variant
did not respond to naltriben (Fig. 4C).

Next, we examined the effect of NS8593, a potent TRPM7
inhibitor [43]. In these experiments, we induced currents

using the standard [Mg?*]-free intracellular pipette solution
and externally applied NS8593 when currents were fully
developed (Fig. 5). We noted that NS8593 caused a rapid
inhibition of WT and N1097Q currents (Fig. 5SA, B). In anal-
ogy to the effects of naltriben (Fig. 4A), the N1098Q muta-
tion abolished the channel's sensitivity to NS8593 (Fig. 5C),
indicating that the N1098Q mutant is functionally different
from the N1097Q variant with regard to its sensitivity to
natural or synthetic ligands.

It is well documented that depletion of plasma mem-
brane PIP, results in the inactivation of the TRPM7 chan-
nel [20-22]. Therefore, we investigated the response of the
TRPM?7 variants to such a treatment using a voltage-sensi-
tive phosphatase from Ciona intestinalis (Ci-VSP) [44]. Ci-
VSP reduces PIP, levels in the plasma membranes at positive
membrane potentials (Fig. 6A). A catalytically silent mutant
of Ci-VSP (Ci-VSP-C363S) cannot hydrolyse PIP, and was
used as a control (Fig. 6A). Cells co-expressing Ci-VSP or
Ci-VSP-C363S together with TRPM7 variants were held at
— 60 mV to allow induction of TRPM?7 currents without
activation of Ci-VSP. Then the regular voltage ramp ranging

Fig.4 Activation of TRPM7 A WT
currents by naltriben. Whole- Naltriben (n=10) 4.070A md
cell currents were measured . 150 n N 150
in HEK293T cells transfected = 10t L
by WT (A), N1097Q (B) %_ 191 <
and N1098Q (C) variants of e 75 241 2.0+ L 75
TRPM7 cDNAs (in pIRES2- S < ‘a:';
EGFP). Left panels current 5 ®oc0c0ee 5
amplitudes (mean + SEM) were o 0 o ——
measured at — 80 and + 80 mV : ? . P | mV 0
and plotted over time. Cur- 0 ?50 500 -100 100
rents were measured using an Time (s)
intracellular solution containing
9 mM [Mg-ATP]; and 550 uyM B N1097Q o
[Mg?*]; and the standard exter- Naltriben (n=7) 2.09nA 250
nal solution with or without T 250 - W 5
100 uM naltriben as indicated o ,}?m a
by the black bars. Middle panels < g <
representative I-V relation- :g 125+ &Q.. 1.0 = 1251
ships obtained from individual o - o nasse §
ramps before (brown) and after S5 ,o’.. 5 i
(red) naltriben application as © 0 o
indicated in the left panels by : 0 d i ' i 0=
coloured data points. Right pan- 0 250 500 -100 100
els bar graphs of outward cur- Time (s)
rents (+ 80 mV, mean + SEM)
obtained before (brown) and c N1098Q )
after (red) naltriben application 80 Naltriben (n=6) 207nA 801 s
as indicated in the lef panels R .‘5165‘?556505&“;‘36“; T
by coloured data points. n, g— 2 oLt S S s‘
number of cells measured; ns, S 40- 104 a 40
not significant; ***P<0.001 = : y =
(two-tailed ¢ test) g g
3 0eccccesecescscscccsccoscce 3
T ; T 1 ] mV 0~
0 250 500 -100 100
Time (s)
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Fig.5 Effects of NS8593 on wWT
TRPM?7 currents. Whole-cell
currents were measured in
HEK?293T cells transfected

by WT (A), N1097Q (B),

and N1098Q (C) variants of
TRPM7 cDNAs (in pIRES2-
EGFP) expressed in HEK293T
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+ 80 mV and plotted over
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from — 100 to+ 100 mV was applied to activate Ci-VSP and
record TRPM7 currents (Fig. 6B). We found that Ci-VSP,
but not Ci-VSP-C363S, suppressed WT and N1097Q cur-
rents similarly (Fig. 6C, D). In contrast, N1098Q currents
were not affected by Ci-VSP and Ci-VSP-C363S (Fig. 6E).
Hence, the N1097Q channel resembles the WT channel in
the sensitivity to naltriben, NS8593 and PIP, depletion by
Ci-VSP, whereas the N1098Q variant represents a constitu-
tively active channel insensitive to these agents.

Assessment of TRPM7 channel variants in a divalent
cation-free (DVF) extracellular solution

A well-known characteristic feature of TRPM?7 is the per-
meation block of the channel pore by extracellular divalent
cations [12], causing the characteristic shape of the [-V
relationship of TRPM7 currents in the presence of divalent
cations in external solutions (Fig. 1C). However, exposure
of TRPM7-expressing cells to a DVF solution abolish such
a permeation block and entails large monovalent cation cur-
rents with a distinguishing semi-linearized I-V relationship
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[12]. We examined whether N1097Q or N1098Q would
affect this channel feature. As illustrated in Suppl. Fig.
S7, application of DVF solution to the WT channel caused
rapid increases of outward and inward currents accompanied
with expected alterations in the I-V relationships. After the
removal of the DVF solution, this characteristic I-V rela-
tionship of TRPM7 was reversed. We also noted that the
N1097Q or N1098Q variants recapitulated the response of
WT TRPM?7 (Suppl. Fig. S7), indicating that N1097Q or
N1098Q did not impinge on the function of the ion selectiv-
ity filter of TRPM7.

Impact of N1097Q on TRPM7 characteristics
in excised outside-out patches

For a more thorough examination of the hypothesis that
the N1097Q mutation affected the sensitivity of TRPM7 to
intracellular Mg>*, we thought to analyse TRPM?7 on the sin-
gle-channel level. However, our extensive attempts to meas-
ure TRPM7 currents in inside-out patches were unsuccess-
ful. Therefore, we used previously established experimental
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Fig.6 Assessment of TRPM7 currents after PIP, depletion. A A
diagram showing how wild-type voltage-sensitive phosphatase from
Ciona intestinalis (Ci-VSP) reduces PIP, levels in the plasma mem-
branes. A catalytically silent mutant of Ci-VSP (Ci-VSP-C363S) is
unable to affect PIP, contents. B Time-dependent changes of normal-
ized whole-cell outward currents in HEK293T cells transfected with
WT, N1097Q and N1098Q variants of TRPM7 ¢cDNA and Ci-VSP or
Ci-VSP-C363S. Cells were held at — 60 mV for 2 min to allow induc-
tion of TRPM7 without activation of Ci-VSP. Then the voltage ramp

settings to analyse TRPM7 activity in excised outside-out
patches [45]. To this end, outside-out patches were excised
from transfected HEK293 cells and voltage clamped to
— 60 mV. TRPM7 activity was evoked by exchanging the
standard bath solution with a divalent cations-free (no-
DIV) solution. This manoeuvre elicited only multichannel
responses, irrespective of whether patches were from WT- or
N1097Q-expressing cells, precluding an analysis of single-
channel kinetics in these experimental settings (Suppl. Fig-
ure 8A, B). Nevertheless, differences between the WT and
N1097Q channels were well evident. Single-channel ampli-
tudes and the sojourns in the open state were about twice as
large in the WT channels (Suppl. Fig. S8A, B). Estimated
form a subset of experiments in which current—voltage rela-
tionships could be obtained, the calculated single-channel
slope conductances (y,) were 41.4+2.5 pS and 23.8+2.4
pS for the WT and N1097Q, respectively [n=7; see Suppl.
Fig. S8C for examples; Suppl. Table S5 provides auxiliary
chord conductance values (y.) from a larger sample]. The
corresponding surrogate mean open times (7g), an admit-
tedly rough estimate for the duration of the open state, were
4.740.6 ms and 1.5+0.3 ms for the WT and N1097Q

Ci-vSP-C363S Ci-VSP

Ci-VSP-C363S Ci-vsP

ranging from — 100 to+ 100 mV was applied to activate Ci-VSP and
record TRPM7 currents. Current amplitudes (+ 80 mV) were normal-
ized to the initial currents (mean+SEM) and plotted over time. Data
points are shown for every 10's ramp. n, number of cells measured.
C-E Bar graphs of outward currents (+ 80 mV, mean + SEM) shown
in B immediately and after 300 s of application of voltage ramps
from — 100 to+ 100 mV. ns, not significant; *P<0.05; **P<0.01;
*#**P<(0.001 (two-tailed ¢ test)

channel variants, respectively. Despite shortening of T,
N1097Q did not affect the open probability (NP) (Suppl.
Fig. S8C and Table S5), suggesting that the N1097Q muta-
tion facilitated gating motions in the TRPM7 protein. Inter-
estingly, besides a 40 pS main level, at least one additional
subconductance state for TRPM7 has been described [46].
However, the all-points histograms derived from our data
(Fig. 5A, C) showed evenly spaced peaks and lack of overt
humps and, therefore, do not point to a significant contribu-
tion of such a subconductance state to the overall conduct-
ance under our experimental conditions.

To assess the effects of intracellular Mg?* on channel
characteristics, we used a pipette solution containing 1 mM
free Mg”*. All outside-out patches from cells overexpress-
ing the WT channel exposed to no-DIV solution showed
only an initial burst of channel openings followed by lasting
quiescence (Fig. 7A, B). Single-channel current amplitudes
assessed during the initial outbreaks of activity (— 2.3 +0.18
pA, Fig. 7A) were similar to those obtained in the absence
of intracellular Mg?* (= 2.2+0.21 pA; Suppl. Fig. S8,
Table S5). N1097Q behaved differently from the WT chan-
nel. Exposure to no-DIV solution induced sustained channel
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Fig.7 Impact of intracellular

Mg?* on single-channel currents no-DIV

WT - 1 mM [Mg?*);

DIV

from TRPM?7 variants. Currents —
were recorded at a holding
potential of — 60 mV in outside-
out membrane patches excised
from HEK?293 cells expressing
WT (A, B) and N1097Q (C-E)
variants of TRPM7. The WT
(A) or N1097Q (C) channels
were unblocked by removing
the extracellular divalent cations
(DIV bath) using a no-DIV
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activity of the N1097Q variant, with the NP being stable
over the whole time of current recordings (Fig. 7C, D). All
measured channel characteristics, including chord conduct-
ance, NP, and Tg were not affected by adding 1 mM intra-
cellular Mg** (Fig. 7E, Table S5). Finally, using the same
experimental settings, we analysed the effects of 2.9 mM
[Mg-ATP]; and 250 puM free [Mg**]; and observed that
the WT channel exhibited only an initial burst of channel
openings, whereas the N1097Q variant was active and dis-
played functional characteristics similar to those obtained
in the presence of 1 mM free Mg>* (Suppl. Fig. S9). These
results corroborate with our analysis of whole-cell currents
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reinforcing the idea that the N1097Q substitution abrogated
the inhibition of the TRPM7 channel by physiological intra-
cellular Mg?* concentrations.

Modelling and molecular dynamics (MD)
simulations of the wild-type and mutant variants
of the TRPM7 channel in closed and open
conformations

To elucidate a mechanism by which N1097 and N1098
contribute to TRPM7 channel regulation, we opted for
protein modelling and MD simulations of the TRPM7 ion
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channel domain. The TRPM7 structure in Mg?*-free con-
ditions (PDB 5ZX5) showed the highest resolution of the
S5-S6 segment in TRPM?7, and, therefore, it was selected
for analysis. To perform MD simulations, we constructed
a 3D model of the closed channel pore-forming segment
of TRPM?7 (S4-S5 linker, S5-S6 helices and TRP domain)
embedded in a lipid membrane and surrounded by water and
ions (Fig. 8A). To develop a TRPM?7 open channel struc-
ture, we used the homology modelling method. Initially, we
attempted to use the open structure of the zebrafish TRPM?2

Fig.8 Models of the channel
pore-forming segment of mouse
TRPM?7 in lipid and water
environments in closed and
open conformations. A A repre-
sentative structure of the mouse
WT TRPM7 simulated channel
unit (residues 982 to 1123) in
the lipid bilayer and water. B A
side view of a channel structure
in the closed (top panel) and
open (bottom panel) conforma-
tions. The channel pore-lining
residues are shown. C Overlap
of the closed structure an open
structure shown (bottom view).
D Structure of the channel gate
in the closed channel with or
without Mg?* and open chan-
nel. Persistent water molecules
are shown in red. Dashed lines
indicate hydrogen bonds formed
between N1097 and N1098
residues and Mg?*. Note that
the hydrogen bonds are tran-
sient, and the specific interac-
tions shown are not present

in all frames of the trajectory.

E Channel’s hydration in the
simulations is shown for the
WT, N1097A and N1097Q vari-
ants. Water is shown as a semi-
transparent light blue continuum

> _N1097
WT (closed)

WT-MG (closed)

channel as a template [32]. However, the open TRPM2 chan-
nel displayed significant conformational changes in the S5
helix driven by the interaction of charged residues in the
S4-S5 linker and the TRP box, which are not conserved in
TRPM7. Therefore, our analysis relied on the open structure
of the human TRPV6 channel (PDB: 6BOS8 [47]) (Suppl.
Fig. S10).

The homology-modelled open channel structure then
was used in targeted MD simulations to open the chan-
nel in lipid and water (Fig. 8). We observed that in the

: |
V;VT (closed) Y

L
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closed state of the channel, the side chains of 11093
formed a hydrophobic seal excluding water from the chan-
nel (Fig. 8E), whereas polar side chains of N1097 build
the narrowest segment of the cation permeation path in
the pore (Fig. 8B). We found that transient inter-subunit
hydrogen bonds were formed between N1097 residues of
different subunits and between N1097 and N1098 resi-
dues. The most prominent hydrogen bonds were formed
between the side chain amino and carbonyl groups of
N1097 residues of adjacent subunits and between the side
chain amino group of N1098 and the backbone carbonyl
group of N1097 of adjacent subunits (Fig. 8D). On aver-
age, 3.6 inter-subunit hydrogen bonds involving N1097
and N1098 were present in the tetramer during the simu-
lation (Suppl. Table S6). Our analysis suggests that these
hydrogen bonds serve to stabilize the closed state of the
channel gate (Fig. 8B, D).

MD simulation of TRPM7 in the open channel state
revealed several remarkable structural rearrangements
compared to the closed pore state (Fig. 8B, D). Specifi-
cally, we observed a loss of the hydrophobic seal formed
by 11093 and significantly increased distance between
the side chains of N1097. Inter-subunit hydrogen bonds
formed by N1097 and N1098 were nearly absent with an
average of 0.36 (Suppl. Table S6). Next, we performed
MD simulations with Mg?* placed in the pocket formed
by the four N1097 in the closed channel (Fig. 8D). We
found that Mg?* steadily interacted with the side chain
carbonyl groups of N1097 and two water molecules
(Fig. 8C, D), stabilizing the closed state of TRPM7.

Finally, we performed MD simulations of the N1097A,
N1097Q, N1098Q mutants. The N1097A channel formed
a tightly closed gate due to the hydrophobicity of A1097
downstream to the hydrophobic seal formed by 11093
(Fig. 8E), thus explaining the silencing of the chan-
nel variant in patch-clamp experiments (Fig. 1). In the
absence of Mg?*, the N1097Q variant behaved similarly
to the WT channel (Fig. 8E). However, MD simulations
in the presence of Mg?* revealed that Mg?* lost coordi-
nation with three out of the four side chains of Q1097
(Suppl. Figure 11A), thus explaining the shift in con-
centration-response Mg>* inhibition of the N1097Q
channel (Fig. 2). The N1098Q presented a more com-
plicated picture. In the absence of Mg?*, the N1098Q
mutation reduced the average number of inter-subunit
hydrogen bonds formed by N1097 and Q1098 to only 0.6
as opposed to 3.6 in the WT structure (Suppl. Table S6,
Suppl. Figure 11B). These results suggest that the closed
state of the N1098Q channel is significantly less sta-
ble than the WT channel. In the presence of Mg+, the
N1098Q channel retained coordination with Mg*, but the
glutamine residue at position 1098 interacted weaker with
N1097 than the WT channel (Suppl. Table S6). Hence,
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consistent with electrophysiological data, N1097 and
N1098 have distinct structural roles in the lower channel
gate of TRPM7.

Discussion

There is growing evidence to show that TRPM7 is a central
gatekeeper of the cellular uptake of essential divalent cati-
ons and that cytosolic Mg>* acts as the principal regulator
of this fundamental process. In the present paper, we used
a combination of site-directed mutagenesis, electrophysi-
ological techniques and MD simulations to show that side
chains of N1097 in mouse TRPM7 form an inter-subunit
Mg?*-regulatory site, determining the responses of the
channel to changes of cytosolic Mg** levels. Hence, our
study offers a molecular explanation of the key regulatory
characteristic of the TRPM7 channel. The primary role of
the lower channel gate in sensing the intracellular milieu
has not been described yet in TRPM channels. Whether
such a mechanism epitomizes a general principle among
other TRP channels remains to be answered in the future.

The current view is that intracellular Mg?* and Mg-ATP
represent physiologically relevant negative regulators of
the channel. Because TRPM7 contains a kinase unit, initial
studies attempted to address the regulatory role of this
domain [13-15, 21]. However, a kinase-dead point muta-
tion (K1646R in mouse TRPM?7) or channel variants lack-
ing the C-terminal segments of the channel, including the
kinase moiety, resulted in channels with only modestly
changed sensitivity to Mg®* [13-15, 21]. In contrast, the
effects of Mg-ATP were dependent on the kinase moiety
and upstream coiled-coil segments of TRPM7 in a species-
specific fashion [13—15, 21]. These findings can be inter-
preted to mean that Mg?* and Mg-ATP operate through
different regulatory sites in TRPM7 and that Mg?* blocks
TRPM7 independently from the kinase domain.

In the present study, we uncovered the structural basis
of the inhibitory action of free Mg>* on the TRPM7 chan-
nel. Our hypothesis-driven assessment of TRPM?7 vari-
ants with point mutations spanning different segments of
TRPM7 suggests that the lower channel gate determines
the Mg?* sensitivity of TRPM7. Thus, a slight modifica-
tion of the side chain of N1097 (N1097Q mutation) was
sufficient to shift the IC5, value beyond physiological
levels of free Mg?*. Consequently, the N1097Q mutant
was active in perforated patch-clamp recordings when the
patch pipette solutions did not manipulate the intracellular
Mg** levels. Interestingly, the N1097Q channel showed
reduced sensitivity to free Ba>*, implying that other diva-
lent cations can potentially occupy the proposed Mg>*
binding site, thus, providing a mechanistic explanation for
the inhibition of TRPM7 currents by Ba®*, Ca’* and Zn?*
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when applied in the mM range [38]. Significantly, N1097Q
did not affect the current amplitudes of the channel in the
absence of intracellular or extracellular Mg?* and dis-
played unchanged I-V characteristics in all experimental
settings used. The N1097Q mutant retained the sensitivity
to pharmacological agents acting as negative and positive
gating modulators of TRPM7, such as NS8593 and naltri-
ben. Moreover, assessing the biophysical properties of the
N1097Q mutant on the single-channel level corroborated
our conclusion derived from whole-cell data, in that the
mutant channel remains active in the presence of physi-
ological concentrations of internal Mg>*. Collectively,
these results indicate that the N1097Q mutation selectively
affects the inhibitory action of intracellular Mg>* rather
than perturbing TRPM7 function unspecifically.

Although the present study primarily aimed to reveal
regulatory mechanisms of Mg**, our experiments also
provide new insight into the action of PIP, and Mg-ATP
on TRPM7. Thus, the N1097Q variant responded to PIP,
depletion similarly to the WT channel The latter finding is
not surprising because the side chain of N1097 is exposed
to the channel pore lumen and, consequently, incapable
of interacting directly with membrane PIP,. However,
we observed that the N1097Q channel was sensitive to
unphysiologically high Mg?* concentrations suggest-
ing that an additional action of Mg?* was retained, for
instance, the predicted electrostatic Mg?* shielding of neg-
atively charged PIP, [20-22]. Also, we observed that in the
presence of relatively low Mg”" levels (250 and 550 pM),
the N1097Q variant exhibited a significantly reduced sen-
sitivity to Mg-ATP (and Mg-GTP). However, the inhibitory
effect of Mg-ATP on N1097Q currents was retained in the
presence of 1 mM free Mg?". These results are consistent
with a previous study [13], demonstrating that free Mg>*
and Mg-ATP can interact with TRPM7 causing the syn-
ergistic inhibition of TRPM7 currents. Accordingly, we
suggest that the N1097Q mutation primarily affects the
channel’s response to free Mg?*, while its sensitivity to
Mg-ATP is still preserved.

MD simulations allowed us to interrogate the structural
role of N1097 in opening of the TRPM7 channel. Our data
suggest that the four side chains of N1097 in a TRPM?7
tetramer form an inter-subunit cation-binding site and that
the presence of Mg?* in this pocket stabilizes the closed
channel state. Accordingly, the lack of Mg** facilitates
channel opening. In line with electrophysiological experi-
ments, the N1097Q variant eradicates the coordination of
Mg?* in the lower channel gate due to the difference of one
methylene group in the length of side chains of asparagine
and glutamine, thus destabilizing the closed channel state
in the presence of Mg?*. Unlike N1097Q, a similar modi-
fication of an adjacent asparagine, N1098Q, resulted in a
gain-of-function mutation completely offsetting the effects

of Mg?*, Ba’*, Mg-ATP, Mg-GTP, PIP, and pharmacologi-
cal agents. Such constitutive activity of the N1098Q channel
resembles a previously isolated TRPM?7 variant containing
the point mutation S1107E in the TRP domain [42]. The
S1107E channel was insensitive to physiological levels of
free Mg2+, PIP, and naltriben [42].

The structural role of N1098 is distinguishable from
that of N1097. MD simulations suggest that N1098 forms
inter-subunit hydrogen bonds stabilizing the closed state
of the WT channel. Consequently, the N1098Q mutation
most likely destabilizes such hydrogen bonds resulting in a
constitutively active channel variant. The striking functional
impact of N1098Q and the closely located S1107E further
reinforce the notion that this segment of TRPM7 plays a
crucial role in opening of the channel.

Previously, our structure—functional analysis of mouse
TRPM7 identified the crucial role of E1047 in the cation
selectivity filter of the channel [48]. Together with other
researchers [23, 48, 49], we showed that the E1047Q variant
of TRPM7 was essentially impermeable to divalent cations,
supporting the idea that the side chain of E1047 forms an
inter-subunit site that directly interacts with divalent cati-
ons entering the channel pore. To this end, the structural
impact of E1047 in the cation selectivity filter resembles
the role of N1097 in the lower channel gate of TRPM7,
implying the channel function of TRPM7 primarily oper-
ates using two inter-subunit cation-binding sites interact-
ing with extracellular and cytosolic divalent cations. Since
N1097 and N1098 of mouse TRPM7 are conserved within
the TRPM1/3/6/7 group of mammalian proteins (Fig. 1G),
such a structure—function paradigm may be relevant for this
subgroup of TRPM channels as a general principle.

Material and methods
Molecular biology and cell culture

Mouse TRPM7 (in pIRES2-EGFP vector) and TRPM7-YFP
(in pcDNA3.1/V5-His TA-TOPO vector) were reported
previously [36, 37]. Ci-VSP or Ci-VSP-C363S cDNAs (in
pIRES2-EGFP) were provided by Joris Vriens, KU Leuven
[50].

Point mutations in TRPM7 were introduced using the
QuikChange system (Thermo Fisher Scientific) according
to the manufacturer’s protocol and verified by sequencing
(Eurofins, Germany). Initially, we attempted to introduce the
mutations outlined in Fig. 1A in the mouse TRPM7 cDNA
in the bicistronic pIRES2-EGFP vector [36, 37]. However,
we found that side-directed mutagenesis of this expression
construct is highly inefficient and prone to errors likely due
to cis-acting IRES sequence. Nevertheless, we could suc-
cessfully conduct mutagenesis using the mouse TRPM7
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with C-terminal YFP tag in pcDNA3.1 vector [36, 37] and,
consequently, the primary functional assessment of TRPM7
variants (Fig. 1) was performed using the latter expression
construct.

HEK?293T cells were grown at 37 °C and 5% CO, in Dul-
becco’s modified Eagle’s medium (DMEM, Sigma-Aldrich)
supplemented with 10% foetal bovine serum (FBS, Thermo
Fisher Scientific), 100 U/ml penicillin and 100 pg/ml strep-
tomycin (P/S, Sigma-Aldrich). Cells ~60% confluence, 3 cm
dish) were transiently transfected by 2 pg TRPM7 cDNAs
using Lipofectamine 2000 reagent (Thermo Fisher Scien-
tific). In some experiments, 2 ug TRPM7 cDNAs (pIRES2-
EGFP) were co-transfected with 1 pg Ci-VSP WT or Ci-
VSP-C363S cDNAs (pIRES2-EGFP) as indicated in the
corresponding figure legend.

Immunofluorescent staining

HEK?293T cells cultured on glass-bottom cell culture dishes
(World Precision Instruments) were transiently transfected
by 2 pg/dish WT or mutant variants of TRPM7 cDNA (in
pIRES2-EGFP) and examined 18-24 h after transfection.
Cells were washed twice with PBS, fixed with ice-cold
methanol for 20 min at — 20 °C, and blocked for 1 h with 5%
(v/v) BSA in PBS at room temperature. The mouse mono-
clonal anti-TRPM7 antibody (clone 2C7; 0.84 pg/ml; [51])
was applied. The secondary antibody (0.5 pg/ml) was goat
anti-mouse IgG conjugated to Alexa Fluor 488 (Molecular
Probes). Each incubation was performed in PBS containing
5% (v/v) normal goat serum for 1 h at room temperature, fol-
lowed by triple washing with PBS. After the final washing,
glass coverslips were placed on glass-bottom cell culture
dishes using a mounting medium (DakoCytomation). Dif-
ferential interference contrast (DIC) and Airyscan images
of Alexa Fluor 488 were obtained with the confocal laser-
scanning microscope LSM 880 AxioObserver (Carl Zeiss).
We used a C-Apochromat 63x/1.2 W objective, 488 nm
excitation wavelength and 493-630 nm filters, multi-line
argon laser 458/488/514 nm and an Airyscan detector. The
acquired images were analysed using the ZEN 3.0 SR soft-
ware (Carl Zeiss).

Electrophysiological techniques

Patch-clamp experiments with HEK293T cells were per-
formed 18-22 h after transfection as reported previously
[37, 52] with a few modifications. Whole-cell currents were
measured using an EPC10 patch-clamp amplifier and Patch-
Master software (Harvard Bioscience). Voltages were cor-
rected for a liquid junction potential of 10 mV. Currents were
elicited by a ramp protocol from — 100 mV to+ 100 mV
over 50 ms acquired at 0.5 Hz and a holding potential of
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0 mV. Inward and outward current amplitudes were extracted
at — 80 mV and + 80 mV and were normalized to cell size
as pA/pF. Capacitance was measured using the automated
capacitance cancellation function of EPC10. Patch pipettes
were made of borosilicate glass (Science Products) and had
resistance 2-3.5 MQ.

Unless stated otherwise, a standard extracellular solu-
tion contained (in mM): 140 NaCl, 2.8 KCl, 1 CaCl,, 2
MgCl,, 10 HEPES—NaOH and 11 glucose (all from Roth
Industries), pH 7.2. Effects of NS8593 (Tocris) and naltri-
ben (Tocris) were examined by adding the compounds to
the standard extracellular solution. A divalent cation-free
(DVF) extracellular solution contained (in mM) 140 NaCl,
2.8 KCl, 11 glucose, 10 Na-EDTA and 10 HEPES—NaOH,
pH 7.2. For the experiment with TRPM7-YFP (Fig. 1),
we used an extracellular solution contained (in mM): 140
NaCl, 2.8 KCl, 1 CaCl,, 10 HEPES-NaOH, and 11 glucose
(all from Roth Industries), pH 7.2. The standard Mg>*-free
intracellular ([Mg2+]i) pipette solution containing (in mM):
120 Cs-glutamate, 8 NaCl, 10 Cs-EGTA, 5 Cs-EDTA, 10
HEPES-CsOH, pH 7.2.

To obtain [Mg2+]i and [Mg-ATP]; concentration—response
data, the intracellular pipette solutions were prepared as out-
lined in Suppl. Tables S1-S4. Concentrations of [Mg-ATP];
and free [Mg”*], were calculated using the Maxchelator soft-
ware (maxchelator.stanford.edu).

The concentration—response data were fitted (Prism 8.4.0)
with the following equation:

E(C) = Emin + (Emax - Emin) X (1/(1 + (ICS()/C)h))’

with E being the effect/current at a given concentration ¢ of
inhibitor; E,;,, the minimal effect/current; E, ., the maxi-
mal effect; ICs, the half-maximal concentration; 4, the Hill
factor.

For perforated patch recordings, 320 uM amphotericin B
(Sigma-Aldrich) was added to the internal solution con-
taining (in mM): 120 monopotassium glutamate (Sigma-
Aldrich), 8 NaCl, 1 MgCl,, 10 HEPES-KOH, pH 7.2. Cells
were held at — 60 mV for 2 min to ensure activation of
TRPM7 currents, followed by the standard voltage ramp
protocol.

Outside-out patch-clamp recordings with EGFP-positive
HEK?293 cells were performed the day after transfection with
either the WT or the N1097Q mutant of TRPM?7, using pro-
cedures described previously [45]. The standard extracel-
lular solution contained in these experiments (in mM): 147
NaCl, 2 KCl, 1 MgCl,, 2 CaCl,, 13 p-glucose and 10 HEPES
(~305 mOsm/I; pH 7.3 with NaOH). A divalent cation-free
(no-DIV) solution was produced by omitting Ca** and Mg>*
and supplementing EGTA and EDTA (1 mM each). Patch
pipettes had a resistance of 15-20 MQ when filled with
intracellular solutions. These were either identical with the



Structural mechanism of TRPM7 channel regulation by intracellular magnesium

Page 150f 18 225

no-DIV saline or based on it but containing about 1 mM of
free Mg?" in addition (2.07 mM added MgCl,). Baselines in
the current traces were corrected and raw single-channel data
was evaluated with the QuB program. The mean amplitudes
(i) of TRPM7 single-channel currents (digitized at 20 kHz
and filtered at 2 kHz) were thereby from all-points amplitude
histograms fitted to a sum of multiple Gaussian distributions,
with the number of components depending on the apparent
number of active channels (V) in a given patch. The prob-
ability for N channels being open (NP,) was, in turn, defined
as the ratio of the area occupied by all the peaks for open
channels to the total amplitude histogram (summation of the
open and closed peaks). The unitary conductance (y) of WT
or mutant TRPM7 channels was either calculated from i as
chord conductance (y,), assuming a reversal potential of zero
mV or, for comparison, in some experiments also derived
from the slope of respective current—voltage relationships
(7, slope conductance). In multichannel patches, like those
usually obtained during this study, uncertainties concerning
the “true” value of N, as well as the overlap of channel open-
ings, precludes a detailed dwell time analysis.

To still allow for comparisons, such as between WT and
N1097Q channels, the relation [53]:

Ty = (Z L; ti>/ #0,

i

where ¢ is the total time the outside-out currents dwelt on
level L; during the recording and #O is the total of the num-
ber of opening events, was used to estimate a surrogate mean
open time (7yg). To this end, channel openings were counted
over a prolonged time (4 min) in the outside-out current
recordings, using the 50% amplitude threshold criterion
implemented in QuB. The dead time imposed was 200 ps
(~1.2-fold of the filter rise time), thus excluding shorter
events than this from the analysis.

Data are presented as means + standard error of the mean
(means + SEM). Statistical comparisons (Prism 8.4.0 or Sig-
maPlot 14.0) were made using analysis of variance (ordinary
one-way ANOVA) or two-tailed ¢ test, as indicated in the
figure legends. Significance was accepted at P <0.05.

MD simulations

All MD simulations were carried out using the pmemd.cuda
program of AMBER16 molecular dynamics package [54].
The Amber FF99SB-ILDN force field [55] for proteins was
used for all simulations combined with Lipid14 model [56]
for lipids and TIP3P model for water. All covalent bonds
involving hydrogen atoms were constrained using SHAKE
[57] to allow an integration time step of 2 fs. Langevin ther-
mostat and Berendsen barostat were used to control tem-
perature and pressure, respectively. All NPT simulations

were carried out using anisotropic pressure scaling. Elec-
trostatic interactions were calculated using particle mesh
ewald (PME) method [58] as implemented in Amber, with
a non-bonded cutoff distance of 8 A. Periodic boundary con-
ditions were applied in all directions. In order to maintain
the integrity of the pore loop of the protein, backbone hydro-
gen bond distances in the pore helix (residues 1031-1043)
were restrained between 2.6 A and the initial value during
all simulations. Post-processing of trajectories was carried
out using CPPTRAIJ [59] and VMD [60].

MD simulation setup

Residues 982-1123 (S4-S5 linker, S5 helix, pore loop,
S6 helix, and TRP helix) of the cryo-EM structure of the
closed TRPM7 channel (PDB: 5ZX5) was used as the start-
ing structure for all simulations. The protein was embedded
in a POPC lipid membrane and solvated in water using the
CHARMM-GUI Membrane Builder [61]. Additional water
molecules were added manually to solvate the ion chan-
nel pore. The system was prepared for simulations using
the charmmlipid2amber.py script and the tleap program in
AmberTools16 (www.ambermd.org). The protein N and
C termini were capped with the neutral acetyl and amide
groups, and the conserved disulfide bond between residues
C1056 and C1066 was introduced. The system was neutral-
ized with Nat and C1~ ions. The final system contained 568
protein residues, 159 lipid molecules, 13,585 water mol-
ecules and neutralizing ions.

MD simulations of the closed TRPM7 channel

The prepared TRPM7 closed channel system was equili-
brated as follows. First, a short minimization (6000 steps)
was performed to remove clashes in the system. The system
was then heated from 0.1 to 100 K in NVT ensemble and
100 K to 300 K in NPT ensemble, over 250 ps. The pro-
tein heavy atoms were restrained at their initial positions
with a harmonic force constant (k) of 10 kcal mol~! A2
during the heating steps (residues 1050-1070 in the pore
loop were not restrained in order to enforce the disulphide
bond between C1056 and C1066). The system was equili-
brated at 300 K in NPT ensemble for 35 ns while gradually
decreasing restraints on the protein until only the C, atoms
were restrained with k=0.5 kcal mol™" A~2. The resulting
system was used as the starting structure for the simula-
tions with Mg?* and N1097 mutant simulations (described
in the following sections). All restraints on protein C, atoms
were removed except those on residues 1116-1123 of the
TRP helix, and the closed channel was equilibrated in NPT
ensemble for further 100 ns.
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TRPM?7 open channel conformation model

The S5, S6, and TRP helices and the S4-S5 linker (residues
982-1022 and 1071-1123) of the TRPM7 open channel
were modelled in SWISS-MODEL [62] using the open chan-
nel structure of human TRPV6 channel (PDB ID: 6BOS8)
as a template. The target—template alignment for homology
modelling was extracted from a multiple sequence alignment
of the transmembrane and TRP regions of known TRPM
and TRPV structures (TRPM7, TRPM4, TRPM2, TRPV1,
TRPV3, TRPV6) performed using Clustal Omega at EMBL-
EBI [63]. Residues 471-513 and 553-605 of PDB: 6BOS8
was used to model the open structure of TRPM7.

MD simulations of the open channel

The homology model of the open TRPM7 channel was used
to open the equilibrated closed channel by targeted MD sim-
ulations with simulated annealing. To open the channel, the
C, atoms of residues 982-1022 and 1071-1123 (S4-S5 and
S5 helix, S6 and TRP helices) in the closed channel were
harmonically restrained to the corresponding coordinates of
the open homology model. Simulated annealing was per-
formed in six steps as follows. In each step, (a) the system
was equilibrated for 5 ns at 300 K, (b) heated to 350 K over
500 ps, (c) equilibrated at 350 K for 5 ns (or until RMSD of
the targeted C, atoms with respect to the reference structure
was stable), and (d) cooled back to 300 K over 500 ps. Har-
monic restraints were maintained throughout the process,
increasing the force constant at the end of each step from
0.05, 0.1, 0.2, 1.0, 2.0 to 2.5 kcal mol™! A~2. The restraints
were then released gradually over a period of 25 ns and,
finally, unrestrained simulations of the open model were car-
ried out for over 200 ns.

MD simulations of the mutant TRPM7 variants

The partially equilibrated closed TRPM7 channel (see
“MD simulations of the closed TRPM7 channel” section)
was used to construct the mutants N1097Q, N1097A and
N1098Q. Additionally, Mg?* was placed between the
residues at the 1097 position to obtain complexes of the
wild type (WT-MG), and the N1097Q (N1097Q-MG) and
N1098Q (N1098Q-MG) mutants with Mg2+. The charge
on Mg?* was set to+ 1.65. Each system was equilibrated
using a protocol similar to that described in the previous
section (MD simulations of the closed TRPM7 channel),
except restraints on the protein C, atoms were changed
from k=10 to 0.5 kcal mol™" A=2 in 20 ns. In WT-MG,
N1097Q-MG and N1098Q-MG systems, the magnesium
ion was restrained with the same force constant used to
restrain the protein, and an additional equilibration step of
100 ns was carried out without restraints on the magnesium
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ion while maintaining restraints on the protein C, atoms
at k=0.5 kcal mol™' A2, All systems were simulated for
100 ns with all restraints removed except the restraints on
C, atoms of residues 1116-1123.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-022-04192-7.
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Here | only included supplementary figures which were produced by me.

N1097Q

N1098Q

Suppl. Figure S2. Subcellular localization of TRPM7 in HEK293T cells.

Mouse TRPM7 variants were transiently expressed in the indicated TRPM7 cDNA
plasmid variants in HEK293T cells and immunolocalized using anti-TRPM7 and anti-
mouse lgG-Alexa Fluor 488 antibodies. Representative confocal images of Alexa Fluor
488 fluorescence (Left panels) and their overlay with corresponding DIC images

(Middle and Right panels) are shown. Scale bars are 5 um.
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Suppl. Figure S4. Inhibition of TRPM7 currents by cytosolic Mg-ATP and Mg-GTP.
Whole-cell currents were measured in HEK293T cells transfected by WT (A, B),
N1097Q (C, D) and N1098Q (E, F) variants of TRPM7 cDNAs (in pIRES2-EGFP). A,
C, D Current amplitudes (mean £+ SEM) were measured at +80 mV and plotted over
time. Currents were measured using an intracellular solution containing 250 pM free
[Mg?*]i without Mg-nucleotides, 250 uM free [Mg?*]i with 6 mM [Mg-ATP];, and 250 uM
free [Mg?*]i with 6 mM [Mg-GTP]; (Suppl. Table S3). B, D, F Bar graphs of outward
currents (+80 mV, mean + SEM) obtained at 300 s as indicated in (A, B, C). Note: The
results obtained with 250 uM free [Mg?*]i without Mg-nucleotides and with 6 mM
[Mg-ATP]i were taken from Fig. 3. n, number of cells measured; n.s., not significant;

***Pp< 0.001 (ANOVA)
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