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Abstract

Triple-negative breast cancer (TNBC) is the worst breast cancer subtype because it
has the highest metastatic potential and rate of recurrence. However, there are no
effective therapies for TNBC, which lacks receptors such as estrogen receptors,
progesterone receptors, and human epidermal growth factor receptor 2. Transient
receptor potential cation channel subfamily M member 7 (TRPM7), composed of an
ion channel and a kinase domain, regulates TNBC cell migration, invasion, and
metastasis in its kinase domain-dependent manner. At present, little is known about
the effects of TRPM?7 kinase inhibitor on TNBC due to lack of potent TRPM7 kinase
inhibitors. In part II of this study, I report a novel TRPM?7 kinase inhibitor (TG 100-
115), that suppresses migration of TNBC cells. TG100-115 inhibits TRPM7 kinase
activity in an ATP competitive fashion with over 70-fold stronger activity than that
of rottlerin, known as a TRPM7 kinase inhibitor. Moreover, TG100-115 inhibits
phosphorylation of the myosin IIA heavy chain and focal adhesion kinase, which is
one of the metastasis markers. TG100-115 can be used as a potent TRPM?7 kinase
inhibitor and a potent inhibitor of TNBC cell migration. In contrast to its involvement
in TNBC cell invasion, TRPM7 has not been found to be associated with TNBC
proliferation. However, part III demonstrates that suppression of TRPM7 via
TRPM7 knockdown or pharmacological inhibition (NS8593 as a TRPM?7 channel
inhibitor and TG100-115 as a TRPM?7 kinase inhibitor) synergistically increases
Tumor-necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced
antiproliferative effects and apoptosis in TNBC cells. Furthermore, the findings
demonstrate that the synergistic interaction might be associated with TRPM7
channel activities. It was also found that downregulation of cellular FLICE-
inhibitory protein through inhibition of Ca*" influx might be involved in the
synergistic interaction. This study provides both a new role of TRPM7 in TNBC cell
apoptosis and a potential combinatorial therapeutic strategy using TRPM7 inhibitors

with TRAIL in treatment of TNBC.
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Absence of potent therapeutic strategies for TNBC

Breast cancer is the most common form of diagnosed cancer and the second leading
cause of cancer-related death among women in the United States (Siegel et al., 2019).
It is a highly heterogeneous disease that varies in histological features, therapeutic
responses, and molecular profiles. Breast cancer cell types are classified as luminal
A subtype (ER"/PR" or /HER-2"), luminal B subtype (ER"/PR"/HER-2"), HER-2
enriched subtype (ER™ and or/PR/HER-2"), basal-like subtype (ER™ and/or PR,
HER-2", CK5/6%, CK14*, CK17", and EGFR"), and normal breast-like type (ER
and/or PR, HER-2", CK5/6°, CK14", CK17", EGFR") (Mackay et al., 2011; Medina
et al., 2020) (Figure 1.1). Luminal A breast cancers are often low grade with slow
tumor growth and tend to be treatable with hormonal therapies such as tamoxifen
(Eroles et al., 2012). Like luminal A subtype breast cancers, luminal B breast cancers
are treatable with hormonal therapies, but are more aggressive and more frequently
relapse (Wirapati et al., 2008; Ades et al., 2014). HER-2 enriched breast cancers tend
to grow quickly and are often aggressive but are responsive to monoclonal antibodies
such as trastuzumab or kinase inhibitors such as lapatinib (Ross et al., 2009). Breast
cancers lacking ER, PR, and HER-2 are collectively referred to as Triple-negative
breast cancers (TNBCs) and have higher metastatic potential and rates of recurrence
compared to other breast cancer subtypes. Due to lack of ER, PR, and HER-2,
TNBCs are not amenable to treatment with hormonal therapies or HER-2-targeted
therapies. Primary systemic therapeutic strategies for patients with TNBC are
conventional chemotherapeutics and radiation therapy because there are no potent
FDA-approved targeted therapies for TNBC (Hwang et al., 2019). TNBC patients
treated with the conventional chemotherapies have low response rates and short

progression-free survival (Bardia et al., 2019).



Figure 1.1. Breast cancer subtypes. Republished with permission of Oxford University
Press, from Microarray-Based Gene Expression Profiling for Molecular Classification of
Breast Cancer and Identification of New Targets for Therapy, Laboratory Medicine,
Rupninder Sandhu et al., Vol. 41(6), pp. 364-372, 2010; permission conveyed through
Copyright Clearance Center, Inc.
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Advances and limitations in targeted therapies for TNBC

TNBC accounts for approximately 15—20% of all breast cancers (Diana et al., 2018)
and is more prevalent in younger premenopausal women (Foulkes et al., 2010).
TNBCs are often high-grade invasive ductal carcinomas with a high proliferative
activity and a large tumor size. These cancer types predominantly spread to the brain
and lungs, while other breast cancer subtypes frequently disseminate to the soft
tissues and bone (Dent et al., 2009). The median overall survival for patients with
metastatic TNBC is approximately 18 months, while it exceeds 5 years for patients
with ER*, PR", and HER-2 enriched breast cancer (Swain et al., 2013; Vagia et al.,
2020).

Multiple signaling pathways including RTK, non-RTK, and downstream
molecules, have been proposed as therapeutic targets in TNBC (Figure 1.2). In detail,
EGFR, PDGFR, VEGFR, FGFR, WNT, Hedgehog, Notch, RAS, JAK/STAT, and
PI3K are established targets. For example, based on the reports that overexpression
of EGFR in TNBC is involved in poor OS (Corkery et al., 2009), EGFR-targeting
agents such as cetuximab and gefitinib have been approved for clinical treatments
(Nakai et al., 2016). However, low efficacy has been observed in proliferation of
TNBC cells treated with these agents because of the acquired resistance associated
with AKT and HER-3 signaling pathways (Sergina et al., 2007; Corkery et al., 2009).
Due to modest clinical outcomes in the combination therapies for TNBC patients,
recent studies have focused on the combination of EGFR-targeting agents with other
targeted therapies (Carey et al., 2012; Baselga et al., 2013). Meanwhile, PARP has
been considered as a promising target for treatment of breast cancers with BRCA
mutations. Approximately 70% of breast cancers with BRCA1 mutations and about
16—23% of BRCA2-mutated breast cancers have TNBC phenotypes (Stevens et al.,
2013). Tumors with mutation or inactivation of BRCA require PARP for DNA
damage repair processes (Helleday, 2011; De Vos et al., 2012); thus, suppression of
PARP-dependent DNA-damage repair processes could induce apoptosis and delay
tumor development (Bryant et al., 2005; Farmer et al., 2005; To et al., 2014).

Olaparib as a PARP inhibitor has been approved by FDA for patients with germline
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BRCA-mutated, HER-2-negative metastatic breast cancers (Exman et al., 2019).
Several clinical trials of olaparib as a single agent and combination therapies for
TNBC are underway (Hwang et al., 2019). Nevertheless, advents of resistance to
PARP inhibitors remain a limitation (Noordermeer and van Attikum, 2019). The
FDA granted accelerated approval to two therapies including Trodelvy (sacituzumab
govitecan-hziy) in 2020 and combination of Tecentriq (atezolizumab) with paclitaxel
in 2019 for metastatic TNBC. However, treatment of Trodelvy is only approved for
adults with metastatic TNBC who have received at least two previous treatments,
and Tecentriq has limited potency for TNBCs whose tumors express PD-L1
("Atezolizumab Combo Approved for PD-L1-positive TNBC", 2019). Despite
advances in targeted therapies for TNBC, clinical outcomes remain unsatisfactory.
Therefore, discovery of therapeutic targets and highly potent anti-cancer drugs

remain necessary for treatment of TNBC.



Figure 1.2. Molecular targets and potential target inhibitors for TNBC.
Republished with permission of Elsevier, from Targeted Therapies for Triple-Negative Breast
Cancer: Combating a Stubborn Disease, Trends in Pharmacological Sciences, Murugan
Kalimutho et al., Vol. 36(12), pp. 822-846, 2015; permission conveyed through Copyright

Clearance Center, Inc.
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TRPMY7 as a potent therapeutic target for TNBC

TRPM7 is a unique bifunctional protein composed of a non-selective cation channel
domain and an alpha-kinase domain (Zou et al., 2019) (Figure 1.3). The ion channel
pores of TRPM7 are permeable to cations such as Mg?*, Ca*", and Zn?" and its kinase
domain phosphorylates annexin-1, myosin IIA heavy chain, eEF2, SMAD2, and
PLCy2 (Zou et al., 2019). The signaling pathways mediated by TRPM7 and its
cellular effects in cancer have been elucidated (Yee, 2017) (Figure 1.4). In particular,
TRPM?7 is involved in proliferation and migration of various tumor cells such as
breast cancer (Guilbert et al., 2009; Dhennin-Duthille et al., 2011; Middelbeek et al.,
2012; Guilbert et al., 2013; Meng et al., 2013;), retinoblastoma (Hanano et al., 2004),
gastric cancer (Kim et al., 2008; Kim et al., 2011), head and neck cancer (Jiang et al.,
2007; J. P. Chen et al., 2010), pancreatic cancer (Yee et al., 2011; Rybarczyk et al.,
2012; Yee et al., 2012), leukemia (Zierler et al., 2011), and prostate cancer (Sun et
al., 2013). TRPM?7 is overexpressed in hBDA and MCF-7 cells (Guilbert et al., 2009).
Moreover, expression of TRPM7 is strongly correlated  with
Scarff-Bloom—Richardson grade, Ki67 proliferation index (mitosis marker), and
tumor size (Guilbert et al., 2009). TRPM7 mediates cell proliferation through Ca?*
influx in MCF-7 cells (Guilbert et al., 2009). In contrast to hBDA and MCF7 cells,
downregulation of TRPM7 seems not to affect proliferation in TNBC cells (Guilbert
et al., 2013). However, in the present study, it was found that TRPM7 is associated
with anti-proliferative effects in TNBC cells in the presence of TRAIL. In part III,
whether suppression of TRPM7 via siRNA-mediated gene silencing and
pharmacological approaches enhances TRAIL-induced apoptosis in TNBC cells is
also investigated.

TRPM?7 is required for cell migration and metastasis in breast cancer cells
(Middelbeek et al., 2012; Guilbert et al., 2013; Meng et al., 2013), and it mediates
cytoskeletal contractility and cell adhesion which are important to cell migration and
invasion in MDA-MB-231 cells (TNBC cells) (Middelbeek et al., 2012). TRPM7
promotes cell migration and invasion through activation of the MAPK signaling

pathway in MDA-MB-435 cells (TNBC cells) (Meng et al., 2013). It also mediates
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breast cancer cell migration via phosphorylation of myosin IIA in a kinase-dependent
manner (Guilbert et al., 2013). The TRPM7 kinase domain regulates actomyosin
dynamics via phosphorylation of cytoskeletal proteins such as tropomodulin 1 and
MHC isoforms A-C during cell migration (Clark et al., 2006; Clark et al., 2008;
Dorovkov et al., 2009). Silencing of TRPM7 decreases MDA-MB-231 cell migration
in a kinase-dependent manner (Guilbert et al., 2013).

Based on the above studies, the TRPM?7 kinase domain could be a potent
therapeutic target in TNBC, but only two TRPM7 kinase inhibitors have been
reported: rottlerin (Ryazanova et al., 2004), an inhibitor of PKCd, and NH125, an
inhibitor of eEF-2K (Devkota et al., 2012). Rottlerin has an ICsy value of 35 pM
against the TRPM?7 kinase domain (Ryazanova et al., 2004). This inhibitory activity
is lower compared to the activity of rottlerin against PKC (Gschwendt et al., 1994).
In addition, NH125 has TRPM7 kinase inhibitory activity with an ICso value of 55
uM (Devkota et al., 2012), which is much higher than that of rottlerin. Therefore,
further discovery of TRPM?7 kinase inhibitors is still needed.

In order to investigate possibilities of TRPM7 as a potent therapeutic target for
TNBC, in part II, a potent TRPM?7 kinase inhibitor (TG100-115) is reported, and it
was found that TG100-115 significantly inhibits migration and invasion of TNBC
cells. Furthermore, in part III, I examined that suppression of TRPM7 ion channel
via siRNA-mediated gene silencing and a TRPM?7 ion channel inhibitor (NS8593)
enhances TRAIL-induced apoptosis in TNBC cells. Consequently, it is demonstrated
that inhibition of TRPM7 via pharmacological approaches significantly suppresses
invasion and proliferation of TNBC cells. This could provide insight into new

therapeutic approaches to the treatment of TNBC.
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Figure 1.3. A schematic diagram to illustrate the structure of TRPM7. TRPM7
has four MHRs, six transmembrane segments, the TRP region, and the alpha-kinase domain

(Zou et al., 2019).
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Figure 1.4. A schematic diagram of TRPM7-mediaed signaling pathways. (Yee,
2017)
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Part 11

Identification of TG100-115
as a New and Potent TRPM7 Kinase Inhibitor

Suppressing TNBC Cell Migration and Invasion

Part 11 of the present study has been published as Song et al., (2017) “Identification
of TG100-115 as a New and Potent TRPM7 Kinase Inhibitor, Which Suppresses
Breast Cancer Cell Migration and Invasion”, Biochim Biophys Acta Gen Subj,
1861(4):947-957.
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Abstract

TRPM7 regulates breast cancer cell proliferation, migration, invasion, and
metastasis in its ion channel- and kinase domain-dependent manner. The
pharmacological effects of TRPM7 ion channel inhibitors on breast cancer cells have
been studied, but little is known about the effects of TRPM7 kinase inhibitors due to
lack of potent TRPM?7 kinase inhibitors. In this study, it was found that CREB
peptide is a potent substrate for the TR-FRET based TRPM?7 kinase assay. Using this
method, a new and potent TRPM7 kinase inhibitor, TG100-115, is reported here.
TG100-115 inhibits TRPM7 kinase activity in an ATP competitive fashion with over
70-fold stronger activity than that of rottlerin, which is known as a TRPM?7 kinase
inhibitor. TG100-115 has little effect on proliferation of MDA-MB-231 cells but
significantly decreases migration and invasion in both MDA-MB-231 and MDA-
MB-468 cells. Moreover, TG100-115 inhibits TRPM7 kinase regulated
phosphorylation of the myosin IIA heavy chain and phosphorylation of FAK.
TG100-115 also suppresses TRPM7 ion channel activity and can be used as a potent
TRPM?7 kinase inhibitor and a potent inhibitor of TNBC cell migration. In addition,
it could be a useful tool for studying the pharmacological effects of TRPM?7 kinase
activity aimed at providing insight into new therapeutic approaches to the treatment

of TNBC.
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Introduction

Breast cancer is the most common form of cancer in women and is expected to
account for 29% of all new cancer related cases in the United States (Siegel et al.,
2015). Although new techniques have been developed to detect this disease at an
early stage and advanced therapies have been uncovered to increase patient survival,
breast cancer promoted by metastasis of tumor cells is still the second leading cause
of cancer deaths (Siegel et al., 2015). Metastasis is a complicated, multi-step process
that involves cell detachment, migration, invasion, intravasation, transport,
extravasation, and colonization (Tsai and Yang, 2013).

TRPM?7 is required for breast cancer cell proliferation, migration, and
metastasis (Guilbert et al., 2009; Middelbeek et al., 2012; Guilbert et al., 2013; Kim,
2013; Kim et al., 2013; Meng et al., 2013; Davis et al., 2014). TRPM7 mRNA levels
in primary breast tumors correlate with breast cancer progression and metastasis
(Middelbeek et al., 2012). As such, a decrease of TRPM7 expression lowers the
metastatic properties of MDA-MB-231 cells (TNBC cells) in vitro and in vivo
(Middelbeek et al., 2012). TRPM?7 knockdown increases cytoskeletal contractility
and focal adhesions of MDA-MB-231 cells, and it decreases the migratory potential
of MCF7 breast cancer cells (Middelbeek et al., 2012). Meng et al. found that
TRPM7 regulates migration and invasion of MDA-MB-435 cells (TNBC cells) via
a MAPK signaling pathway (Meng et al., 2013). In MDA-MB-468 cells (TNBC
cells), TRPM7 also regulates EGF-induced STAT3 phosphorylation, as well as
expression of the EMT marker-vimentin (Davis et al., 2014).

TRPM?7 plays a crucial role in Ca**-dependent actomyosin contractility and
cell adhesion and migration (Clark et al., 2006). Clark et al. found that activation of
TRPM7 by bradykinin, a Gq-PLC coupled receptor agonist, is associated with
actomyosin remodeling in a Ca*" influx and kinase domain-dependent manner (Clark
et al., 2006). Moreover, the kinase domain of TRPM7 promotes phosphorylation of
the myosin IIA heavy chain (Clark et al., 2006). Ca*" signaling is known to regulate

cell adhesion, migration, and several ion channels, including ORAI1 and STIM1, are
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responsible for entry of stored Ca?", which is critical for breast cancer metastasis and
migration (Yang et al., 2009). Acting as a calcium flicker igniter and mechanical
sensor at the leading edge of migrating fibroblasts, TRPM7 is required for localized
Ca’" signals (Wei et al., 2009). Inhibition of the ion channel property of TRPM7 by
carvacrol suppresses U87 glioblastoma cell proliferation, migration, and invasion
(Chen et al., 2015). Similarly, the TRPM7 ion channel inhibitor waixenicin A curtails
proliferation of Jurkat T-cells and rat basophilic leukemia cells, but these inhibitory
properties are Mg**- rather than Ca?*-dependent (Zierler et al., 2011).

The kinase domain of TRPM7 is involved in the regulation of breast cancer
cell migration through phosphorylation of myosin IIA heavy chain (Guilbert et al.,
2013). Clark et al. showed that in N1E-115 neuroblastoma cells, TRPM7 is
associated with the myosin IIA heavy chain in a kinase-dependent fashion (Clark et
al., 2006) and that it regulates myosin IIA filament stabilization and localization
through phosphorylation (Clark et al., 2008). The TRPM7 kinase domain also
participates in regulating actomyosin dynamics via phosphorylation of cytoskeletal
proteins such as tropomodulin 1 and MHC isoforms A-C during cell migration (Clark
et al., 2006; Clark et al.,, 2008; Dorovkov et al., 2009). The results of
pharmacological studies demonstrate that inhibition of cytoskeletal tension by Rho-
kinase inhibitors (Y27632 and GSK429286) promotes recovery of migratory and
metastatic properties caused by TRPM7 knockdown (Middelbeek et al., 2012).

Although TRPM7 is involved in breast cancer migration and metastasis,
pharmacological studies, have only been performed with TRPM7 ion channel
inhibitors (Kozak et al., 2002; Prakriya and Lewis, 2002; Li et al., 2006; Parnas et
al.,2009; H. C. Chen et al., 2010; X. Chen et al., 2010; Zierler et al., 2011; Chubanov
et al., 2012; Qin et al., 2013). This limitation is a consequence of the lack of potent
TRPM7 kinase inhibitors. Two studies of TRPM7 kinase inhibitors have been
reported, one focusing on rottlerin (Ryazanova et al., 2004), a known inhibitor of
PKC9, and the other on NH125, a known inhibitor of eEF-2K (Devkota et al., 2012).
By utilizing a radiolabel based in vitro TRPM7 kinase assay, it was shown that

rottlerin has an ICsy value of 35 uM for inhibition of the kinase activity of TRPM7
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(Ryazanova et al., 2004). This inhibitory activity is low compared to that of rottlerin
against PKC (Gschwendt et al., 1994). In addition, Devkota et al. reported that
NH125 has TRPM7 kinase inhibitory activity with a 55 uM ICs value (Devkota et
al., 2012), which is much higher than that of rottlerin.

A fura-2 fluorescence quenching based protocol was developed for HTS of
TRPM?7 kinase inhibitors by Castillo et al. (Castillo et al., 2010). Although
conventional kinase assays, such as the filtration binding method using radiolabeled
ATP and the SPA are highly sensitive, they have several limitations that make them
difficult to use in HTS. For example, the filtration binding assay has low-throughput
owing to the need for washing and separation steps, and the SPA creates radioactive
waste (Ma et al., 2008). The LANCE Ultra assay, which relies on time-resolved
fluorescence resonance energy transfer (TR-FRET), is a non-radiometric method
that is highly sensitive and is less susceptible to interference associated with other
substances (Ma et al., 2008). Despite these advantages, application of the LANCE
Ultra assay for screening TRPM?7 kinase inhibitors has not been described to date
because of the absence of suitable kinase substrates.

In the study described below, it was found that the CREB peptide is an ideal substrate
for the LANCE Ultra assay. In addition, this new assay procedure was used to screen
a kinase inhibitors library obtained from Selleck Chemicals. The effort led to the
discovery that TG100-115 is a highly potent TRPM7 kinase inhibitor, which
decreases TNBC cell migration and invasion. Moreover, the present work explored
the effects of TG100-115 on phosphorylation of myosin IIA heavy chain and focal
adhesion kinase (FAK), which are metastasis markers (Sawhney et al., 2009). Finally,
the capability of TG100-115 to inhibit the ion channel activity of TRPM7 was

evaluated.
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Materials and Methods

Antibodies and reagents

Anti-TRPM7 C-terminus antibody was purchased from NeuroMab (N74/25, USA),
and anti-p actin (8H10D10), -CREB (86B10), -pCREB (1B6; Ser133), -Myosin I1A
(3403), -pMyosin 1A (5026; Ser1943), -FAK (3285), and -pFAK (3283; Tyr397)
antibodies were purchased from Cell signaling technology (USA). Anti-rabbit 1gG-
HRP (sc-2004), and -mouse IgG-HRP (sc-2005) antibodies were purchased from
Santa Cruz Biotechnology (USA). A kinase inhibitors library (L1200) and TG100-
115 were purchased from Selleck Chemicals (USA), and rottlerin was purchased
from Tocris (UK). Dox and 2-APB were purchased from Sigma-Aldrich (MO, USA).

Cell culture

MDA-MB-231 (Korean Cell Line Bank, Republic of Korea) and MDA-MB-468
cells were cultured at RPMI 1640 media and DMEM media, respectively,
supplemented with 10% (v/v) FBS, penicillin (100 U/mL) and streptomycin
(100 pg/mL) in a humidified 5% CO: incubator at 37 °C. T-REx 293 cells stably
expressing mouse TRPM7 were kindly provided by Professor Byung Joo Kim
(Pusan National University, Busan, Republic of Korea). T-REx-293 cells expressing
TRPM7 were cultured in DMEM supplemented with 10% (v/v) FBS, penicillin
(100 U/mL), streptomycin (100 pg/mL), 5 ug/mL blasticidin and 0.5 mg/mL zeocin
in a humidified 5% CO- incubator at 37 °C. Cells were passaged every two or three
days.

In vitro kinase assay using CREB peptide

Kinase activities of recombinant human TRPM7 kinase domain (a.a. 1158-1865;
Carna Biosciences, Japan) were measured using the LANCE Ultra TR-FRET assay

(PerkinElmer, USA) with the FlexStation3 microplate reader (Molecular Devices,

20



USA). All kinase assays were performed using a final volume of 10 pL in white 384-
well plates at RT. The microplates were sealed with microplate sealing tapes
(Corning, PA, USA) during incubation. The TRPM7 kinase domain and ATP
(Sigma-Aldrich, MO, USA) were prepared at 4x concentrations (40 nM and 40
UM/400 uM/4 mM, respectively) in LANCE reaction buffer (1 mM EGTA, 10 mM
MgCl;, 2 mM DTT, 0.01% Tween-20, and 50 mM HEPES; pH 7.5). ULight-
CREBtide (Ser133), ULight- MBP (Thr232) Peptide, ULight-Histone H3
(Thr3/Ser10) Peptide, ULight-PLK (Ser137) Peptide, and ULight-p70 S6K (Thr389)
Peptide (PerkinElmer, MA, USA) were used as substrates. Each substrate (final
concentration of 50 nM) was incubated with 10 nM TRPM7 kinase domain in the
absence or presence of ATP (10, 100, or 1,000 uM) for 1 h. The kinase reaction was
terminated by addition of 10 mM EDTA in the LANCE Detection buffer
(PerkinElmer, MA, USA) and the mixture was further incubated for 5 min. Each Eu-
anti-phospho antibody (Eu-anti-phospho-CREBtide for CREBtide, Eu-anti-
phospho-MBP for MBP peptide, Eu-anti-phospho-Histone H3 for H3 peptide, Eu-
anti-phospho-PLK for PLK peptide, and Eu-anti-phospho-p70 S6K for p70 S6K
peptide from PerkinElmer) in the LANCE Detection buffer was added to the mixture
giving a final concentration of 2 nM and the mixture was incubated for 1 h. The
intensity of the fluorescence signal was measured using the FlexStation3 microplate
reader in TR-FRET mode (excitation wavelength of 320 nm, emission wavelength
of 665 nm, time delay of 50 ps between excitation and emission detection, and an
integration time of 100 ps). The signal-to-background ratio (S/B ratio) at 665 nm
was determined by using the ratio of the fluorescent signal in the presence of ATP
versus the fluorescent signal in the absence of ATP. In order to determine the
divalent cation dependence, the kinase assays were performed in the presence of
different concentrations MgCl, or MnCl, in LANCE reaction buffer (1 mM EGTA,
2 mM DTT, 0.01% Tween-20, 10 uM ATP, and 50 mM HEPES; pH 7.5). In vitro
assays for screening of kinase inhibitors library (L1200, Selleck Chemicals, USA)
were performed with 50 nM ULight-CREBtide (Ser133) and 10 pM ATP in LANCE
reaction buffer (1 mM EGTA, 2 mM MnCl;, 2 mM DTT, 0.01% Tween-20, 10 pM
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ATP, and 50 mM HEPES; pH 7.5). In vitro kinase assays for elucidating the binding
mode of TG100-115 were carried out in the presence of different concentrations of
TG100-115 at different ATP concentrations (10, 100, and 1,000 pM). Concentration-
response curves of TG100-115 were fitted to a four-parameter logistic nonlinear
regression model to obtain 1Cso (concentration at 50% activity inhibition) values.

In vitro kinase assay using recombinant full-length CREB

In vitro kinase assays were performed using recombinant human TRPM?7 kinase
domain and recombinant full-length human CREB (a.a. 1-327; Life technologies,
USA) in kinase reaction buffer (1 mM EGTA, 2 mM MgCl,, 2 mM DTT, 0.01%
Tween-20, and 50 mM HEPES; pH 7.5). Reaction mixtures (200 ng of recombinant
CREB, 100 ng of recombinant TRPM7 kinase domain in kinase reaction buffer) were
incubated at 30 °C for 30 min in the absence or presence of 100 uM ATP. The
reactions were terminated by addition of Laemmli sample buffer and the mixtures
were shaken at 95 °C for 5 min. The mixtures were subjected to SDS- PAGE, and
Western blot analysis was performed according to the procedures mentioned above.
Pixel densities of bands on developed X-ray films were analyzed using Image J
software. Subtraction of the average densitiy of the negative control band (pCREB
bands in the absence of TRPM?7 kinase domain) from the density of each band gave
normalized densities of positive control bands (pCREB bands in the presence of
TRPM7 kinase domain). Concentration-response curves of TG100-115 were fitted
to a four-parameter logistic nonlinear regression model provided by Prism 6

(GraphPad software, Inc., CA, USA) to obtain ICso values.

Molecular docking analysis

A docking model of TG100-115 on TRPM?7 kinase was constructed using Glide tool

as provided in Maestro ("Schrddinger Release 2015-4, Schrodinger, LLC, New York,

NY", 2015; "Small-Molecule Drug Discovery Suite 2015-4: Glide, version 6.9,

Schrédinger, LLC, New York, NY", 2015). The crystal structure of TRPM7 kinase
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domain from Protein Data Bank [PDB code; 11A9, a complex with the AMP-PNP
(B-y-imidoadenosine-5'-phosphate)] was utilized for docking simulation
(YYamaguchi et al., 2001). The starting coordinates of the TRPM7 structure were
minimized using the Protein Preparation Wizard by applying an OPLS-2005 force
field (Shivakumar et al., 2010). The inhibitor of TRPM7, TG100-115, was built
using a Maestro build panel and minimized using the Macromodel module of
Maestro in the Schrodinger Suite Program. The minimized structure of TG100-115
was docked onto the prepared receptor grid around the ATP binding site of TRPM?7.
The best-docked poses with the lowest Glide docking score were selected as the final

docking model.

Wound healing assay

MDA-MB-231 or MDA-MB-468 cells were seeded in 6-well plates (Thermo Fisher
Scientific, MA, USA) at a density of 1 x 106 cells per well, and incubated overnight.
Cell monolayers were wounded using a 1000 pL pipette tip, and washed with PBS
twice to remove the detached cells. Cells were incubated with various concentrations
(1, 10, and 50 pM) of TG100-115, rottlerin, or PIK-294 for 27 h (MDA-MB-231
cells) or 48 h (MDA-MB-468 cells). The images of scratched regions were recorded
before and after 27 h (MDA-MB-231 cells) or 48 h (MDA-MB-468 cells) incubation,
and migration ratios were calculated from migration areas determined using Image

J software.
Invasion assay

The invasion assay was performed using CHEMICON QCM 24-well Invasion assay
kit (ECM 554, Chemicon International, MA, USA). MDA-MB-231, MDA-MB-468,
or T-REx-293 expressing TRPM?7 cells were seeded in the 8-um ECMatrix™-coated
transwell chamber (Chemicon International, MA, USA) at a density of 2.5 x 10° cells
per well after serum starvation for 24 h. The cells were incubated for 15 h (MDA-
MB-231 and MDA-MB-468 cells) or 48 h (T-REx-293 expressing TRPM7) at 37 °C
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in a humidified 5% CO; incubator. Invaded cells from the bottom of the chamber
were detached using 225 pL of cell detachment solution (Chemicon International,
MA, USA) for 30 min at 37 °C. The detached cells were lysed with 75 pL of lysis
buffer (Chemicon International, MA, USA) containing CyQuant GR Dye solution
(Chemicon International, MA, USA) for 15 min at RT and the fluorescence
intensities of 200 pL of the mixtures in a 96-well black-wall plate were measured
using a FlexStation3 microplate reader (excitation wavelength of 480 nm and
emission wavelength of 520 nm). Invasion ratios were calculated from relative
fluorescence intensities acquired at different concentrations (1, 10, and 50 uM) of
TG100-115, rottlerin, or PIK-294.

Cell proliferation assay

MDA-MB-231 cells were seeded into a 96-well plate (BD biosciences, MA, USA)
at a density of 5 x 10* cells per well, and then incubated for 24 h at 37 °C in a
humidified 5% CO, incubator. After removing the culture medium, fresh media
containing different concentrations of TG100-115, rottlerin, or PIK-294 were added,
and incubated for 15, 27, or 48 h at 37 °C. After incubation, 20 uL of MTT [3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich, MO, USA]
was added to each well and incubated for 2 h at 37 °C. Absorbance at 560 nm was
measured using a FlexStation3 microplate reader. Concentration-response curves of
TG100-115, rottlerin, and PIK-294 were fitted to a four-parameter logistic nonlinear
regression model to obtain Glso (concentration at 50% growth inhibition) values. The
Glso values of rottlerin and TG100-115 were determined from concentration-

response curves at 48 h after treatment.

Western blot analysis

MDA-MB-231 cells were seeded into 60-mm dishes at a density of 2 x 106 cells per
dish, and incubated for 24 h at 37 °C in a humidified 5% CO; incubator. The cells
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were treated with different concentrations of test compounds, and incubated for
indicated times at 37 °C in a humidified 5% CO; incubator. After incubation, the
cells were washed twice with PBS and lysed in RIPA Buffer (Sigma-Aldrich, MO,
USA) with protease inhibitor cocktail solution (Sigma-Aldrich, MO, USA) and
phosphatase inhibitor cocktail solution (Sigma-Aldrich, MO, USA) for 30 min at
4 °C. Proteins from cell lysates were quantified using the BCA assay, and equivalent
amounts of total proteins were loaded on 12% SDS-PAGE gels. The separated
proteins from the polyacrylamide gel were transferred to PVDF membranes (EMD
Millipore, Germany). The membrane was blocked with 5% skim milk in TBST
buffer (137 mM NaCl, 20 mM Tris, and 0.1% Tween-20; pH 7.4) for 1 h. After
blocking, the membrane was incubated with primary antibodies at 4 °C overnight,
and HRP-conjugated antibodies were used as secondary antibodies. The complexes
with HRP-linked secondary antibodies were detected using the ECL substrate kit
(Thermo Fisher Scientific, MA, USA).

In vitro kinase assay against FAK

In vitro kinase assay for FAK, performed by the Reaction Biology Corporation (PA,
USA), was carried out with recombinant FAK in the presence of different
concentrations of TG100-115 and 10 uM ATP in kinase reaction buffer (10 mM
MgCl;, 1 mM EGTA, 0.02% Brij35, 0.02 mg/mL BSA, 0.1 mM NasVOs, 2 mM
DTT, 20 mM HEPES; pH 7.5). Poly [Glu:Tyr] (4:1; 0.2 mg/mL) was used as a
substrate for FAK, and the reactions were initiated by addition of **P-ATP (specific
activity: 10 pCi/uL). After incubation for 2 h, kinase activities were detected by
filtration binding method.

Electrophysiology

T-REx-293 cells, stably expressing TRPM7, were plated onto glass coverslips and
then maintained for at least 48 h before whole-cell recordings. Expression of TRPM7

was induced by addition of Dox at a final concentration of 1 pug/mL for 24 h. Whole-
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cell currents were recorded with the intracellular solution containing (in mM units):
135 Cs-MES, 3.67 CaCl,, 10 EGTA and 10 HEPES (pH 7.2 was adjusted with
CsOH), and with the extracellular solution containing (in mM units): 135 Na-MES,
3 CaCly, 0.5 EDTA and 10 HEPES (pH 7.4 was adjusted with NaOH). Patch pipettes
were made from borosilicate glass capillaries (Warner Instruments, Inc., CT, USA).
The pipettes resistance had 5-6 MQ. Whole-cell currents were recorded using a patch
clamp amplifier (Axopatch 200B, Axon Instrument, Inc., CA, USA). The current—
voltage relationships were measured by applying ramp pulses (from —120 mV to
+100 mV during 1000-ms) at a holding potential of 0 mV. Whole-cell currents were
acquired and digitized at 5 kHz using a Digidata 1440A (Axon Instrument, Inc., CA,
USA) and filtered at 1 kHz. Currents were analyzed with Clampfit software (Axon

instruments, Inc., CA, USA). All experiments were conducted at RT.

MDA-MB-231 cells were plated onto coverslips and maintained in RPMI
media supplemented with 10% fetal bovine serum, penicillin (100 U/mL),
streptomycin (100 ug/mL) for at least 48 h before electrophysiology experiments.
The standard solution for pipette contained, in mM: 135 Cs-MES, 10 EGTA, 10
HEPES, 3.67 CaCl2 (pH 7.2 adjusted with CsOH) and bath solution contained in
mM :135 Na-MES, 3 CaCl2, 0.5 EDTA, 10 HEPES, (pH 7.4 adjusted with NaOH)
were used. Patch pipettes were made from borosilicate glass capillaries (Warner
Instruments, Inc.). The pipettes resistance were 7-8 MQ. Whole-cell currents were
recorded using a patch clamp amplifier (Axopatch 700B, Axon Instrument, Inc.).
The current-voltage relationships were measured by applying ramp pulses (from —
100 mV to +100 mV during 1000-ms) from a holding potential of -40 mV. A
Digidata 1550A interface was used to convert digital-analogue signals between
amplifier and computer. Data were sampled at 5 kHz and filtered at 1 kHz. Currents
were analyzed with Clampfit software (Axon instruments, Inc.). All experiments

were performed at RT.

26



Statistical analysis

All data were analyzed using Prism 6 software (GraphPad, USA), and presented as
mean + S.D.. Statistical significances were evaluated by either two-tailed Student’s
t-test when differences between two groups or one-way ANOVA with Tukey’s
multiple comparison test when differences among three or more groups. Statistical
values of p < 0.05 were considered to be statistically significant. *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001. Error bars represent S.D. (n = 3).
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Results

Invitro TRPM7 kinase assays were established via the TR-FRET technique with
CREB peptides.

The LANCE Ultra TR-FRET assay was adopted to identify a proper substrate for in
vitro TRPM7 kinase assay needed for high throughput screening. Five ULight-
labeled peptides (CREB, histone H3, MBP, PLK, and p70S6K), known to generate
signals for over 80% of 184 Ser/Thr kinases from PerkinElmer instruction manual
in LANCE Ultra KinaSelect Ser/Thr kit, were used as substrates in the assays
(Figure 2.1A). The S/B ratios using the CREB peptide in the TRPM?7 kinase assays
were higher than those using the other substrates. The S/B ratios using the CREB
peptide in the presence of 100 uM and 1 mM ATP were 4.27 +0.19 and 10.85 £ 0.51,
respectively. Importantly, the S/B ratios arising from in vitro TRPM7 kinase assays
using the CREB peptide as substrate and in the presence of different concentrations
of ATP were observed to increase in an ATP concentration dependent manner (Figure
2.1B). In order to decrease the concentrations of ATP utilized in the TRPM7 kinase
assays for screening the type I kinase inhibitor library, in vitro kinase assays were
carried out using 10 uM ATP and different concentrations of divalent cations (Mg**
and Mn?") (Figure 2.1C). It is known that Mn*" increases the level of TRPM7 kinase
promoted-phosphorylation of MBP and histone H3 (Ryazanova et al., 2004).
Optimal concentrations of Mg?* and Mn?* that gave maximum S/B ratios in the
TRPM?7 kinase assays were found to be 5 mM and 2 mM, respectively. These
concentrations are similar to those of Mg?" and Mn?>" that give maximum
phosphorylation in the radiolabel based in vitro TRPM7 kinase assays (Ryazanova
et al., 2004). The S/B ratio for an assay using 2 mM Mn*" is 14.59 + 0.23, while the
maximum S/B ratio in the presence of 5 mM Mg?* is only 3.02 + 0.71. As seen in
the earlier study (Ryazanova et al., 2004), the kinase activity in the presence of Mn?*
is higher than that in the presence of Mg*". These data suggest that in vitro TRPM7
kinase assays using the CREB peptide as a substrate give the same results as those

using the radiolabel based in vitro TRPM7 kinase assays.
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Figure 2.1. Establishment of in vitro TRPM?7 kinase assay. (A) An optimal substrate
for TRPM7 kinase assays was selected using KinaSelect Ser/Thr kit. (B) Effects of ATP on
TRPM?7 kinase activities. Kinase activities of recombinant human TRPM?7 kinase domain
were measured with ULight-CREBtide at different concentrations (10, 100, and 1000 uM) of
ATP. (C) Effects of Mg?" and Mn** on TRPM?7 kinase activities. The reactions were
performed using recombinant human TRPM?7 kinase domain and ULight-CREBtide in the
presence of 10 uM ATP.
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Known kinase inhibitors suppress TRPM?7 Kkinase activities.

A kinase inhibitor library, comprised of 172 substances, was screened for activity
against TRPM7 using the above described in vitro kinase assay (Table 2.1). Rottlerin
was used as a positive control (Ryazanova et al., 2004). Kinase inhibitors that reduce
the kinase activity of TRPM7 to 70% at 10 uM concentration were considered as hit
compounds. The ICs values against TRPM7 kinase of five substances (Figure 2.2A)
that fit this criterion were determined (Figure 2.2B and Table 2.2). All five substances
were found to have greater inhibitory activities than those of rottlerin. Significantly,
TG100-115 is the most potent compound with an ICso value of 1.07 £ 0.14 uM,
which is much higher than that of rottlerin (ICso = 79.06 £ 1.05 uM, which is within
the range of the value reported earlier (Ryazanova et al., 2004)). These results

indicate that the in vitro TRPM7 kinase assay is useful in carrying out a HTS.
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Table 2.1. Inhibitory effects of 172 kinase inhibitors on TRPM7 kinase activities.

32



Average

Kinase inhibitors Targets (% of Control) S.D.
1 TG100-115 PI3K 4.86 3.69
2 TG100713 PI3K 42.52 4.63
3 JNJ-7706621 CDK, Aurora kinase 50.11 18.11
4 PHA-665752 c-Met 61.61 7.05
5 Butein EGFR 66.69 4.75
6 (Plgl(—)gt—slzg,oéllBOS?) HCl Syk 7145 6.96
7 Sunitinib Malate VEGFR, PDGFR, c-Kit | 74.00 5.55
8 Bardoxolone Methyl IxB/IKK 75.62 7.78
9 ETP-46464 mTOR, ATM/ATR 76.58 0.11
10 | Skepinone-L p38 MAPK 76.62 6.54
11 | Piceatannol Syk 76.93 16.43
12 | Tyrphostin AG 1296 FGFR, c-Kit, PDGFR 77.97 7.33
13 | PQ 401 IGF-1R 79.01 3.26
14 | GNF-2 Ber-Abl 79.12 2.50
15 | NU6027 CDK 79.95 0.67
16 | CX-6258 HCI Pim 79.96 0.78
17 | GDC-0349 mTOR 80.94 1.61
18 (BN}i/“g?é&mzo, Buparlisib) PI3K 8133 4.96
19 | GDC-0980 (RG7422) mTOR, PI3K 81.61 6.64
20 | Mubritinib (TAK 165) HER2 81.62 9.60
21 | BMS-265246 CDK 81.81 17.53
22 | NVP-BVU972 c-Met 82.84 10.86
23 | PP121 DNAPK,PDGFR,mTOR | 82.99 0.49
24 | KN-62 CaMKIlI, P2RX7 83.57 8.56
25 | Zotarolimus (ABT-578) mTOR 86.65 2.94
26 | TPCA-1 IxB/IKK 86.66 14.04
27 | Torin2 ATM/ATR, mTOR 86.97 452
28 | GSK2126458 (GSK458) PI3K, mTOR 87.25 0.07
29 | TGX-221 PI3K 87.55 10.32
30 | MK-2461 c-Met, PDGFR, FGFR | 87.76 3.33
31 | AG-18 EGFR 88.02 12.13
32 | MK-8776 (SCH 900776) CDK, Chk 88.12 6.89
33 | A-769662 AMPK 88.50 4.47
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34 | Chrysophanic acid mTOR, EGFR 88.84 1.90
35 | GDC-0941 PI3K 88.90 7.33
36 | GNE-0877 LRRK2 89.67 5.06
37 | IP1-145 (INK1197) PI3K 89.91 19.64
38 | AZD5438 CDK 89.97 1.00
39 | EHT 1864 Rho 90.30 5.75
40 | BYL719 PI3K 90.34 12.01
41 | AZD8931 (Sapitinib) HER2, EGFR 90.54 7.95
42 | Indirubin GSK-3 90.67 10.32
43 | ZM 323881 HCI VEGFR 90.72 13.72
44 | NU7441 (KU-57788) DNA-PK, PI3K 91.60 454
45 | TAK-632 Raf 91.60 7.81
46 | SC-514 IxB/IKK 91.72 9.10
47 | TAK-285 EGFR, HER2 91.77 6.18
48 | TCS 359 FLT3 91.78 18.67
49 | PHA-767491 CDK 91.81 3.97
50 | SMl-4a Pim 91.85 3.98
51 | GDC-0068 AKT 91.87 12.76
52 | OSI-027 mTOR 91.95 14.34
53 | AS-252424 PI3K 92.04 10.53
54 | Tofacitinib (CP-690550, Tasocitinb) | JAK 92.06 8.61
55 | KU-0063794 mTOR 92.07 8.63
56 | Filgotinib (GLPG0634) JAK 92.52 6.23
57 | KU-55933 ATM/ATR 92.54 9.98
58 | AG-1478(Tymphostin AG-1478) EGFR 92.71 17.41
59 | GSK2636771 PI3K 92.71 2.60
60 | TAE226 (NVP-TAE226) FAK 93.19 4.63
61 | XMD8-92 ERK 93.49 0.03
62 | XL147 PI3K 93.52 8.60
63 | RKI-1447 ROCK 93.54 4.86
64 | GSK429286A ROCK 93.79 12.75
R e T R
66 | TIC10 AKT 93.98 7.24
67 | K-Ras(G12C) inhibitor 9 Rho 94.09 3.89
68 | WHI-P154 JAK, EGFR 94.17 2.51
69 | BIX 02188 MEK 94.25 0.79
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70 | GNE-7915 LRRK2 94.43 5.88
71 | AZD3463 ALK 94.49 6.53
72 | BX-912 PDK-1 94.61 5.57
73 | Apatinib VEGFR 94.75 6.76
4 I(\,/IAEQKRl\?Zl& ARRY-438162) MEK 94.86 1547
75 | Honokiol MEK, AKT 94.98 7.86
76 | GSK650394 SGK 95.03 16.91
77 | LDC000067 CDK 95.17 4.93
78 | OSI-906 (Linsitinib) IGF-1R 95.68 8.24
79 | Go 6983 PKC 95.77 9.01
80 | PF-573228 FAK 95.85 6.81
81 | AZzD2014 mTOR 95.89 8.68
82 | WZz3146 EGFR 95.92 0.98
83 | Wortmannin ATM/ATR, PI3K 95.97 6.86
84 | SAR131675 VEGFR 95.98 12.20
85 | Acadesine AMPK 95.99 16.70
86 | AZD8330 MEK 96.16 1.16
87 | IM-12 GSK-3 96.24 6.25
88 | Palomid 529 (P529) mTOR 96.27 10.03
89 | VS-5584 (SB2343) PI3K 96.27 0.65
90 | AT9283 A urora knase, | g 39 11.16
91 | Telatinib VEGFR, PDGFR, c-Kit | 96.51 15.18
92 | NMS-P937 (NMS1286937) PLK 96.56 2.27
93 | HER2-Inhibitor-1 HER2, EGFR 96.97 4.07
94 | LY2228820 p38 MAPK 96.98 5.63
95 | SB202190 (FHPI) p38 MAPK 97.08 18.61
96 | AZD8055 mTOR 97.09 7.09
97 | Fingolimod (FTY720) HCI S1P receptor 97.10 4.39
98 | GNF-5 Ber-Abl 97.40 7.70
99 | CAY10505 PI3K 97.58 13.36
100 | VX-745 p38 MAPK 97.67 14.83
101 | RAF265 (CHIR-265) VEGFR, Raf 97.68 451
102 | Enzastaurin (LY317615) PKC 97.71 1.47
103 | WAY-600 mTOR 97.93 3.39
104 | Semaxanib (SU5416) VEGFR 97.96 13.56
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105 | AR-A014418 GSK-3 98.12 8.66
106 | PD168393 EGFR 98.31 3.98
107 | R406 (free base) Syk 98.39 1.42
108 | LY2603618 Chk 98.56 10.83
109 | CCT137690 Aurora kinase 98.77 14.18
110 | Erlotinib HCI (OSI-744) Autophagy, EGFR 99.06 14.38
111 | INK 128 (MLN0128) mTOR 99.15 11.00
112 | ZCL278 Rac 99.29 0.39
113 | WYE-125132 (WYE-132) mTOR 99.42 3.97
114 | Cabozantinib malate (XL184) | VEGFR 99.70 10.88
115 | HMN-214 PLK 99.83 13.44
116 | Amuvatinib (MP-470) EII;I;? ¢-RET, PDGFR, 100.08 6.74
117 | AZ 628 Raf 100.09 16.75
118 | GW5074 Raf 100.25 15.26
119 | WH-4-023 Src 100.27 5.37
120 | CZC24832 PI3K 100.32 7.77
121 ?S%ﬁ?;‘éfigec\(czoz) CDK 100.43 10.12
122 | TG0O3 CDK 100.58 0.23
123 | Foretinib (GSK1363089) VEGFR, c-Met 101.04 8.52
124 | DCC-2036 (Rebastinib) Ber-Abl 101.05 18.26
125 | Fasudil (HA-1077) HCI ROCK 101.11 7.95
126 | AZ20 ATM/ATR 101.14 5.78
127 ?Fgl?lgn:??éb Bay 86-9766) MEK 101.20 2.91
128 | R406 Syk, FLT3 101.35 5.20
129 ?Szigﬁg?l'r'n"l‘;s MIK-8669) mTOR 101.43 10.24
130 | S-Ruxolitinib (INCB018424) | JAK 101.57 2.93
131 | CGK 733 ATM/ATR 101.63 3.77
132 | AZ 960 JAK 101.70 13.00
133 | BIRB 796 (Doramapimod) p38 MAPK 101.76 5.19
134 | AP26113 ALK 101.77 1.89
135 | GNE-9605 LRRK2 101.77 6.08
136 | AT7519 CDK 101.81 12.95
137 | GF109203X PKC 101.94 3.30
138 | BX-795 IkB/IKK, PDK-1 102.04 4.31
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139 | AVL-292 BTK 102.04 13.28
140 | Trametinib (GSK1120212) MEK 102.20 5.78
141 | SB203580 p38 MAPK 102.36 6.83
142 | OSI-930 c-Kit, CSF-1R, VEGFR | 102.46 11.14
143 | PP2 Src 102.53 7.56
144 | Tofacitinib (CP-690550) citrate JAK 102.66 3.89
145 | KU-60019 ATM/ATR 102.73 8.21
146 | CYC116 Aurora Kinase, VEGFR | 102.76 1.55
147 | PD0325901 MEK 102.85 13.51
148 | MGCD-265 Tie-2, VEGFR, c-Met | 103.16 14.71
149 | Sorafenib tosylate PDGFR, Raf, VEGFR | 103.19 14.97
150 | LDK378 ALK 103.19 18.24
151 | Danusertib (PHA-739358) | SR Eﬁ;@ Ber-Abl, 1 103,41 0.55
152 | PHT-427 PDK-1, AKT 103.43 3.36
153 | CHIR-99021 (CT99021) HCI | GSK-3 103.51 5.42
154 | SKI |1 S1P receptor 103.55 5.02
155 | U0126-EtOH MEK 103.77 8.48
156 | PF-477736 Chk 103.83 2.54
157 | A66 PI3K 103.98 8.83
158 | Tivozanib (AV-951) VEGFR, PDGFR, c-Kit | 103.99 6.98
159 | CEP-32496 CSF-1R, Raf 104.00 10.25
160 | PIK-294 PI3K 104.18 9.39
161 | MLN8054 Aurora kinase 104.19 15.67
162 | MK-8745 Aurora kinase 104.25 6.68
163 | PFK15 PFKFB3 104.31 14.66
164 | Sorafenib Raf 104.34 1.07
165 | VE-821 ATM/ATR 104.41 5.20
166 | Linifanib (ABT-869) CSH1R,PDGFR,VEGFR | 104.46 5.99
167 | YM201636 PI3K 104.46 5.97
168 | Thiazovivin ROCK 104.66 13.33
169 | Ibrutinib (PCI-32765) BTK 104.67 16.78
170 | PF-04217903 c-Met 104.80 16.43
171 | Pazopanib HCI (GW786034 H) VEGFR, PDGFR, c-Kit | 104.94 6.38
172 | ZSTK474 PI3K 104.97 7.47
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Figure 2.2. Inhibitory effects of kinase inhibitors on TRPM7 kinase activities.

(A) Five compounds (TG100-115, TG100713, JNJ-7706621, PHA-665752, and Butein)
among the kinase inhibitor library were found to reduce TRPM?7 kinase activity to 70% at 10
puM concentration. (B) Concentration-response curves of five compounds against TRPM7

kinase domain through the in vitro kinase assay using LANCE Ultra TR-FRET assays.
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Table 2.2. Inhibitory activities of the hit compounds against TRPM7 kinase
domain.
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Compound %Inhibition at 10 uM  1Cso (LM) Literature 1Cso (LM)
Rottlerin 12.10+2.29 79.06 + 1.05 352

TG100-115 95.14+3.69 1.07+0.14

TG100713 57.48 £ 4.63 9.06 +0.92

INJ-7706621  49.89 + 18.11 16.24 +0.38

PHA-665752  38.39+7.05 42.18+£5.91

Butein 33.31+4.75 71.28 £7.28

® The ICso value was determined through radiolabeled in vitro TRPM7 kinase assays

(Ryazanova et al., 2004).
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TG100-115 inhibits phosphorylation of recombinant full-length CREB by
TRPM7 kinase domain.

To confirm the TRPM?7 kinase inhibitory activity of TG100-115, I performed in vitro
kinase assays using recombinant full-length CREB as a substrate. Like the results
obtained from using the assay that employs the CREB peptide, Ser133 of full-length
CREB was phosphorylated by the TRPM7 kinase domain (Figure 2.3A). The level
of phosphorylation at Ser133 of the full-length CREB was diminished in the
presence of TG100-115 in a concentration-dependent fashion (Figure 2.3B). The
bands corresponding to phosphorylated CREB were quantified by using
densitometry analysis and each was normalized to the density of the band arising
from reaction of CREB promoted by the TRPM7 kinase domain in the absence of
TG100-115. The ICso value of TG100-115 against the TRPM7 kinase domain,
determined using full-length CREB (Figure 2.3C), was found to be 1.96 uM. This
value is similar to that obtained from the in vitro TRPM7 kinase assays using the
CREB peptide (Table 2.2). These observations demonstrate that TRPM7 kinase
assays using full-length CREB as the substrate give results that are as accurate as
those arising from in vitro TRPM7 kinase assays using CREB peptide, and TG100-
115 have potent inhibitory activity against the TRPM7 kinase domain.
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Figure 2.3. Recombinant human full-length CREB is phosphorylated by
TRPM?7 kinase domain and its phosphorylation is inhibited by TG100-115. (A)
Recombinant human TRPM?7 kinase domain was incubated with recombinant human full-
length CREB. Formation of phosphorylated Ser133 of CREB was analyzed by using Western
blot analysis. (B) Phosphorylation of CREB was determined in the presence of TG100-115
via Western blot analysis. (C) Bands of phosphorylated CREB in (B) were quantified by using

densitometry analysis.
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Molecular docking study and inhibition of TG100-115 on TRPM?7 Kkinase
activity in an ATP competitive fashion.

Molecular docking was performed using the crystal structure of the TRPM7 kinase
domain to gain information about the mode of binding of TG100-115 to TRPM?7.
The interactions involved in determining the mode (Figures 2.4A and 2.4B) of
TG100-115 binding in the ATP binding site of TRPM7 kinase domain are as follows.
The pteridine-2,4-diamino groups of TG100-115 form hydrogen bonds with the side
chain of Glul1718, backbone of Met1721 and Glu1719 in the TRPM?7 kinase domain.
The bis(3-hydroxylphenyl) group of TG100-115 forms additional hydrogen bonds
with the side chains of Lys1626 and Glul615 in the p-loop of the TRPM?7 kinase
domain. The results of the docking studies show that TG100-115 fits nicely in the
ATP binding pocket of the TRPM7 kinase domain. To gain experimental evidence
for the mode of binding, the kinase inhibitory activity of TG100-115 on TRPM7 was
determined as a function of different concentrations of ATP. The concentration-
response curves were fitted to a four-parameter logistic nonlinear regression model
to obtain ICso values (Figure 2.4C). According to Cheng-Prusoff equation (Cheng
and Prusoff, 1973), a phenomenon that an increase in the ATP concentrations causes
an increase in ICso values, demonstrates that inhibition by TG100-115 is a

consequence of competitive binding to the TRPM?7 kinase domain (Figure 2.4D).
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Figure 2.4. Docking studies predicting interactions of TG100-115 with TRPM?7
kinase domain. (A) Molecular docking analysis between TRPM7 kinase domain and
TG100-115. Hydrogen bonds are shown as red dashed lines. (B) Binding site to depict the
key interactions of TG100-115 with the TRPM?7 kinase domain. Hydrogen bonds are shown
as red dashed lines. (C) Representative concentration-response curves of TG100-115 against
TRPM7 kinase domain in the presence of the various concentrations of ATP. (D) ICs values
of TG100-115 against TRPM7 kinase domain in the presence of the various concentrations
of ATP. The molecular docking analysis was performed by Dr. Kim, Nam Doo (New Drug
Development Center, Daegu-Gyeongbuk Medical Innovation Foundation, Republic of

Korea).
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TG100-115 suppresses migration and invasion of MDA-MB-231 cells.

Based on the fact that the TRPM7 kinase domain is involved in migration and
invasion of breast cancer cells (Guilbert et al., 2013), I investigated the effect of
TG100-115 on migration and invasion of aggressive MDA-MB-231 cells. As the
data in Figure 2.5A show, migration of MDA-MB-231 cells treated with TG100-115
is significantly reduced in a concentration-dependent manner. Especially interesting
is the observation that the migration ratio in the presence of 50 pM TG100-115
decreases by 42.41 + 1.03% (Figure 2.5B). Invasion of MDA-MB-231 cells was also
found to be significantly reduced by treatment of 50 uM TG100-115 (Figure 2.5C).
Indeed, invasiveness of cells in the presence of 50 uM TG100-115 decreases by
59.71 + 3.66% compared to cells treated with DMSO. Rottlerin reduces migration
of cells by 41.81 + 0.08% (Figure 2.5B) and invasion of cells by 55.91 + 3.78% at
50 uM (Figure 2.5C).
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Figure 2.5. TG100-115 suppresses cell migration and invasion in MDA-MB-231
cells. (A) MDA-MB-231 cells, treated with different concentrations of TG100-115 or
rottlerin, were incubated for 27 h after scratching cell monolayers. Scale bar represents 2 mm.
(B) Migration ratios were calculated using migration areas. MDA-MB-231 cells treated with
different concentrations of TG100-115 or rottlerin were incubated for 27 h. (C) Invasion
assays were performed using CHEMICON QCM 24-well Invasion assay kit. Invasion ratios

were calculated using fluorescence intensities.
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TG100-115 has low cytotoxicity against MDA-MB-231 cells.

To determine whether cytotoxicity is the cause of the reduction of cell motility, the
effects of TG100-115 and rottlerin on proliferation of MDA-MB-231 cells were
elucidated (Figures. 2.6A, 2.6B, and 2.6C). TG100-115 at 50 pM concentration did
not affect proliferation of MDA-MB-231 cells at both 15 h and 27 h, which are the
treatment times used for invasion and migration assays, respectively. At 48 h after
treatment, TG100-115 at 50 puM concentration was observed to reduce cell
proliferation by 20.32 + 1.28%, which is relatively low compared to the
antiproliferative activity of rottlerin at the same concentration. Glso values obtained
from concentration-response curves show that rottlerin (Glso=1.76 + 0.34 uM versus
the reported value of 1.22 uM (Lu et al., 2014) has a 103-fold higher antiproliferative
activity than that of TG100-115 (Table 2.3). Moreover, the results show that TG100-
115 significantly inhibits breast cancer cell migration and invasion but it has a low
cytotoxicity. In contrast, the inhibitory activity of rottlerin on cell invasion could be

related to its cytotoxicity.
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Figure 2.6. Representative concentration-response curves against MDA-MB-
231 cells. The cells treated with different concentrations of TG100-115 or rottlerin were

incubated for (A) 15, (B) 27, or (C) 48 h. Proliferation of MDA-MB-231 cells was measured
via MTT assays.
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Table 2.3. Gls values of TG100-115 and rottlerin against MDA-MB-231 cells
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Compounds Glso (uM) Literature Glso (uM)
Rottlerin 1.76 £ 0.34 1.22¢2
TG100-115 180.47 £ 13.71

* The Glso value was determined through Cell Titer Glo assay (Lu et al., 2014).
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TG100-115 suppresses migration and invasion of MDA-MB-468 cells.

To assess the effect of TG100-115 on migration and invasion of other TNBC cells, 1
adopted MDA-MB-468 cells. Like MDA-MB-231 cells, the migration of MDA-MB-
468 cells was decreased by TG100-115 (Figure 2.7A). TG100-115 and rottlerin
reduced the migration of MDA-MB-468 cells in a concentration-dependent manner,
and the migration ratios decreased by 50.62 + 9.21% and 48.82 + 1.01% at 50 uM
concentration, respectively (Figure 2.7B). I also observed that invasion of MDA-
MB-468 cells was significantly reduced by TG100-115 and rottlerin in a
concentration-dependent fashion (Figure 2.7C). Invasion ratios of MDA-MB-468
cells in the presence of TG100-115 or rottlerin were decreased by 53.06 + 1.06% and
47.34 + 4.26% at 50 uM concentration, respectively.
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Figure 2.7. TG100-115 and rottlerin suppress migration and invasion of MDA -
MB-468 cells. (A) MDA-MB-468 cells in the presence of different concentrations of
TG100-115 or rottlerin were incubated for 48 h after scratching cell monolayers. Scale bar
represents 2 mm. (B) Migration ratios were calculated using migration areas. (C) Invasion
assays were performed using CHEMICON QCM 24-well Invasion assay kit. Invasion ratios
were calculated using fluorescence intensities. The cells treated with DMSO were used as a

control.
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PI3k inhibitory activity of TG100-115 partially contributes to the reduction of
cell motility.

To investigate whether PI3K inhibitory activity of TG100-115 contributes to the
reduced cell motility caused by TG100-115, I performed wound-healing assays and
transwell invasion assays using PIK-294, a selective PI3K pl1106 inhibitor, as
TG100-115 has kinase-inhibitory activity against PI3K p1106 (Doukas et al., 2006).
Like TG100-115, PIK-294 decreased the migration of MDA-MB-231 cancer cells in
a concentration-dependent manner (Figure 2.8A). Migration ratio in the presence of
50 uM PIK-294 decreased by 27.69 + 6.90% (Figure 2.8B), which is less than the
reduction of that in the presence of 50 pM TG100-115. PIK-294 also reduced
invasion of the cells by 43.31 £ 1.45% at 50 uM concentration (Figure 2.8C). Indeed,
the effect of PIK-294 on the cell invasion was less than that of TG100-115. These
data indicate that PI3K inhibitory activity of TG100-115 could partially affect the
reduction of cell motility. I also examined the anti-proliferative activity of PIK-294
to determine whether cytotoxicity of PIK-294 contributes to the reduction of cell
motility (Figure 2.8D). PIK-294 at 50 uM concentration reduced cell proliferation
by 15.47 + 9.60%, 24.42 + 2.26%, and 28.10 £ 7.98% at 15 h, 27 h, and 48 h,
respectively. The anti-proliferative activity of PIK-294 was higher than that of
TG100-115. This might result from higher PI3K p11046 inhibitory activity of PIK-
294 (ICso = 10 nM, (Knight et al., 2006)) than that of TG100-115 (ICsp = 235 nM,
(Doukas et al., 2006)) because it has been reported that knockdown of PI3K p1106
by small interfering RNA induced significant growth inhibition of multiple myeloma
cells (INA-6) (Ikeda et al., 2010). These results suggest that cytotoxicity of PIK-294

could partially contribute to the reduction of cell motility.
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Figure 2.8. PIK-294 suppresses migration and invasion of MDA-MB-231 cells.
(A) MDA-MB-231 cells in the presence of different concentrations of PIK-294 were
incubated for 27 h after scratching cell monolayers. Scale bar represents 2 mm. (B) Migration
ratios were calculated using migration areas. (C) Invasion assays were performed using
CHEMICON QCM 24-well Invasion assay kit and MDA-MB-231 cells in the presence of 50
uM TG100-115, rottlerin, or PIK-294. Invasion ratios were calculated using fluorescence
intensities. (D) Representative concentration-response curves against MDA-MB-231 cells.

The cells treated with different concentrations of PIK-294 were incubated for 15, 27, or 48 h.
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Reduction of cell motility by TG100-115 is associated with calcium ion.

Calcium ion is required for breast cancer cell migration (Yang et al., 2009). To
examine whether the effects of TG100-115 on cell migration and invasion is
associated with calcium ion, wound-healing assays and transwell invasion assays
were performed with BAPTA-AM, a cell permeable calcium chelator. As a previous
study (Di et al., 2015), migration of MDA-MB-231 cells was reduced by treatment
of BAPTA-AM. TG100-115 inhibited the cell migration in the presence of BAPTA-
AM in a concentration-dependent fashion (Figures 2.9A and 2.9B). The differences
in migration ratio in the presence or absence of BAPTA-AM at 0 uM and 50 uM
TG100-115 were 30.96% and 14.86%, respectively. Treatment of BAPTA-AM also
reduced cell invasion (Figure 2.9C). The differences in invasion ratio in the presence
or absence of BAPTA-AM at 0 uM and 50 uM TG100-115 were 33.91% and 5.76%,
respectively. As a result, the effect of calcium chelation by treatment of BAPTA-AM
on cell motility was decreased in the presence of high concentrations of TG100-115.
These data suggest that TG100-115 suppresses the motility of MDA-MB-231 cells

through a Ca®’-dependent mechanism.
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Figure 2.9. Effects of TG100-115 on migration and invasion of MDA-MB-231
cells in the presence of BAPTA-AM. (A) MDA-MB-231 cells treated with different
concentrations of TG100-115 were incubated in the presence of 15 uM BAPTA-AM for 27
h after scratching cell monolayers. Scale bar represents 2 mm. (B) Migration ratios were
calculated using migration areas. (C) Invasion assays were performed using CHEMICON
QCM 24-well Invasion assay kit and MDA-MB-231 cells treated with different
concentrations of TG100-115 in the presence of 15 uM BAPTA-AM. Invasion ratios were

calculated using fluorescence intensities.
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Reduction of cell motility by TG100-115 is associated with inhibition of TRPM?7.
To determine whether the effects of TG100-115 on cell motility is associated with
inhibition of TRPM?7, I performed transwell invasion assays using T-REx-293 cells
stably expressing TRPM7 (Figure 2.10). TRPM7 overexpression induced by
treatment of Dox increased cell invasion by 34.91 + 1.88% compared to cells that
are not treated with Dox. This phenomenon is consistent with a previous study
showing that TRPM7 overexpression increased migration of MCF-7 and MDA-MB-
231 cells (Guilbert et al., 2013), while Su et al. have reported that overexpression of
TRPM?7 caused cell rounding and loss of adhesion and knockdown of TRPM7
increased cell adhesion, spreading and motility of HEK-293 cells (Su et al., 2006).
This discrepancy might be due to different cell types or different motility assay types.
Cell invasion induced by TRPM?7 overexpression was reduced by 48.05 + 8.32% in
the presence of 50 uM TG100-115 compared to cells overexpressing TRPM7 that
are not treated with TG100-115. These results show that TG100-115 suppresses cell
motility through inhibition of TRPM?7.
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Figure 2.10. TG100-115 suppresses invasion of T-REx-293 cells expressing
TRPMY. Invasion assays were performed using CHEMICON QCM 24-well Invasion assay
kit and T-REx-293 cells expressing TRPM7 treated with different concentrations of TG100-
115 in the presence or absence of 1 pg/mL Dox. Invasion ratios were calculated using
fluorescence intensities. The cells treated with DMSO in the absence or presence of Dox were

used as controls.
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TG100-115 inhibits phosphorylation of myosin IIA heavy chain and FAK.

The myosin IIA heavy chain plays a role in TRPM7 kinase domain-mediated
migration of MDA-MB-231 cells (Guilbert et al., 2013). To investigate whether
TG100-115 affects the phosphorylation of myosin IIA heavy chain, I performed
Western blot analysis in MDA-MB-231 cells in the presence of TG100-115 or
rottlerin (Figure 2.11A). Treatments of TG100-115 and rottlerin decreased the
phosphorylation of myosin IIA heavy chain by 34.04 + 2.01% and 13.27 + 3.09% at
100 uM, respectively (Figure 2.11B). The partial decrease in phosphorylation of
myosin IIA heavy chain caused by TG100-115 is in accord with observations made
in earlier efforts which show that TRPM7 knockdown decreases myosin IIA
phosphorylation by 41% in MDA-MB-231 cells (Guilbert et al., 2013). The
phosphorylation level of FAK, an adhesion marker in MDA-MB-231 cells (Sawhney
et al., 2009), was also elucidated. The results of Western blotting experiments show
that phosphorylation of FAK in the presence of 100 puM TG100-115 or rottlerin is
reduced by 70.36 £ 2.00% and 82.44 * 1.51%, respectively (Figure 2.11C). The
migration inhibition of rottlerin through reduced phosphorylation of FAK in cells
was coincided with the previous report that rottlerin decreases migration of CGTH
W-2 cells through downregulation of phosphorylated FAK (pFAK), integrin -1,
phosphorylated paxillin, RhoA, and Rac-1 in a PKCd-independent manner (Lin et
al., 2010). The results of biochemical kinase assays (Figure 2.11D) show that FAK
kinase activity is decreased by 25% in the presence of 100 uM TG100-115. The
overall data indicate that TG100-115 and rottlerin decrease the level of
phosphorylation of the myosin IIA heavy chain and FAK in MDA-MB-231 cells,
and that TG100-115 does not directly inhibit phosphorylation of FAK.
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Figure 2.11. TG100-115 suppresses phosphorylation of myosin IIA and FAK in
MDA-MB-231 cells. (A) Representative Western blots. MDA-MB-231 cells were
incubated with different concentrations of TG100-115 or rottlerin for 24 h. Protein lysates
were analyzed by using Western blot analysis with indicated antibodies. Bands of (B)
phosphorylated myosin 1A and (C) phosphorylated FAK obtained from (A) were quantified
by densitometry analysis. (D) A concentration-response curve of TG100-115 against FAK

through a filtration binding assay based biochemical kinase assay.
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TG100-115 suppresses the channel activity of TRPM?7.

To determine if TG100-115 inhibits the channel activity of TRPM?7, patch clamp
recordings were made using T-REx-293 cells stably expressing TRPM7. The
voltage-dependent outward TRPM7 currents of the cells treated with different
concentrations of TG100-115 were measured by applying voltage pulses from -120
mV to +100 mV in 10-mV increments using a whole-cell patch-clamp technique
(Figure 2.12A). Consistent with previous reports (Li et al., 2006), | observed that 2-
APB, a known TRPM7 channel blocker, decreases the TRPM7 current amplitude. In
addition, TG100-115 causes a decrease in the current in a concentration-dependent
manner (Figure 2.12B). TRPM?7 currents are decreased by 41.51 + 10.33% in the
presence of 100 uM TG100-115. TG100-115 blocked TRPM7 channel activity at
100 uM concentration in time course of TRPM7 current amplitude (Figure 2.12C).
These results show that TG100-115 is an inhibitor of the channel activity of TRPM?7.
To further confirm whether TG100-115 inhibits the channel activity of endogenous
TRPM?7, I performed patch clamp experiments using MDA-MB-231 cancer cells.
The voltage-dependent outward TRPM?7-like currents of the cells in the presence of
100 uM TG100-115 were recorded by applying voltage pulses from -100 mV to +100
mV in 10 mV increments using a whole-cell patch-clamp technique (Figure 2.12D).
Like T-REx-293 cells expressing TRPM7, TG100-115 decreased TRPM7-like
currents by 53.60 + 7.44% at 100 uM concentration (Figure 2.12E). Reduced
TRPM?7-like currents induced by TG100-115 were rescued after wash-out. TG100-
115 has reversible inhibitory activities against TRPM7-like currents, which implies
that the channel inhibitory activity of TG100-115 would not result from its TRPM7
kinase-inhibitory activity because decreased TRPM?7-like currents by TG100-115

were rescued after wash-out.
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Figure 2.12. TG100-115 suppresses TRPM?7 channel activities in both T-REx-
293 cells stably expressing TRPM7 and MDA-MB-231 cells. (A) Representative
traces showing the TRPM7 current-voltage relationships before and after treatment with
TG100-115 in T-REx-293 cells expressing TRPM7. (B) Histograms showing the inhibitory
effect of TG100-115 on TRPM?7 current amplitude at +80 mV. (C) Time course of TRPM7
current amplitude at +80 mV during application of 100 uM TG100-115. (D) Representative
traces showing the TRPM7-like current-voltage relationships before and after treatment with
TG100-115 in MDA-MB-231 cells. (E) Histograms showing the inhibitory effect of TG100-
115 on TRPM7-like current amplitude at +100 mV. Error bars represent S.D. (The n value
for each statistical analysis was indicated at histograms.). The patch clamp experiments were
performed by Ms. Bae, Yeonju (School of Biosystem and Biomedical Science, College of

Health Science, Korea University, Republic of Korea).
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Discussion

A HTS assay to identify inhibitors of TRPM7 ion channel has been developed
previously (Castillo et al., 2010). The method relies on quenching of the fluorescence
of fura-2 by Mn?". The TRPM7 kinase assay, however, is performed using
radioactive isotopes (Ryazanova et al., 2004), an approach that is not suitable for
HTS to uncover new TRPM7 kinase inhibitors. The approach used a LANCE Ultra
TR-FRET based assay system, which is widely used for screening owing to its low
background signals and homogeneous assay format. Because homogeneous assays
do not require separation of the bound antigen-antibody from the free antigen, they
are typically more easily and rapidly performed. In order to identify an ideal
substrate for the in vitro TRPM?7 kinase assay using the LANCE Ultra TR-FRET
system, five ULight-labeled peptides were screened. Unexpectedly, the S/B ratios
seen in the LANCE Ultra TR-FRET assays were too low when MBP and histone H3
peptides were used as substrates, although MBP and histone H3 were identified as
substrates for TRPM?7 kinase using the conventional radiolabel based in vitro assay
(Ryazanova et al., 2004). These results might be a consequence of the different
conditions employed in the two assays such as phosphorylation sites and divalent
cation concentrations. It was reported that phosphorylation of MBP by TRPM7
kinase domain occurs predominantly on serine (Ryazanova et al., 2004), but a MBP
peptide containing Thr232 was used in the current study. Ryazanova et al. showed
that phosphorylation level of histone H3 by the TRPM7 kinase domain is low in the
absence of Min?" (Ryazanova et al., 2004), but I performed the in vitro TRPM7 kinase
assays in the absence of Mn*". Finally, the effort showed CREB peptide as an ideal
substrate for the TRPM?7 kinase assay. The results of studies using the CREB peptide
as substrate and the FRET based assay showed that divalent cations such as Mg*"
and Mn?* have similar effects as those reported earlier (Ryazanova et al., 2004). The
observations suggest that the in vitro TRPM7 kinase assay using CREB peptide as a
substrate give results that are similar to those arising from the conventional TRPM7

kinase assay system using radioactive isotopes.
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A small molecule library screening using the LANCE Ultra TR-FRET assay
system led to identification of five compounds that have TRPM?7 kinase inhibitory
activities. Among them, TG100-115 was the most potent inhibitor. TG100-115
effectively reduced the migration of MDA-MB-231, TNBC cells while it has
relatively low antiproliferative activity compared to rottlerin. This finding was
consistent with previous reports that down regulation of TRPM7 had no influence
on the proliferation of MDA-MB-231 cells (Guilbert et al., 2013) and rottlerin
inhibited proliferation of MDA-MB-231 cells through suppression of Wnt/B-catenin
and mTORCI signaling (Lu et al., 2014). Like MDA-MB-231 cells, TG100-115 and
rottlerin reduce the migration and invasion of MDA-MB-468 cells, TNBC cells.
Reduction of cell motility by TG100-115 may be partially due to its PI3K p110d
inhibitory activity (Doukas et al., 2006), because PIK-294, a PI3K p1106 inhibitor,
also reduced migration and invasion of MDA-MB-231 cells. Likewise, reduction of
cell motility by TG100-115 may result from its TRPM?7 inhibitory activity, because
it also reduced invasion of T-REx-293 cells expressing TRPM7. Unexpectedly,
TG100-115 decreased phosphorylation of FAK, which was not anticipated based on
the previous report that p-FAK was not affected by TRPM7 knockdown in MDA -
MB-231 cells (Guilbert et al., 2013). PI3K p1103 inhibitory activity (Doukas et al.,
2006) of TG100-115 may contribute to decrease of p-FAK, since p1106 knockdown
decreases migration and invasion of glioma cells via downregulation of FAK and
cdc42 (Luk et al., 2012). Its inhibitory effect on cancer cell migration might be a
consequence of its inhibition of TRPM?7 kinase-promoted phosphorylation of myosin
IIA heavy chain and FAK.

Several studies reported that TRPM7 kinase domain is essential for ion
channel activity (Schmitz et al., 2003; Matsushita et al., 2005; Ryazanova et al.,
2010), but its effects on the ion channel function remain controversial (Runnels et
al., 2001; Schmitz et al., 2003; Kozak et al., 2005; Matsushita et al., 2005; Zhang et
al., 2014). Several studies showed that kinase activity affects the channel function of
TRPM7 (Runnels et al., 2001; Schmitz et al., 2003; Zhang et al., 2014), while

observations made in other efforts indicated that the kinase activity of TRPM7 does

75



not alter the ion channel activity (Matsushita et al., 2005). This discrepancy might
be caused by limitations of the heterologous expression system in cell lines. Recently,
two groups reported the findings of an effort utilizing an in vivo mice system that
show that changes in the TRPM?7 kinase activity do not significantly alter the ion
channel function (Kaitsuka et al., 2014; Ryazanova et al., 2014). In contrast to these
reports, I observed that the TRPM?7 kinase inhibitor TG100-115 reduces the ion
channel activity of TRPM?7 in both T-REx-293 cells expressing TRPM7 and MDA-
MB-231 cells. This discrepancy could be a consequence of off-target effects or direct
binding effects of TG100-115 to TRPM?7 channels.

The suppressive effect on cell motility by TG100-115 was related with
calcium ion. This observation is consistent with the results showing that TG100-115
inhibited TRPM7 channel activity, because TRPM?7 is responsible for calcium
signaling (Wei et al., 2009). The detailed molecular mechanism(s) underlying the
effects of TG100-115 on ion channel activity need to be elucidated.

The results described herein suggest that TG100-115 can be used as a lead
compound in further efforts aimed at designing new and more potent TRPM?7 kinase
inhibitors. In addition, further refinement of TG100-115 may provide new
therapeutic drugs for TNBC treatment.
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Part 111

Enhancement of TRAIL-Induced Apoptosis
by Suppression of TRPM7 in TNBC Cells

Part Il of the present study has been accepted for publication as Song et al.,
“Suppression of TRPM7 Enhances TRAIL-induced Apoptosis in Triple-Negative
Breast Cancer Cells”, J Cell Physiol.

77



Abstract

TRPM?7 regulates TNBC cell migration, invasion, and metastasis, but it does not
modulate TNBC proliferation. However, previous studies have shown that
combination treatment of non-selective TRPM7 channel inhibitors (2-
aminoethoxydiphenyl borate and Gd*") with TRAIL increases antiproliferative
effects and apoptosis in prostate cancer cells and hepatic stellate cells. Thus, the
present work investigated the potential role of TRPM7 in proliferation and apoptosis
of TNBC cells (MDA-MB-231 and MDA-MB-468 cells) with TRAIL. The findings
demonstrate that suppression of TRPM7 via TRPM7 knockdown or pharmacological
inhibition synergistically increases TRAIL-induced antiproliferative effects and
apoptosis in TNBC cells. Furthermore, it is shown here that the synergistic
interaction might be associated with TRPM?7 channel activities using combination
treatments of TRAIL and TRPM7 inhibitors (NS8593 as a TRPM7 channel inhibitor
and TG100-115 as a TRPMY kinase inhibitor). It is also revealed that downregulation
of c-FLIP via inhibition of Ca?* influx might be involved in the synergistic
interaction. This study provides both a new role of TRPM7 in TNBC cell apoptosis
and potential combinatorial therapeutic strategy using TRPM7 inhibitors with
TRAIL for treatment of TNBC.
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Introduction

Breast cancer is thought to be the most common cancer in women and the second
leading cause of cancer death in women (Siegel et al., 2019). Approximately 15-20%
of all breast cancer patients in the United States has been diagnosed as TNBC (Diana
et al., 2018). Due to lack of drug targets such as ER and PR at cell surface, TNBC is
difficult to treat effectively. Moreover, TNBC patients treated with surgery, radiation
therapy, and chemotherapy are often likely to have cancer recurrence and metastasis
(Wu et al., 2016). Therefore, discovery of novel potent therapies is needed to cure
TNBC patients.

TRPM7 has been reported to be involved in breast cancer cell proliferation,
migration, and metastasis (Guilbert et al., 2009; Middelbeek et al., 2012; Guilbert et
al., 2013; Meng et al., 2013; Davis et al., 2014). It has been found that TRPM7
regulates migration and invasion of MDA-MB-435 cells (TNBC cell line) through a
MAPK signaling pathway and suppression of TRPM7 by siRNA-mediated gene
silencing and pharmacological inhibition reduces metastatic potential of MDA-MB-
231 cells (TNBC cell line) (Guilbert et al., 2013; Meng et al., 2013; Song et al., 2017).
While TRPM?7 knockdown attenuates migration and invasion of TNBC cells, it does
not affect proliferation of TNBC cells such as MDA-MB-435 and MDA-MB-231
(Guilbert et al., 2013). If I find specific conditions where suppression of TRPM7
could affect proliferation of TNBC cells, it will be a potent therapy interfering both
proliferation and metastasis of TNBC.

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) has been
shown to selectively induce apoptosis in various types of cancer cells, but not in
normal cells (Ashkenazi et al., 1999; MacFarlane, 2003; Wang and El-Deiry, 2003).
TRAIL has been reported to induce tumor regression in xenograft models without
inducing substantial toxicity in host animals (Ashkenazi et al., 1999). Despite it
being able to selectively induce tumor regression without no apparent toxicity,
clinical trials with TRAIL have failed due to innate or acquired resistance (Herbst et

al., 2010; Lemke et al., 2014). Nevertheless, combination therapies with TRAIL and
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chemotherapeutic drugs or targeted drugs have been reported due to cancer-specific
apoptosis-inducing potential of TRAIL (Alladina et al., 2005; Cristofanon and Fulda,
2012; Refaat et al., 2014; Wang et al., 2007). Interestingly, two research groups have
reported that inhibition of TRPM7 enhances TRAIL-induced apoptosis in both PC-
3 cells (human prostate cancer cell line) and HSC-T6 cells (rat hepatic stellate cell
line) (Lin et al., 2015; Liu et al.,, 2012). Both research groups have observed
increased apoptotic cells induced by combination treatments with TRAIL and non-
selective TRPM7 channel inhibitors such as 2-APB and Gd** (Lin et al., 2015; Liu
etal., 2012).

The present study investigated whether suppression of TRPM7 enhances
TRAIL-induced apoptosis in TNBC cells and molecular mechanisms of synergistic
effect with inhibition of TRPM7 and TRAIL. It was found that suppression of
TRPM?7 by siRNA-mediated gene silencing or pharmacological inhibition enhances
TRAIL-induced apoptosis in TNBC cells and the synergistic effect might have
associated with TRPM7 channel activities rather than TRPM?7 kinase activities.
Furthermore, it was examined whether Ca** and c-FLIP might be responsible for the

synergistic effect.
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Materials and Methods

Antibodies and reagents

NS8593 was purchased from Tocris Bioscience (UK), TG100-115 was purchased
from Selleck Chemicals (USA) and 1,2-Bis(2-aminophenoxy)ethane-N,N,N',N’-
tetraacetic acid tetra-acetoxymethyl ester (BAPTA-AM) was purchased from Sigma-
Aldrich (USA). Recombinant soluble human TRAIL (Super Killer TRAIL) was
purchased from Enzo Life Sciences (SUI). HRP-conjugated anti-mouse IgG
(SA001-500) and HRP-conjugated anti-rabbit IgG (SA002-500) were purchased
from GenDEPOT (USA), antibody against B actin (SC-47778) was purchased from
Santa Cruz Biotechnology (USA), antibody against TRPM7 (N74/25) was purchased
from NeuroMab (USA), antibodies against PARP (9542), Caspase-3 (9662),
Caspase-8 (9746), and c-FLIP (56343) were purchased from Cell Signaling
Technology (USA).

Cell culture

MCF10A cells were cultured in DMEM/F12 (Welgene, Republic of Korea)
supplemented with 5% (v/v) horse serum (Gibco, NZ), 20 ng/mL. EGF (Sigma-
Aldrich, USA), 100 ng/mL cholera toxin (Sigma-Aldrich, USA), 500 ng/mL
hydrocortisone (Sigma-Aldrich, USA), 10 pg/mL recombinant human insulin
(Invitrogen, USA), 100 units/mL penicillin (Welgene, Republic of Korea), and 100
pg/mL streptomycin (Welgene, Republic of Korea) in a humidified 5% CO.
incubator at 37 °C. MDA-MB-231 cells (Korean Cell Line Bank, Republic of Korea)
and MDA-MB-468 cells were cultured in RPMI 1640 media and DMEM media,
respectively, supplemented with 10% (v/v) FBS, penicillin (100 units/mL) and
streptomycin (100 pg/mL) in a humidified 5% CO, incubator at 37 °C. Cells were

passaged every two or three days.
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RNA interference analysis

The siRNA against TRPM?7 gene (siTRPM7) was synthesized by Bioneer (Republic
of Korea) and scrambled siRNA (AccuTarget Negative Contol siRNA) was
purchased from Bioneer (Republic of Korea). MDA-MB-231 or MDA-MB-468 cells
were seeded on 6-well plates (Thermo, USA) at 4.0 x 10° cells per well, and
transfected with scrambled siRNA as a control, siTRPM7 (§'-
GUCUUGCCAUGAAAUACUCATAT-3") (Guilbert et al., 2013; Hanano et al.,
2004), or siFLIP (5'-GGAUAAAUCUGAUGUGUCCUCAUUA-3") (Piggott et al.,
2011) using Lipofectamine RNAiIMAX (Life Technologies, USA) according to the

manufacturer’s instructions.

RT-PCR analysis

Total RNA in MCF10A, MDA-MB-231, or MDA-MB-468 cells was extracted using
TRIZOL (Invitrogen, USA) according to the manufacturer’s instructions. Reverse
transcription was performed with 1 pg of total RNA using M-MLV reverse
transcriptase (Promega, USA). PCR reactions were carried out using AccuPower
PCR PreMix (Bioneer, Republic of Korea) with complementary DNA. Sequences of
primers for RT-PCR reactions were as follows: a forward primer for p-actin; 5'-
TCCTGTGGCATCCACGAAACT-3'; a reverse primer for f-actin; 5'-
GAAGCATTTGCGGTGGACGAT-3"; a forward primer for 7TRPM7; 5'-
CCATACCATATTCTCCAAGGTTCC-3"; a reverse primer for TRPM7; 5'-
CATTCCTCTTCAAATCTGGAAGTT-3"; a forward primer for c-FLIP; 5'-
CGGACTATAGAGTGCTGATGG-3"; a reverse primer for c¢-FLIP;; 5'-
GATTATCAG GCAGATTCCTAG-3", a reverse primer for c¢-FLIPs; 5'-
AGATCAGGACAATGGGCATAG-3". PCR products were resolved on 1.8%
agarose gels and relative mRNA levels were determined by densitometry analysis

using Image J software (National Institutes of Health, USA).
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Cell proliferation assay

MDA-MB-231 or MDA-MB-468 cells were seeded into white-walled 96-well plates
(Corning, USA) with clear bottoms at a density of 5.0 x 10° cells per well, and then
incubated for 24 h at 37 °C in a humidified 5% CO; incubator. After removing the
culture media, fresh media containing different concentrations of recombinant
TRAIL and/or compounds were added, and incubated for 16 h at 37 °C. After 16 h,
proliferative cells were determined by CellTiter-Glo assay (Promega, USA).
Luminescence was measured using an Envision microplate reader (PerkinElmer,

USA).
Western blot analysis

MCF10A, MDA-MB-231, or MDA-MB-468 cells (4.0 x 10° cells) were washed
once with cold DPBS (WelGene, Republic of Korea), and lysed in ice-cold RIPA
buffer (20 mM Tris-HCI, 0.5% sodium deoxycholate, 0.1% SDS, 1.0% Triton X-100,
1 mM Na, eEF2, 100 mM NaCl, 2 mM Na3;VOy, 2.5 mM NaF and pH7.4) with a
protease inhibitor cocktail tablet (Roche, GER) for 30 min at 4°C. Proteins from cell
lysates were quantified using the BCA Assay Kit (Thermo/Pierce, USA), and
equivalent amounts of proteins were loaded on sodium dodecylsulfate
polyacrylamide gels. Separated proteins were transferred to a 0.45-pm nitrocellulose
membrane (GE Healthcare Life Sciences, USA), and the membrane was blocked
with 5% skim milk in Tris-buffered saline with Tween-20 (137 mM NaCl, 20 mM
Tris-HCL, 0.1% Tween-20, and pH 7.4) for 1 h. After blocking, the membrane was
incubated with primary antibodies overnight at 4 °C, and HRP-conjugated anti-
mouse IgG or -rabbit IgG were used as secondary antibodies. Complex with HRP-
linked secondary antibody was detected using the ECL solution (AgainBS, Republic
of Korea). Densitometry analysis of Western blot data was carried out using Image J

software.
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Apoptosis assay

Apoptosis assay was performed using FITC Annexin V Apoptosis Detection Kit with
FITC-labelled annexin V and PI (BD Biosciences, USA) according to the
manufacturer’s instructions. MDA-MB-231 or MDA-MB-468 cells (4.0 x 10° cells)
were harvested, washed twice with cold DPBS, and resuspended in Annexin V
Binding Buffer. Cells were stained with FITC-labelled annexin V for 15 min at RT
in the dark, followed by addition of PI. Stained cells were immediately analyzed

using BD Accuri C6 (BD Biosciences, USA).

Synergy analysis

Combination index (CI) of NS8593 and recombinant TRAIL was determined by the
Chou-Talalay method using CompuSyn software (ComboSyn, USA) (Chou, 2010;
Chou & Talalay, 1984). Cell proliferation assay data were used to evaluate the CI
values of NS8593 and recombinant TRAIL. The CI values defines synergism (CI <
1), additive effect (CI = 1) and antagonism (CI > 1).

Cell morphology analysis

Morphological cell changes were observed with a Nikon Eclipse Ti microscope

(Nikon Instruments, JP).

Cell cycle assay

MDA-MB-231 cells (4.0 x 10° cells) were harvested and fixed in 70% (v/v) ethanol
and stored at -20 °C until analysis. After washing, the cells were treated with
PI/RNase A staining solution (Cell Signaling Technology, USA) for 30 min at RT in
the dark. Stained cells were immediately analyzed using BD Accuri C6 (BD
Biosciences, USA). Percentages of the cells in G0/G1, S, and G2/M phases were
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calculated by the Dean-Jett-Fox model.
Colony formation assay

MDA-MB-231 cells were seeded on 6-well plates (Thermo, USA) at 1.0 x 10° cells
per well. The cells were incubated with the compounds for 14 days at 37 °C and 5%
CO;. During the 14-day incubation period, the culture media were replaced every 2
days. Spheroids were stained using crystal violet staining solution (0.05% crystal
violet, 1% methanol, and 1% formaldehyde in DPBS) for 24 h. The samples were
washed twice with DPBS, and incubated with 10% (v/v) acetic acid for 30 min. The
absorbance at 570 nm was measured using the FlexStation 3 microplate reader

(Molecular Devices, USA).

Intracellular Ca** assay

MDA-MB-231 cells (4.0 x 10° cells) were harvested and washed twice with cold
DPBS. The cells were stained with 1 uM Fluo-3-AM (Invitrogen, USA) for 30 min
at RT in the dark. Stained cells were immediately analyzed using BD Accuri C6 (BD
Biosciences, USA).

Statistical analysis

All data were analyzed using Prism 6 software (GraphPad, USA), and presented as
mean + S.D.. Statistical significances were evaluated by either two-tailed Student’s
t-test when differences between two groups or one-way ANOVA with Tukey’s
multiple comparison test when differences among three or more groups. Statistical
values of p < 0.05 were considered to be statistically significant. *p < 0.05, **p <

0.01, ***p <0.001, and ****p < 0.0001. Error bars represent S.D. (n = 3).
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Results

Silencing of TRPM?7 increases TRAIL-induced antiproliferative effects in
TNBC cells.

It has been reported that pharmacological inhibition (Gd** and 2-APB) of TRPM7
increases TRAIL-induced antiproliferative effects in PC-3 and HSC-T6 cells and
TRPM7 gene silencing increases TRAIL-induced antiproliferative effects in PC-3
cells (Lin et al., 2015; Liu et al., 2012). Based on these reports, to examine whether
TRAIL-induced antiproliferative effects are affected by silencing of TRPM7 gene in
TNBC cells, siRNA-mediated TRPM7 gene silencing was performed. Firstly, I
investigated whether TRPM7 expression level in TNBC cells (MDA-MB-231 and
MDA-MB-468 cells) is higher than that in normal breast cells (MCF10A cells)
through RT-PCR (Figures 3.1A and 3.1B) and Western blot (Figures 3.1C and 3.1D).
TRPM?7 was predominantly expressed in MDA-MB-231 cells among the three breast
cancer cell lines. I then employed a human TRPM7-specific siRNA (siTRPM7) to
decrease expression of TRPM7 gene. After two days following transfection with
siTRPM7 in MDA-MB-231 and MDA-MB-468 cells, expression levels of TRPM7
mRNA were reduced by 83.00 + 4.49% and 79.93 + 2.39% in MDA-MB-231 and
MDA-MB-468 cells, respectively, as compared with the cells transfected with
scrambled siRNA (Figures 3.2A and 3.2B). TRPM7 protein levels in MDA-MB-231
and MDA-MB-468 cells transfected with siTRPM7 were also decreased by 89.23 +
2.81% and 69.30 + 7.24% in MDA-MB-231 and MDA-MB-468 cells, respectively,
compared to cells that are transfected with scrambled siRNA (Figures 3.2C and
3.2D). After confirmation of significant knockdown of TRPM7 protein, I measured
proliferation of MDA-MB-231 and MDA-MB-468 cells with TRPM7 gene silencing
in the presence of recombinant TRAIL (Figure 3.3). Consistent with a previous
report, TRPM7 gene silencing did not affect proliferation of MDA-MB-231 cells in
the absence of recombinant TRAIL (Guilbert et al., 2013). However, proliferation of
cells transfected with siTRPM7 was significantly reduced more than that of cells

transfected with scrambled siRNA in the presence of recombinant TRAIL. Treatment

8 6



of recombinant TRAIL decreased proliferation of both MDA-MB-231 and MDA-
MB-468 cells in a dose-dependent manner. These results show that TRPM7 gene

silencing might increase TRAIL-induced antiproliferative effects in TNBC cells.
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Figure 3.1. Expression level of TRPM7 in breast cell lines. (A) Representative RT-
PCR gels of TRPM7 mRNA expression in MCF10A, MDA-MB-231, and MDA-MB-468
cell lines. (B) Densitometric analysis of RT-PCR data obtained from (A). (C) Representative
Western blots of TRPM?7 protein expression in MCF10A, MDA-MB-231, and MDA-MB-
468 cell lines. (D) Densitometric analysis of Western blot data obtained from (C). All
densitometry data were normalized to the intensity of B-actin bands. The RT-PCR and
Western blot experiments were performed by Ms. Choi, Seunghye (KU-KIST Graduate

School of Converging Science and Technology, Korea University, Republic of Korea).
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Figure 3.2. Silencing of TRPM7 in MDA-MB-231 and MDA-MB-468 cells. (A)
Representative RT-PCR gels of TRPM7 mRNA expression. MDA-MB-231 and MDA-MB-
468 cells were transfected with scrambled siRNA as a negative control or siTRPM7. (B)
Densitometric analysis of RT-PCR data obtained from (A). (C) Representative Western blots
of TRPM7 protein expression. MDA-MB-231 and MDA-MB-468 cells were transfected with
scrambled siRNA as a control and siTRPM?7. (D) Densitometric analysis of Western blot data

obtained from (C). All densitometry data were normalized to the intensity of -actin bands.
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Figure 3.3. Silencing of TRPM7 increases TRAIL-induced antiproliferative
effects in MDA-MB-231 and MDA-MB-468 cells. MDA-MB-231 and MDA-MB-468
cells transfected with scrambled siRNA or siTRPM7 were incubated with various
concentrations of recombinant TRAIL for 16 h. Proliferation of MDA-MB-231 and MDA-
MB-468 cells was measured via CellTiter-Glo assays. All densitometry data were normalized

to the intensity of B-actin bands.
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Silencing of TRPM7 promotes TRAIL-induced apoptosis in TNBC cells.

Recombinant TRAIL induces apoptosis of MDA-MB-231 cells (Piggott et al., 2011;
Dufour et al., 2017). To investigate whether TRAIL-induced apoptosis is affected by
TRPM?7 gene silencing in MDA-MB-231 and MDA-MB-468 cells, I measured
apoptotic cells transfected with siTRPM7 in the presence of recombinant TRAIL
through annexin V-FITC/PI staining (Figures 3.4A and 3.4B). Like the above
proliferation results, silencing of TRPM7 gene did not increase apoptotic cells in the
absence of recombinant TRAIL, but it significantly increased apoptosis in presence
of it in MDA-MB-231 and MDA-MB-468 cells. To confirm TRAIL-induced
apoptosis, cleaved caspase-3 and cleaved PARP as prominent apoptotic markers
were detected by Western blot analysis (Figures 3.5A, 3.5B, and 3.5C). Consistent
with proliferation and flow cytometry results, protein levels of cleaved caspase-3 and
cleaved PARP in MDA-MB-231 cells transfected with siTRPM?7 significantly were
increased about 6-fold and 5-fold higher, respectively, than those in cells transfected
with scrambled siRNA at 1 ng/mL TRAIL. Likewise, protein levels of both cleaved
caspase-3 and cleaved PARP in MDA-MB-468 cells transfected with siTRPM7
significantly were also increased at 10 ng/mL TRAIL. These data indicate that
TRPM?7 gene silencing could increase TRAIL-induced apoptosis in TNBC cells.
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Figure 3.4. Silencing of TRPM?7 promotes TRAIL-induced apoptosis in MDA-
MB-231 and MDA-MB-468 cells. (A) MDA-MB-231 and MDA-MB-468 cells
transfected with scrambled siRNA or siTRPM?7 were incubated with various concentrations

of recombinant TRAIL for 16 h. Apoptosis was analyzed by annexin V-FITC/PI staining. (B)

Percentages of apoptotic cells. Upper right and lower right quadrants represent apoptotic cells.
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Figure 3.5. Silencing of TRPM?7 increases apoptotic molecules (cleaved caspase-
3 and cleaved PARP) in the presence of TRAIL in MDA-MB-231 and MDA-
MB-468 cells. (A) Representative Western blots in MDA-MB-231 and MDA-MB-468 cells
(B) Densitometric analysis of cleaved caspase-3 at 1 ng/mL TRAIL in MDA-MB-231 cells
and at 10 ng/mL TRAIL in MDA-MB-468 cells. (C) Densitometric analysis of cleaved PARP
at 1 ng/mL TRAIL in MDA-MB-231 cells and at 10 ng/mL TRAIL in MDA-MB-468 cells.

All densitometry data were normalized to the intensity of B-actin bands.
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NS8593 synergistically facilitates TRAIL-induced antiproliferative effects in
TNBC cells.

TRPM7 is composed of an ion channel domain and a kinase domain (Nadler et al.,
2001; Runnels et al., 2001). To determine which domain of TRPM7 is involved in
TRAIL-induced antiproliferative effects, proliferation of MDA-MB-231 cells
treated with NS8593 (a TRPM7 channel inhibitor (Chubanov et al., 2012)) or
TG100-115 (a TRPM7 kinase inhibitor (Song et al., 2017)) was measured in the
presence of recombinant TRAIL (Figure 3.6A). Proliferative cells treated with 10
UM NS8593 were significantly reduced by 25.57 + 1.48%, 44.16 + 3.13%, 71.50 +
2.23%, and 82.40 + 1.38% at 0, 1, 5, and 10 ng/mL TRAIL, respectively, while
treatment of 10 pM TG100-115 did not significantly affect cell proliferation. To
investigate if combination of NS8593 and recombinant TRAIL may have additive or
synergistic effects, I determined CI values known as an indicator assessing drug
combination interaction effect for two substances (Figure 3.6B) (Chou and Talalay,
1984; Chou, 2010). I found that the CI value of two substances showed a strong CI
of below 0.3 at 1 ng/mL TRAIL, suggesting that NS8593 has a strong synergistic
effect with recombinant TRAIL in antiproliferative effects on MDA-MB-231 cells.
To further examine whether TRPM?7 inhibitors affects TRAIL-induced apoptosis in
MDA-MB-231 cells, I measured apoptotic cells in the presence of recombinant
TRAIL through annexin V-FITC/PI staining (Figures 3.7A and 3.7B). Similar to
proliferation data, combination treatment with NS8593 and recombinant TRAIL
significantly induced apoptosis, whereas treatment of TG100-115 did not affect it in
the presence of TRAIL. Likewise, combination treatment with NS8593 and
recombinant TRAIL significantly induced apoptosis in MDA-MB-468 cells (Figures
3.8A and 3.8B). To further confirm TRAIL-induced apoptosis in the presence of
NS8593, I performed Western blot analysis in MDA-MB-231 cells (Figures 3.9A,
3.9B, and 3.9C). Protein levels of cleaved caspase-3 and cleaved PARP in MDA-
MB-231 cells treated with NS8593 and recombinant TRAIL significantly were
increased approximately 3-fold and 4-fold higher, respectively, than those in cells

treated with dimethyl sulfoxide (DMSO) as a control and recombinant TRAIL.
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Similarly, combination treatment with NS8593 and recombinant TRAIL also
increased protein levels of both cleaved caspase-3 and cleaved PARP in MDA-MB-
468 cells (Figures 3.10A, 3.10B, and 3.10C). Moreover, I found that combination
treatment with NS8593 and TRAIL affects morphology of MDA-MB-231 cells
(Figure 3.11). Apoptotic cell characteristics such as cell shrinkage and detachment
were observed in MDA-MB-231 cells treated with NS8593 and TRAIL. To further
confirm that synergistic effects of NS8593 are associated with TRPM7, I carried out
apoptosis assay through annexin V-FITC/PI staining with TRPM7 inhibitors with
TRAIL in MDA-MB-231 cells transfected with siTRPM7 (Figures 3.12A and 3.12B).
Both NS8593 and TG100-115 did not affect apoptosis of MDA-MB-231 cells
transfected with siTRPM7 in the presence of TRAIL. These results suggest that
NS8593 synergistically facilitates TRAIL-induced antiproliferative effects and
apoptosis, while TG100-115 has no effect on them, indicating that TRPM7 channels
might be involved in synergistic interaction of TRPM7 and recombinant TRAIL in

apoptosis.
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Figure 3.6. NS8593 synergistically facilitates TRAIL-induced antiproliferative
effects in MDA-MB-231 cells. (A) MDA-MB-231 cells were incubated with 10 uM
NS8593 or 10 uM TG100-115 in the presence of different concentrations (1, 5, and 10 ng/mL)
of recombinant TRAIL for 16 h. Proliferation of MDA-MB-231 cells was measured using
CellTiter-Glo assays. (B) CI values calculated by Chou-Talalay method. Cell proliferation

assay data were used to evaluate the CI values of NS8593 and recombinant TRAIL.

101



1204 fas 1
m
100

80+

% of Control
[=2]
i

40
204

=R |

_... R TRAIL +DMSO
2 3 TRAIL + TG100-115
ns | @@ TRAIL + NS8593
M
1 * k&
'I']S 1
| -
'ns 1
'
d
1 5 10
[TRAIL] (ng/mL)
TRAIL (ng/mL)
1 5 10

10 uM NS8593

025+ 006 0341004 0.40+0.09

102



Figure 3.7. NS8593 increases TRAIL-induced apoptosis in MDA-MB-231 cells.
(A) Apoptosis of MDA-MB-231 cells treated with indicated compounds for 16 h was
analyzed by annexin V-FITC/PI staining. (B) Percentages of apoptotic cells. Upper right and

lower right quadrants represent apoptotic cells.
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Figure 3.8. NS83593 synergistically facilitates TRAIL-induced apoptosis in
MDA-MB-468 cells. (A) Apoptosis of MDA-MB-468 cells treated with 10 uM NS8593
for 16 h was analyzed by annexin V-FITC/PI staining. (B) Percentages of apoptotic cells.

Upper right and lower right quadrants represent apoptotic cells.
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Figure 3.9. NS8593 increases apoptotic molecules (cleaved caspase-3 and
cleaved PARP) in the presence of TRAIL in MDA-MB-231 cells. (A)
Representative Western blots in MDA-MB-231 cells. (B) Densitometric analysis of cleaved
caspase-3 at 1 ng/mL TRAIL. (C) Densitometric analysis of cleaved PARP at 1 ng/mL TRAIL.

All densitometry data were normalized to the intensity of B-actin bands.
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Figure 3.10. NS8593 increases apoptotic molecules (cleaved caspase-3 and
cleaved PARP) in the presence of TRAIL in MDA-MB-468 cells. (A)
Representative Western blots in MDA-MB-468 cells. (B) Densitometric analysis of cleaved
caspase-3 at 10 ng/mL. TRAIL. (C) Densitometric analysis of cleaved PARP at 10 ng/mL

TRAIL. All densitometry data were normalized to the intensity of B-actin bands.
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Figure 3.11. Microscopic cell morphologies. MDA-MB-231 cells were incubated with
recombinant TRAIL and 10 uM TRPM?7 inhibitors for 16 h. Scale bar: 50 pm.
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Figure 3.12. TRPM?7 inhibitors do not promotes apoptotic cells in the presence
of TRAIL during silencing of TRPM?7 in MDA-MB-231 cells. (A) MDA-MB-231
cells transfected with siTRPM7 were incubated with 10 ng/mL TRAIL and TRPM7 inhibitors
for 16 h. Apoptosis of MDA-MB-231 cells was analyzed by annexin V-FITC/PI staining. (B)

Percentages of apoptotic cells. Upper right and lower right quadrants represent apoptotic cells.
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NS8593 affects cell cycle distribution in MDA-MB-231 cells.

Recombinant TRAIL changes cell cycle distribution of MDA-MB-231 cells (Zhou
et al., 2016). To examine whether cell cycle distribution is affected by treatment of
TRPM?7 inhibitors, I conducted cell cycle assays with NS8593 or TG100-115 in the
presence of TRAIL in MDA-MB-231 cells (Figures 3.13A and 3.13B). Like a
previous study (Zhou et al., 2016), TRAIL increased the cells in GO/G1 phase, but
single treatments of each TRPM7 inhibitor did not significantly change cell cycle
distribution. However, combination treatment with NS8593 and TRAIL increased
the cells in G2/M phase from 22.33 + 3.51% to 37.15 £+ 0.35% and decreased the
cells in GO/G1 phase from 55.03 + 2.99% to 44.60 + 2.40% compared to the cells
treated with TRAIL. These data show that NS8593 induces cell cycle arrest at G2/M
phase in the presence of TRAIL in MDA-MB-231 cells.
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Figure 3.13. Cell cycle analysis in MDA-MB-231 cells. (A) Representative images
from the cell cycle analysis. MDA-MB-231 cells were incubated with recombinant TRAIL
and 10 uM TRPM7 inhibitors for 6 h. (B) Cell cycle distribution. The percentage of cells in

each phase was evaluated by flow cytometry.
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NS8593 inhibits colony formation in MDA-MB-231 cells.

To explore whether the combinatory effects of TRAIL and TRPM?7 inhibitors affects
clonal proliferation of single cell, I performed colony formation assays in MDA-
MB-231 cells (Figures 3.14A and 3.14B). Like the proliferation and apoptosis assay
results, combination treatment with NS8593 and TRAIL significantly decreased the
colony formation of the cells. These data indicate that NS8593 suppresses colony

formation in the presence of TRAIL in MDA-MB-231 cells.
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Figure 3.14. Colony formation assays in MDA-MB-231 cells. (A) Representative
images from the colony formation assays in MDA-MB-231 cells. (B) Percentages of number
of colonies. The colony formation assays were performed by Ms. Choi, Seunghye (KU-KIST
Graduate School of Converging Science and Technology, Korea University, Republic of

Korea).
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Enhancement of TRAIL-induced apoptosis by suppression of TRPM?7 is
associated with calcium ion.

TRPM?7 channels conduct divalent cations such as Ca®*, which plays a critical role
in cell death (Nadler et al., 2001; Runnels et al., 2001; Aarts et al., 2003; Monteilh-
Zoller et al., 2003; Asrar and Aarts, 2013; Varghese et al., 2019). Therefore, 1
hypothesized that reduction in Ca** influx via inhibition of TRPM7 channel activity
could cause increase of TRAIL-induced apoptosis. To confirm this hypothesis,
annexin V-FITC/PI staining was carried out with BAPTA-AM (a cell permeable Ca**
chelator) in MDA-MB-231 cells (Figures 3.15A and 3.15B). Treatment of BAPTA-
AM significantly increased TRAIL-induced apoptosis at even 1 ng/mL TRAIL, but
attenuated synergistic effect of NS8593 and recombinant TRAIL. Expectedly,
treatment of TG100-115 did not affect TRAIL-induced apoptosis in the presence of
BAPTA-AM. To further test TRAIL-induced apoptosis, Western blot analysis was
performed in the presence of BAPTA-AM (Figures 3.16A, 3.16B, and 3.16C). Like
annexin V-FITC/PI staining data, cleaved caspase-3 and cleaved PARP were clearly
detected at even 1 ng/mL TRAIL, and significant differences among three conditions
were not observed. To examine whether NS8593 decreases intracellular Ca?* content,
I conducted intracellular Ca** assays using Fluo-3-AM (a Ca*" indicator) in MDA-
MB-231 cells (Figures 3.17A and 3.17B). Like a previous study (O'Grady & Morgan,
2019), treatment of NS8593 reduced intracellular Ca*" content by 49.13 £ 14.24%.
These observations indicate that facilitation of TRAIL-induced apoptosis by
suppression of TRPM7 might be associated with Ca**.
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Figure 3.15. Enhancement of TRAIL-induced apoptosis by suppression of
TRPM?7 is associated with calcium ion in MDA-MB-231 cells. (A) The cells were
incubated with 10 pM NS8593 or 10 uM TGI100-115 in the presence of different
concentrations (1, 5, and 10 ng/mL) of recombinant TRAIL and 10 uM BAPTA-AM for 16
h. Apoptosis was analyzed by annexin V-FITC/PI staining. (B) Percentages of apoptotic cells.

Upper right and lower right quadrants represent apoptotic cells.
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Figure 3.16. Enhancement of TRAIL-induced apoptosis by suppression of
TRPM?7 is associated with calcium ion in MDA-MB-231 cells. (A) Representative
Western blots for apoptotic molecules (cleaved caspase-3 and cleaved PARP) in MDA-MB-
231 cells. (B) Densitometric analysis of cleaved caspase-3 at 1 ng/mL TRAIL. (C)
Densitometric analysis of cleaved PARP at 1 ng/mL TRAIL. All densitometry data were

normalized to the intensity of f-actin bands.
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Figure 3.17. Intracellular Ca?" content in MDA-MB-231 cells. The cells were
incubated with 10 pM NS8593 for 16 h. (A) A representative image from the intracellular
Ca?" content analysis. It was evaluated by flow cytometry. (B) The percentage of intracellular
Ca?" content.
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Suppression of TRPM7 decreases protein level of c-FLIP and enhances caspase-
8 activation.

Calcium ion regulates interaction of the c-FLIPL and calmodulin, and protein level
of ¢-FLIPy. is decreased by downregulation of Ca®" (Pawar et al., 2008; Kaminskyy
et al., 2013). Reduction in protein level of c-FLIPL promotes activation of caspase-
8, which consequently enhances apoptosis and decrease of the c-FLIPs enhances
TRAIL-induced DISC formation and apoptosis (Day et al., 2008; Safa, 2012). To
examine whether TRPM7 gene silencing decreases protein levels of c-FLIP. and c-
FLIPs and activates caspase-8, Western blot analysis was conducted using MDA -
MB-231 cells transfected with siTRPM7 in the presence of recombinant TRAIL
(Figure 3.18A). Silencing of TRPM7 gene significantly decreased protein levels of
both c-FLIP. and c-FLIPs in the presence of recombinant TRAIL, and the reduction
was also observed in the absence of it (Figures 3.18B and 3.18C). To investigate
whether TRPM7 gene silencing affects mRNA levels of ¢-FLIP; and c-FLIPs, 1
conducted RT-PCR analysis using MDA-MB-231 cells transfected with siTRPM7
(Figures 3.19A and 3.19B). Significant changes of those mRNA levels were not
observed. To confirm effects of low protein level of c-FLIP on caspase-8 activation,
I performed Western blot analysis with MDA-MB-231 cells transfected with
siTRPM7 (Figure 3.18D). Protein level of cleaved caspase-8 in MDA-MB-231 cells
transfected with siTRPM7 were significantly increased about 4-fold higher than it in
cells transfected with scrambled siRNA at 5 ng/mL TRAIL. To further examine
whether treatment of NS8593 affects protein levels of c-FLIP and cleaved caspase-
8, Western blot analysis was carried out with MDA-MB-231 cells in the presence of
NS8593 (Figure 3.20A). Similar to data obtained from TRPM?7 silencing, protein
levels of both c-FLIP. and c-FLIPs were significantly reduced (Figures 3.20B and
3.20C) and protein level of cleaved caspase-8 in MDA-MB-231 cells treated with
NS8593 was significantly increased approximately 4-fold higher than it in cells
treated with DM SO at 5 ng/mL TRAIL (Figure 3.20D). In order to further investigate
whether TRPM7 gene silencing synergistically facilitates TRAIL-induced apoptosis
during c-FLIP gene knockdown in MDA-MB-231 cells (Figures 3.21A and 3.21B),
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I detected cleaved PARP via Western blot analysis (Figures 3.22A and 3.22B).
Significant changes of cleaved PARP were not observed when double knockdowns
of TRPM?7 and c-FLIP genes were carried out in the presence of TRAIL. These data
show that suppression of TRPM7 channel activity by both siRNA-mediated gene
silencing and pharmacological inhibition could reduce protein levels of c-FLIP;, and

c-FLIPs and activates caspase-8.
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Figure 3.18. Silencing of TRPM?7 decreases protein level of c-FLIP and enhances
caspase-8 activation. (A) Representative Western blots of ¢c-FLIP and caspase-8 in MDA-
MB-231 cells. MDA-MB-231 cells transfected with scrambled siRNA or siTRPM7 were
incubated with different concentrations (1, 5, and 10 ng/mL) of recombinant TRAIL for 16
h. (B) Densitometric analysis of c-FLIPL. (C) Densitometric analysis of c-FLIPS. (D)
Densitometric analysis of cleaved caspase-8 at 5 ng/mL TRAIL. All densitometry data were

normalized to the intensity of f-actin bands.
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Figure 3.19. Silencing of TRPM?7 do not affect mRNA levels in both c-FLIPy, and
c-FLIPs. (A) Representative RT-PCR gels. MDA-MB-231 cells were transfected with
scrambled siRNA as a negative control or siTRPM7. (B) Densitometric analysis of RT-PCR
data obtained from (A). All densitometry data were normalized to the intensity of B-actin
bands. The RT-PCR experiments were performed by Ms. Choi, Seunghye (KU-KIST
Graduate School of Converging Science and Technology, Korea University, Republic of
Korea).
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Figure 3.20. NS8593 decreases protein level of c-FLIP and enhances caspase-8
activation. (A) Representative Western blots of ¢-FLIP and caspase-8 in MDA-MB-231
cells. MDA-MB-231 cells were incubated with 10 uM NS8593 in the presence of different
concentrations (1, 5, and 10 ng/mL) of recombinant TRAIL. (B) Densitometric analysis of c-
FLIP:. (C) Densitometric analysis of c-FLIPs. (D) Densitometric analysis of cleaved caspase-

8 at 5 ng/mL TRAIL. All densitometry data were normalized to the intensity of B-actin bands.
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Figure 3.21. Silencing of c-FLIP in MDA-MB-231 cells. (A) Representative RT-PCR
gels (up) and densitometric analysis (bottom). (B) Representative Western blots (up) and
densitometric analysis (bottom). All densitometry data were normalized to the intensity of B-
actin bands. The RT-PCR and Western blot experiments were performed by Ms. Choi,
Seunghye (KU-KIST Graduate School of Converging Science and Technology, Korea
University, Republic of Korea).
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Figure 3.22. Silencing of TRPM?7 do not promotes TRAIL-induced apoptosis
under siRNA-mediated knockdown of c-FLIP in MDA-MB-231 cells. (A)
Representative Western blots for cleaved PARP in MDA-MB-231 cells. MDA-MB-231 cells
transfected with scrambled siRNA, siTRPM7, siFLIP, and siTRPM7/siFLIP were incubated
with 10 ng/mL TRAIL for 16 h. (B) Densitometric analysis of cleaved PARP. All
densitometry data were normalized to the intensity of B-actin bands. The Western blot
experiments were performed by Ms. Choi, Seunghye (KU-KIST Graduate School of

Converging Science and Technology, Korea University, Republic of Korea).
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Discussion

TRPM?7 has been shown to be involved in breast cancer cell proliferation, migration
and metastasis (Guilbert et al., 2009; Middelbeek et al., 2012; Guilbert et al., 2013;
Meng et al., 2013; Davis et al., 2014). However, TRPM7 knockdown does not affect
proliferation of TNBC cells such as MDA-MB-231 cells, while it decreases
migration and invasion of them (Guilbert et al., 2013; Meng et al., 2013; Song et al.,
2017). If I find specific substances which enable suppression of TRPM7 to affect
proliferation of TNBC cells, TRPM?7 inhibition will be beneficial to decrease in both

proliferation and metastasis of TNBC.

Inhibition of TRPM7 by non-selective TRPM7 channel inhibitors such as 2-APB
and Gd*" increases TRAIL-induced apoptosis in HSC-T6 cells via reduction in both
TRPM7 mRNA and protein (Liu et al., 2012). Like this report, Lin et. al. have also
showed that inhibition of TRPM7 by 2-APB or Gd** increases TRAIL-induced
apoptosis in PC-3 cells through inhibition of TRPM?7 expression (Lin et al., 2015).
Based on these two reports, I hypothesized that suppression of TRPM7 could
enhances TRAIL-induced antiproliferative effects and apoptosis in TNBC cells such
as MDA-MB-231 and MDA-MB-468 cells. Expectedly, TRPM7 knockdown
increased both antiproliferative effects and apoptosis of TNBC cells in the presence
of recombinant TRAIL. However, it did not affect both of them in cells in the absence
of it, which was coincided with the previous study (Guilbert et al., 2013). Although
two pharmacological studies have shown that inhibition of TRPM7 channel activities
are involved in TRAIL-induced apoptosis in HSC-T6 and PC-3 cells, additional
pharmacological approach is needed to clarify the involvement of each TRPM7
domain in it, because the previous studies have been performed only with non-
selective TRPM?7 channel inhibitors (Liu et al., 2012; Lin et al., 2015). In this study,
two compounds (NS8593 (Chubanov et al., 2012) and TG100-115 (Song et al., 2017))
selectively targeting a TRPM7 channel and a TRPM?7 kinase domain, respectively,
were used to examine which domain of TRPM7 is involved in TRAIL-induced

antiproliferative effects and apoptosis, and to investigate whether suppression of
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TRPM?7 by pharmacological approach can also increase both of them. Treatment of
NS8593 synergistically increased TRAIL-induced antiproliferative effects and
apoptosis, but treatment of TG100-115 did not. Furthermore, NS8593 dramatically
inhibited colony formation of MDA-MB-231 cells. These results imply that TRPM7
channel activities might be associated with synergistic interaction of TRPM7 and
TRAIL in apoptosis, which was coincided with the previous studies (Liu et al., 2012;
Lin et al., 2015). However, the possibilities that TRPM7 kinase activities might be
involved in the synergistic interaction should not be ignored due to lack of genetic

approach regarding to a TRPM7 kinase domain.

TRPM7 channels are mostly permeable to divalent cations such as Ca**, which
is involved in signaling pathway of apoptosis (Nadler et al., 2001; Runnels et al.,
2001; Aarts et al., 2003; Monteilh-Zoller et al., 2003; Asrar and Aarts, 2013;
Varghese et al., 2019). Ca®* plays an important role in mitochondria-mediated
apoptosis and Ca?" dysregulation can induce endoplasmic reticulum-mediated
apoptosis (Bahar et al., 2016; Varghese et al., 2019). There are some drugs inducing
apoptosis via interference of calcium homeostasis in TNBC cells (Pan et al., 2014;
Berzingi et al., 2016; Abdoul-Azize et al., 2018). For instance, doxorubicin (a DNA
intercalator) and paclitaxel (a microtubule inhibitor) has been shown to induce
apoptosis of MDA-MB-231 cells through elevation of intracellular [Ca*"], and
verapamil (a T-type calcium channel blocker) also has been reported to induce
apoptosis of MDA-MB-231 cells (Pan et al., 2014; Berzingi et al., 2016; Abdoul-
Azize et al., 2018). I investigated the hypothesis that reduction in intracellular [Ca*]
via suppression of TRPM7 channel activity might be able to promote TRAIL-
induced apoptosis. Expectedly, treatment of BAPTA-AM as a cell permeable Ca**
chelator dramatically attenuated the synergistic effect of NS8593 and recombinant
TRAIL, suggesting that Ca* might play a critical role in the synergistic interaction.
Like a previous study (O'Grady and Morgan, 2019), I also confirmed that NS8593
significantly decreased intracellular [Ca**] in MDA-MB-231 cells.

c-FLIPL and ¢-FLIPs have been reported that they inhibit caspase-8 activation in
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apoptosis, resulting in suppression of apoptosis (Krueger et al., 2001; Sharp et al.,
2005). Pawar et al. have shown that Ca**—dependent interaction between c-FLIP.
with calmodulin inhibits Fas-induced apoptosis (Pawar et al., 2008). Inhibition of
interaction of Ca®" with calmodulin by treatment of BAPTA-AM decreases protein
levels of c-FLIP, and facilitates activation of caspase-8 in the presence of TRAIL,
resulting in reduction of cell survival (Kaminskyy et al., 2013). Similar to the above
previous reports, reduction of c-FLIP was observed when TRPM?7 channel activities
were suppressed by TRPM7 knockdown or treatment of NS8593 and elevation of
cleaved caspase-8 also was detected in the presence of TRAIL. Although protein
levels of c-FLIPL and c-FLIPs were reduced by approximately 30% via TRPM?7
knockdown or treatment of NS8593 in the absence of TRAIL, the reduction of c-
FLIP without TRAIL did not dramatically affect the proliferation and apoptosis of
MDA-MB-231 cells. These findings could be explained by the previous report which
has been shown that c-FLIP knockdown (more than 70% decrease in protein
expression) decreases viability of breast cancer cells including MDA-MB-231 cells
by only approximately 10 to 15% (Piggott et al., 2011). In addition, I found that the
changes of c-FLIPs at low concentrations (1 and 5 ng/mL) of TRAIL was higher than
them of c-FLIP.. The findings might imply that c-FLIPs can play a critical role in
the synergistic interaction. c-FLIPs has been reported that its protein level was
regulated by ubiquitin-proteasome degradation system and JNK activation via E3
ubiquitin ligase Itch (Poukkula et al., 2005; Chang et al., 2006; Safa, 2012). Further
investigations would be required to reveal the mechanisms of the synergistic

interaction regarding to c-FLIPs.

In summary, I demonstrated that suppression of TRPM?7 synergistically increases
TRAIL-induced antiproliferative effects and apoptosis in TNBC cells. Furthermore,
I revealed that the synergistic interaction might be associated with TRPM7 channel
activities, which modulate c-FLIP protein levels via probably inhibition of Ca*"
influx (Figure 3.23). The present study would provide potential combinatorial

therapeutic strategy using TRPM?7 inhibitors with TRAIL in treatment of TNBC.

142



Figure 3.23. Proposed mechanisms of cell death induced by suppression of
TRPM?7 with TRAIL. The combination of TRAIL and inhibition of TRPM7 channel
activity via either RNA interference or NS8593 treatment promotes apoptosis of TNBC cells
through reduction in Ca?* influx and c-FLIP.
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Abstract in Korean

PEC LR LT
SAPELE SEADHGAT

gl

s

MES A9 (Triple negative breast cancer, TNBO)& tThE

subtype?] frbtol wls] o] = AAEC] Er| wEd 71 o F 7}

~E=®A  $£8A4  (estrogen receptor), IZEAXZEHE FEA
(progesterone receptor), human epidermal growth factor receptor 2
(HER2) 59 8AE EfstA 7] Wl obd74A] a4l £4
%] &4 7} gtk Transient receptor potential cation channel subfamily
M member 7 (TRPM7)< ion channel domain3} kinase domain< &A
o] zt= ZE3 gl ZA 2 A, kinase domaing] 7]%S E3 TNBC A%
Hols A3t Aol &eiA Atk dA7EA] TRPM7 kinase domain
o AsfiAl 24 NHI25, rottlerine] X irso] SIAIRE, e AHajdde
Zb=the SAI7E ok B dFolA = 172F 9] kinase A @A 2holH
HElo g 238dS T3 47 TRPM7 kinase A3iA|<l TG100-
115 (Cso = 1.07 xM)E =3tk Docking studyet ATP &% o]&F
kinase A3l%s<S &3, TG100-1157F TRPM7 kinase domain®l]l ATP 7
Aoz Zg3HS "yl Migration assay, invasion assayS &,
TG100-1157} w=e]&4 02 TNBC A|3xZ<l MDA-MB-231, MDA-MB-
4682 #HolE AA|HS #HE3HTE Western blot-S F3 TG100-1157F
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myosin IIA heavy chain®} focal adhesion kinase <14F3}
o7 AT AP . TRPM7 kd T-REx-293 Al EF2F MDA-
MB-231 A& ol 3+ patch clamp A& E3, TG100-1157} 7} A
© 2 TRPM7 channel domain®] 7]5& 315% (53.60%inhibition at 100
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