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Growthfactors, suchas the transforminggrowth factorbeta (TGFβ), playan important role

in promoting metastasis of prostate cancer, thus understanding how TGFβ could induce

prostate cancer cell migrationmay enable us to develop targeted strategies for treatment

of advancedmetastatic prostate cancer. Tomoreclearlydefine themechanism(s) involved

in prostate cancer cell migration, we undertook a series of studies utilizing non-malignant

prostate epithelial cells RWPE1 and prostate cancer DU145 and PC3 cells. Our studies

show that increased cell migration was observed in prostate cancer cells, which was

mediated through epithelial-to-mesenchymal transition (EMT). Importantly, addition of

Mg2+, but not Ca2+, increased cell migration. Furthermore, TRPM7 expression, which

functions as anMg2+ influx channel, was also increased in prostate cancer cells. Inhibition

of TRPM7currents by 2-APB, significantly blocked cell migration in bothDU145 andPC3

cells. Addition of growth factor TGFβ showed a further increase in cell migration, which

was again blocked by the addition of 2-APB. Importantly, TGFβ addition also significantly

increased TRPM7 expression and function, and silencing of TRPM7 negated TGFβ-

inducedcellmigrationalongwithadecrease inEMTmarkers showing lossof cell adhesion.

Furthermore, resveratrol, which decreases prostate cancer cell migration, inhibited

TRPM7 expression and function including TGFβ-induced cell migration and activation of

TRPM7 function. Together, these results suggest that Mg2+ influx via TRPM7 promotes

cell migration by inducing EMT in prostate cancer cells and resveratrol negatively

modulates TRPM7 function thereby inhibiting prostate cancer metastasis.
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1 | INTRODUCTION

Prostate cancer (PCa) is the most common male malignancy and the

second most prevalent cause of cancer-related death accounting for

more than 30 000 deaths per year in the US. Although prostate cancer

can be treated when diagnosed at an early stage, patients with

advanced or metastatic disease have an average 5-year survival rate of

less than 35%.1,2 Divalent cations such as calcium (Ca2+) and

magnesium (Mg2+) have been shown to play a fundamental role in

many cellular processes including cell proliferation, survival and cancer
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metastasis. Importantly, appropriate intracellular Mg2+ levels are

essential for adequate function of nucleic acid metabolism, protein

synthesis, and energy production.3,4 Interestingly, it has been recently

proposed that alterations in Mg2+ homeostasis affects many cellular

functions that are critical for tumor growth and invasion, such as

proliferation, migration, and angiogenesis.5–8 In addition, factors that

increase channel activity to promoteMg2+ entry in prostate cancer cells

are also not well established. Among many ion channels present in

mammalian cells, the transient receptor potential channels (TRPs)

function as nonselective cation channels that are mainly permeable to

Ca2+,Mg2+,Na+, andK+. TheTRP family is divided into threesubfamilies:

canonical (TRPC), vanilloid (TRPV), and melastatin type (TRPM).

Interestingly, the eight TRPM family members differ significantly from

other TRP channels in terms of domain structure, cation selectivity, and

activation mechanisms. Furthermore, abnormal activation of TRPM

channels has a profound influence on various pathologic processes.

Of the eight TRPM members, subtype six and seven have been

shown to conduct Mg2+ at negative membrane potentials.9 As

compared to TRPM6, TRPM7 channels are widely expressed ion

channels and support multiple cellular and physiological functions,

including cellular Mg2+ homeostasis, cell viability and growth, neuronal

cell death, synaptic transmission, cell adhesion, intestinal pacemaking

and growth/proliferation of human carcinoma cells.10,11 We have

previously shown that TRPM7 is associated with cell proliferation and

survival of prostate cancer cells.5,12 Similarly, studies have also

indicated that TRPM7 plays a key role in prostate cancer cells.13–15

Other studies have shown that TRPM7 is partially associated with

epidermal growth factor (EGF)-induced epithelial to mesenchymal

transition (EMT) in breast cancer cells16; however its role in EMT in

prostate cancer is not well defined. EMT is a process characterized by

repression of E-cadherin expression, production of the type-III

intermediate filament protein vimentin, and increases in cell migration,

invasion, and initiation of metastasis. It is well established that during

EMT, cells transform from epithelial to mesenchymal phenotype that

leads to the loss of cell-cell adhesion to promote metastatic potential.

Expression of EMT markers (manifested by reduced E-cadherin and

induced N-cadherin and vimentin expression) is a feature of many

cancer subtypes with poor clinical prognoses, and there is evidence

that EMT mediates the carcinogenesis of prostate cancer cells.17–19

Growth factors perform a vital role in the growth of normal,

hyperplastic, and malignant prostatic epithelium. Several growth

factors such as epidermal growth factor (EGF) family, the fibroblast

growth factor (FGF) family, the insulin-like growth factor (IGF) family,

the transforming growth factor-beta (TGFβ) family, and the vascular

endothelial growth factor (VEGF) family have shown to play a critical

role in prostate cancer development.20 Interestingly, TGFβ is found in a

variety of tissues and is important for angiogenesis, promotes

extracellular matrix formation, and suppresses the immune re-

sponse.21 Since TGFβ promotes angiogenesis, it can bring nutrients

and oxygen to tumor cells and also function as an immune suppressor

thereby protecting cancer cells from the host immune system.

Additionally, it can enhance the invasiveness and metastatic ability

of malignant cancer cells. TGFβ has an interesting role in cancer since it

can act as either stimulator or inhibitor of cellular growth, however the

role is dependent on cell type and the state of cellular differentiation. In

prostate cancer, TGFβ levels have been shown to be increased and are

associated with tumor development and progression,22,23 but the

mechanism as to how TGFβ promotes metastatic ability is not clear.

The purpose of the current study was to determine the mechanism of

how growth factors, mainly TGFβ, promotes cell migration and

metastasis of prostate cancer cells. Our data suggests that TGFβ

promotes cancer cell migration by enhancing EMT. Furthermore, we

showed that Mg2+ influx, which was mediated via TRPM7 channels is

essential for EMT-induced cancer cell migration. Moreover, TGFβ

enhances TRPM7 expression and function and inhibition of TRPM7

activity or suppression of TRPM7 expression inhibits cell migration by

blocking EMT.

2 | MATERIALS AND METHODS

2.1 | Cell culture reagents and transfection

Control human prostate cell line RWPE1 (CRL 11609), human prostate

cancer cell line DU145 and PC3 cells were obtained from the American

Type Culture Collection (Manassas, VA). RWPE1 cells were cultured in

Keratinocyte Serum FreeMedium (include bovine pituitary extract and

EGF 1-53) and DU145 and PC3 cells were cultured in MEM medium

along with 10% FBS as suggested by ATCC. Cells were maintained at

37°C with 95% humidified air and 5% CO2 and were passaged as

needed. Culture medium was changed twice weekly and cells were

maintained in complete media, until reaching 90% confluence. For

transfection experiments, shRNA plasmid that targets the coding

sequence of human TRPM7 were obtained from Origene. Cells were

transfected with individual shRNA (50 nM) or control plasmid (50 nM)

using Lipofectamine 2000 in Opti-MEM medium as per supplier's

instructions (Invitrogen, Carlsbad, CA) and assayed after 48 h. All other

reagents used were of molecular biology grade obtained from Sigma

chemicals (Sigma, St. Louis, MO) unless mentioned otherwise.

2.2 | Cell migration assays

Forwound healing assays, cellswere grownon a 12-well plate until 95%

confluence in the regular medium. Prior to the experiment cells were

serumstarved for 3 h alongwith the additionof 1 µg/mLofmitomycinC

to inhibit cell proliferation. All cells were then incubated in their

respectivemediawith 10%FBS and themonolayer was scratched using

a 200µL pipette tip. Finally, images were taken using an Olympus

CKX41 microscope with QCapture ×64 software (Surrey, Canada)

immediately after the scratch, marked as 0 h and after 24 h. For

transwell migration assays, 25 000 DU145 cells were suspended in

serum free media along with treatments indicated in figures and placed

in transwell inserts with 8 µM pore membranes (Corning, New York,

NY). In all experiments, lowerwells containedMEM+ 10%FBS and cells

were allowed to migrate for 6 h. For pre-treatment experiments, cells

were pretreated with shTRPM7 for 48 h and/or TGFβ for 24 h. Cells on

the inside of the transwell membranewere removedwith a cotton swab
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and cells on the lower side of membrane were fixed with methanol and

stained with hematoxylin. Four random fields at 10× were counted

indicating total cells migrated.

2.3 | Magnesium/Calcium imaging

Cells were incubatedwith 2 µMMag-Fura 2-AM (Invitrogen) or Fura-2

(Molecular Probes, Eugene, OR for 45min, washed twice with SES

(Standard External Solution, includes: 10mM HEPES, 120mM NaCl,

5.4 mMKCl, 1 mMMgCl2, 1 mMCaCl2, 10mMglucose, pH 7.4) buffer.

For fluorescence measurements, the fluorescence intensity of Fura-2-

loaded control cells was monitored with a CCD camera-based imaging

system (Compix) mounted on an Olympus XL70 inverted microscope

equipped with an Olympus 40× (1.3 NA) objective. A monochromator

dual wavelength enabled alternative excitation at 340 and 380 nm,

whereas the emission fluorescence was monitored at 510 nm with an

Orca Imaging camera (Hamamatsu, Japan). The images of multiple cells

collected at each excitation wavelength were processed using the C

imaging, PCI software (Compix Inc., Cranbery, PA). Fluorescence traces

shown represent [Mg2+]i values that are averages fromat least 30 to 40

cells and are a representative of results obtained in at least 3-4

individual experiments. [Mg2+]i or [Ca2+]i in individual cells were

estimated from the 340/380-nm ratio according to the Grynkiewicz

equation formula, using the indicator's dissociation constant for Mg2

+(1.5 mM) or Ca2+ (0.22 µM).24 The bar diagram shown in the figures

represents the [Mg2+]i or [Ca
2+]i in concentrations.

2.4 | Electrophysiology

For patch clamp experiments, coverslips with cells were transferred to

the recording chamber and perfused with an external Ringer's solution

of the following composition (mM): NaCl, 145; CsCl, 5;MgCl2, 1; CaCl2,

1; Hepes, 10; Glucose, 10; pH 7.3 (NaOH). Whole cell currents were

recorded using an Axopatch 200B (Axon Instruments, Inc., San Jose,

CA). The patch pipette had resistances between 3 and 5MΩ after

filling with the standard intracellular solution that contained the

following (mM): cesium methane sulfonate, 150; NaCl, 8; Hepes, 10;

EDTA, 10; pH 7.2 (CsOH). To record SOCE currents, 5 mMMgCl2 was

add to the intracellular solution, which was to block the TRPM

currents. Osmolarity for all solutions was adjusted with D-mannitol to

305 ± 5mmol/kg. With a holding potential 0 mV, voltage ramps

ranging from −100mV to +100mV and 100ms duration were

delivered at 2s intervals after whole cell configuration was formed.

Currents were recorded at 2 kHz and digitized at 5-8 kHz. pClamp 10.1

softwarewas used for data acquisition and analysis. Basal leak currents

were subtracted from the final currents and average currents are

shown. All experiments were carried out at room temperature.

2.5 | Membrane preparations and Western blot
analyses

Cells were harvested and stored at −80°C. Crude lysates were

prepared from RWPE1 and DU145 cells as described previously in

Singh et al.25 Protein concentrations were determined, using the

Bradford reagent (Bio-Rad, Hercules, CA), and 25-50 μg of proteins

were resolved on 3-8% SDS-Tris-acetate gels, transferred to PVDF

membranes and probed with respective antibodies. TRPM7 (Epito-

mics, Burlingame, CA), TRPM6 (Epitomics), E-cadherin (Santa Cruz,

Dallas, TX), N-cadherin (Santa Cruz), and Vimentin (Cell Signaling,

Danvers, MA) and β-actin (Santa Cruz) antibodies were used at 1:1000

dilution to probe for respective proteins. Peroxidase conjugated

respective secondary antibodies were used to label the proteins. The

proteins were detected by enhanced chemiluminescence detection kit

(SuperSignalWest Pico; Pierce). Densitometric analysis was performed

using image J analysis and results were corrected for protein loading by

normalization for β-actin expression as described in ref.25–28

2.6 | Statistics

Data analysis was performed using Origin 7.0 (OriginLab) and

Graphpad prism 6.0. Statistical comparisons were made using

Student's t-test or one-way ANOVA. Experimental values are

expressed as means ± SEM or SD. Differences in the mean values

were significant at P-value <0.05*, <0.01**, or <0.001***

respectively.

3 | RESULTS

3.1 | Magnesium levels via TRPM7 promotes EMT
induced cell migration in prostate cancer cells

We first examined the ability of prostate cells to migrate by utilizing

human non-malignant prostate epithelial cells RWPE1 and human

metastatic prostate cancer DU145 or PC3 using the wound-healing

assay for cellular migration. As shown in Figure 1A, control non-

cancerous RWPE1 cells showed only a modest increase in cell

migration as compared with DU145 cells. Similar results were also

observed using the metastatic prostate cancer PC3 cells, which also

showed a significant increase in cell migration (cumulative data

presented in supplemental Figure S2). Importantly, a key feature for

prostate cancer metastasis is the initiation of EMT, thus we looked at

various EMT markers. Epithelial non-cancerous cells, such as RWPE1,

are shown to express high levels of E-cadherin, whereas mesenchymal

cells, such as DU145 and PC3, express N-cadherin and vimentin. E-

cadherin is required for the formation of stable adherens junctions and

thus the maintenance of an epithelial phenotype, and its loss is

considered a fundamental event in EMT. As expected, expression of E-

cadherin was present in control RWPE1 cells and although a modest

cell migration was observed in RWPE1 cells, there was no increase in

either vimentin or N-cadherin (Figure 1B). In contrast, the E-cadherin

level was substantially lower in prostate cancer DU145 cells when

compared with control RWPE1 cells, and a subsequent higher

expression of vimentin and N-cadherin was observed in prostate

cancer DU145 and PC3 cells (Figure 1B). These results suggest that

prostate cancer DU145 and PC3 cells express higher mesenchymal

markers and has increased cellular migration.
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Growing evidence shows that cancer cell hallmarks are strongly

regulated by ion channels including Ca2+, 29–31Mg2+,32–34 and K+,35–37

Na+ channels.38,39 Thus, we further investigated the effect of

extracellular Ca2+ and Mg2+ on the migration of prostate cancer cells

DU145. Importantly, the ratio of Ca2+ to Mg2+ was important for the

ability of DU145 cells to migrate using a transwell migration assay

(Figure 1C). Stimulation of cells (using FBS) lead to an increase in the

migration of DU145 cells (5.33 ± 0.72 in SFM, 251.30 ± 20.27 in 10%

FBS); however, increasing Ca2+ concentrations resulted in a gradual

reduction in the migration of DU145 cells with complete inhibition of

cell migration observed at 8x Ca2+ concentration (Figure 1C). In

contrast, increasing the Mg2+ concentration resulted in a significant

increase in cell migration, where both 4× (513.67 ± 28.35) and 8×

(530.00 ± 64.76) concentration showed similar migration capacity

(Figure 1C). Together these results suggest that ion channels involved

in Mg2+ homeostasis/entry could promote prostate cancer cell

migration. Thus, we next evaluated the expression of TRPM (mainly

6, and 7) channels that are known to modulate Mg2+ homeostasis/

entry. Interestingly, TRPM7 but not TRPM6 levels, were significantly

higher (Figure 1D) in DU145 and PC3 cancer cells as compared with

normal RWPE1 cells (Figure 1D). To further characterize the ion

channel(s) involved in cell migration, electrophysiological recordings

were performed. As shown in Figures 1E and 1F, a strong outward

rectifying non-selective current was detected in both control and

DU145 cells, which has similar current characteristics towhat has been

previously reported for TRPM6/7 channels.5,12 More importantly, the

TRPM6/7 channel activity was upregulated in cancer cells, when

compared with control cells (at +100mV, 15.01 ± 1.89 pA/pF in

RWPE, 22.14 ± 3.40 pA/pF in DU145) (Figure 1E-G). To further

characterize these currents on the basis of their pharmacological

properties, we treated the cells with 50 μM2-APB, which is previously

shown to potentiate TRPM6 currents, whereas TRPM7 currents are

inhibited.40,41 Addition of 2-APB strongly inhibited currents in DU145

cells, suggesting that TRPM7 rather than TRPM6 underlies this current

in cancer cells. (Figure 1E-G). Importantly, treatment of 2-APB also

significantly inhibitedmigration in DU145 cancer cells (251.30 ± 20.27

in control, whereas 9.78 ± 2.52 was observed in the presence of 2-

APB) (Figure 1H). As 2-APB also effect SOCE currents, which may

confound the results, we performed SOCE current recordings in these

cells. Under similar condition, within 10-20min, no recordable SOCE

FIGURE 1 (A) Respective images showing the wound-healing assay for cellular migration in human prostate epithelial cell RWPE1 and
human prostate cancer cell line DU145 and PC3. Images were taken after the wound scratch (0 h) and after 24 h. The pictures are
representative of 4 separate experiments performed in duplicate. (B) Western blots showing the expression of Vimentin, N-cadherin, E-
cadherin, and loading control β-actin in RWPE1, DU145, and PC3 cells. (C) DU145 cells were migrated using transwell inserts with altered
Ca2+ and Mg2+ concentrations in both the upper and lower wells and cells were allowed to migrate for 6 h. 4× and 8× Ca2+ (1.6 mM and
3.2 mM) and Mg2+ (1.6 mM and 3.2 mM) concentrations were made by the addition of CaCl2 or MgCl2 to RPMI + 10% FBS. Four random
fields at 10× were counted from three separate experiments indicating total cells migrated in each conditions ± SEM * indicate significance
(*P < 0.05, ***P < 0.001). (D) Western blots showing the expression of TRPM6 and TRPM7 and loading control β-actin in RWPE1, DU145, and
PC3 cells. Corresponding densitometric reading of the TRPM7 protein is shown as a bar diagram and each bar is the mean ± SEM of three
separate experiments. * indicates significance (P < 0.05). (E) In normal SES (1mM Ca2+, 1 mM Mg2+) bath solution, whole cell recording
showing outward/inward currents at +100mV/-100mV in RWPE1 and DU145 cells. IV curves under various conditions as labelled are shown
in (F) (Insert indicate the magnification of inward IV curves) and quantitation (8-10 recordings) of current intensity at ±100mV is shown in (G).
* indicate significance (P < 0.05). (H) DU145 cells were placed in transwell inserts with RPMI medium with and without 50 μM 2-APB.
Nonmigrating cells were removed from upper membrane and migrated cells were fixed and stained with hematoxylin. Four random fields at
10× were counted from four separate experiments indicating total cells migrated ± SEM. *** indicates significance (P < 0.001)
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currents was observed in these cells (Supplemental Figure S1A).

Collectively, these results demonstrate that TRPM7 may play an

important role in inducing EMT in prostate cancer cells.

3.2 | TGFβ induces TRPM7 expression and enhances
EMT in prostate cancer cells

TGFβ is known to induce tumor cell invasion by activating EMT in

metastatic cancer thereby enhancing invasiveness andmetastasis.29,42

Thus, we further evaluated the role of TRPM7 in TGFβ-induced EMT in

prostate cancer cells using both transwell and wound healing assays.

Importantly, increase in migration of DU145 and PC3 cells were

observed in cells treated with TGFβ, but was attenuated when cells

were pretreated with 2-APB (Figure 2A, quantification provided in

supplemental Figures S2B and S2C). Transwell migration assays also

showed similar results where addition of 2-APB eliminated the

increase in TGFβ-induced migration of DU145 cells (209.00 ± 13.19 in

control, vs 263.80 ± 9.30 in TGFβ, 126.00 ± 19.29 in 2-APB)

(Figure 2C). To further establish that increase in cell migration is due

to EMT, expression of proteins that are associated with EMT were

assessed. Again, E-cadherin levels were decreased along with a

subsequent increase in both N-cadherin and vimentin levels in cells

treated with TGFβ (Figure 2B, quantification provided in supplemental

Figures S1B and S1C). Interestingly, the expression of TRPM7 also

increased in a time dependent manner upon treatment with TGFβ,

which mimicked increased expression of EMT marker vimentin

(Figure 2D, quantification provided in supplemental Figure S1D).

Notably, cells treated with TGFβ showed a significant increase in

TRPM7 currents without altering the current-voltage (I-V) relationship

(at +100mV, 22.14 ± 3.40 pA/pF in control, 31.06 ± 3.84 pA/pF in

TGFβ). In contrast, addition of 50μM 2-APB to DU145 cells

significantly abolished this TGFβ-mediated increase (at +100mV,

8.09 ± 1.15 pA/pF) (Figures 2E and 2F). Overall, the data presented

thus far strongly suggests a correlation between TRPM7 and TGFβ-

mediated increase in EMT in prostate cancer cells.

3.3 | Loss of TRPM7 expression inhibits TGFβ
induced increase in EMT

To date, specific pharmacological TRPM7 blockers are not available, 2-

APB is a non-specific inhibitor that also inhibit other calcium channels,

thus we used genetic methods to inhibit TRPM7 expression and

directly explored the role of TRPM7 channel in EMT. DU145 cells

transfected with control shRNA (mock) showed no change in TRPM7

expression. However, silencing of TRPM7 (using shTRPM7) resulted in

a significant decrease in TRPM7 expression (Figure 3A). Importantly,

decreased EMTmarkers vimentin andN-cadherinwas also observed in

TRPM7 silenced cells when compared with control mock transfected

cells (Figure 3A). Furthermore, TRPM7 silenced cells treated with

TGFβ failed to restore vimentin and N-cadherin expression when

compared with mock treated cells (Figure 3A). Moreover, at a

functional level, TGFβ showed an increase in TRPM7 currents, but

FIGURE 2 (A) Images showing the wound-healing assay for cellular migration in human prostate cancer cell line DU145 and PC3
pretreated for 24 h with 5 ng/mL of TGFβ or TGFβ and 50 μM 2-APB. Images were taken immediately after the wound scratch (0 h) and after
24 h. The pictures are representative of four separate experiments. (B) Western blotting showing the expression of Vimentin, N-cadherin, E-
cadherin, and loading control β-actin in DU145 and PC3 cells. (C) DU145 cells were treated with 5 ng/mL TGFβ for 24 h before being
trypsinized, re-suspended in serum free media with or without 50 μM 2-APB, and placed in transwell inserts for 6 h. Four random fields at
10× were counted from four separate experiments indicating total cells migrated ± SEM. * indicates significance (P < 0.05). (D) DU145 cells
were treated with TGFβ for various times as included in the figure, lysed proteins were subjected to SDS-PAGE followed by Western blotting
with respective antibodies. (E) IV curves of TRPM7 current under various conditions (control, TGFβ or TGFβ and 2-APB.) and quantitation (8-
10 recordings) of current intensity at ±100mV is shown in (F). * indicates significance (P < 0.05)
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the effect of TGFβ on TRPM7 currents was significantly abolished by

the transfection of shTRMP7(at +100mV, 22.14 ± 3.40 pA/pF in

control, 31.14 ± 3.84 pA/pF in TGFβ, 6.80 ± 1.86 pA/pF in

TGFβ + shM7) (Figure 3B-D). TRPM7 silencing failed to affect basal

Ca2+ levels; whereas, a significant decrease in basal Mg2+ levels were

observed in DU145 cells (Figure 3E). Interestingly, elevating extracel-

lular Mg2+ induced an increase in intracellular MagFura-2 fluores-

cence, which was abolished by TRMP7 silencing indicating that Mg2+

entry is mainly regulated by TRPM7 channels (Figures 3F and 3G). To

further establish that cell migration is also affected upon TRPM7

silencing, wound healing assays were performed under these

conditions. Consistent with the results shown above, cells pretreated

with TGFβ showed an increase in cell migration when compared with

control untreated, whereas silencing of TRPM7 attenuated TGFβ-

induced cell migration (Figure 3H, quantification provided in

supplemental Figure S2D). Additionally, results of transwell migration

assays also indicate that TGFβ promotes cell migration of DU145 cells

(202.00 ± 12.20 in control, 263.80 ± 9.33 in TGFβ treated cells),

whereas silencing of TRPM7 significantly reduces the ability of DU145

cells to migrate and attenuate TGFβ-induced cell migration (Figure 3I).

Similar results were also observedwith PC3 cells, where knockdown of

TRPM7 significantly decreased cell migration (data not shown). These

results indicate that loss of TRPM7 will reverse the EMT status and

inhibit cell migration, which is consistent with a recently published

report.13 Taken together, these results, show that TRPM7 not only

regulates EMT, but also modulates TGFβ-induced enhancement of EMT.

3.4 | RSV inhibits EMT via blocking TRPM7 channel
activity in prostate cancer cells

Resveratrol (RSV), a natural polyphenol found in wide variety of plants

and fruits, has been suggested to induce cell cycle arrest and activate

apoptosis-mediated cell death in cancer cells. Importantly, the anti-

carcinogenic effect of RSV in prostate cancer has beenwell established

and studies have noticed that RSV inhibits the proliferation of

androgen dependent and independent prostate cancer cell lines along

with inhibiting EMT.43–46 To assess whether TRPM7 channels are

critically involved in RSV-mediated inhibition on EMT, analysis of cell

migration was performed. In DU145 and PC3 cells, pretreatment with

RSV led to an inhibition of cell migration as observed using wound

healing assays when compared to untreated cells (Figure 4A,

quantification provided in supplemental Figures S2E and S2F).

Moreover, transwell migration assays also showed that RSV treatment

of DU145 cells resulted in a significant reduction in total number of

cells migrated (268.00 ± 10.70 in control vs 123.90 ± 9.78 in RSV)

(Figure 4C). Expression of EMT markers vimentin and N-cadherin was

FIGURE 3 (A) Western blot showing the expression of TRPM7, Vimentin, N-cadherin, and β-actin as loading control in DU145 cells under
various conditions. Mock indicates cells treated with control shRNA, whereas the other set of cells were treated with shTRPM7 with and
without TGFβ. Whole cell recordings showing outward/inward currents at +100mV/-100mV under various conditions in DU145 cells are
shown in (B). Respectively IV curves are shown in (C) (insert indicate the magnification of inward IV curves) and quantitation (5-8 recordings)
of current intensity at ±100mV is shown in (D). * indicate significance (P < 0.05). (E) Quantification of basal intracellular calcium or magnesium
concentration under normal SES solution in mock and TRPM7 knockdown DU145 cells. (F) Mg2+ imaging was performed using mag-fura in
mock and TRPM7 knockdown DU145 cells. Bath application of Mg2+ induces Mg2+ influx and analog plots of the fluorescence ratio (340/
380) from an average of 30-50 cells are shown. (G) Quantification (mean ± SD) of Mg2+ concentration. * indicate significance (P < 0.05). (H)
Respective images showing the wound-healing assay for cellular migration in DU145 pretreated for 24 h with 5 ng/mL TGFβ in mock (control
shRNA) and TRPM7 knockdown DU145 cells (shTRPM7) pretreated with 24 h with TGFβ. Images were taken after the wound scratch (0 h)
and after 24 h, respectively. The pictures are representative of four separate experiments. (I) Transwell migration of mock or shTRPM7
treated cells after TGFβ stimulation with and migrated for 6 h. Four random fields at 10× were counted from four experiments indicating total
cells migrated ± SEM. *** indicates significance (P < 0.001)
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also significantly decreased in RSV treated cells with a complete loss of

vimentin and N-cadherin within 24 h of RSV treatment (Figure 4B).

Importantly, in both DU145 and PC3 cells, TRPM7 expression levels

were also noticeably downregulated by RSV treatment, which is

correlated to the levels of EMT markers (Figure 4B, quantification

provided in supplemental Figure S1E). Correspondingly, TRPM7

currents were also significantly inhibited by the addition of RSV (at

+100mV, 22.14 ± 3.40 pA/pF in control, 10.44 ± 2.42 pA/pF in RSV

treated cells), (Figures 4D and 4E), suggesting that RSV treatment

inhibits TRPM7 expression and function that correspond to the

decrease in EMT and decrease in themigration of prostate cancer cells.

3.5 | RSV inhibits EMT enhanced by TGFβ by
inhibiting TRPM7

Evidence has shown that RSV suppresses cancer metastasis through

inhibiting TGFβ induced EMT.47–49 To further delineate the role for

TRPM7 in modulating RSV-mediated inhibition of EMT, we assessed

migration of DU145 and PC3 cells with and without TGFβ treatment.

Similar to the data presented in Figure 4, pretreatment of cells with

RSV significantly abolished TGFβ induced increase of EMT markers

with a significant decrease in both vimentin and N-cadherin levels

(Figure 5A, quantification provided in supplemental Figure S1F).

Importantly, similar effects were also observed in TRPM7 expression

levels showing that RSV inhibits TGFβ-induced increases in TRPM7

expression (Figure 5A). Consistent with these results, TGFβ-induced

increase in TRPM7 currents was also abolished by the addition of RSV

without altering the channel properties (at +100mV, 22.14 ± 3.40 pA/

pF in control, 31.06 ± 3.84 pA/pF in TGFβ, 11.4 ± 2.06 pA/pF in

TGFβ + RSV) (Figures 5B and 5C). Finally, wound healing assays

showed that RSV treatment attenuated the TGFβ-induced increase in

the migration of DU145 cells (Figure 5D, quantification provided in

supplemental Figures S2G and S2H). Transwell migration assays

further confirmed that the addition of RSV abolishes TGFβ-mediated

increase in cell migration (209.00 ± 13.19 in control, 263.80 ± 9.30 in

TGFβ, 143.70 ± 5.35 in TGFβ + RSV) (Figure 5E). Together these

results suggest that RSV inhibit TRPM7 function and expression that

could contribute to the inhibition of EMT in prostate cancer cells.

4 | DISCUSSION

This study delineates the role of TRPM7 in EMTby using a combination

of live cell assays, biochemical and electrophysiological approaches

including protein expression and channel activity. We have demon-

strated that Mg2+ homeostasis is essential for EMT-induced cell

migration in prostate cancer cells. Moreover, our data shows that

TRPM7 regulates constitutive cation entry in prostate cancer cells and

is critical for Mg2+ homeostasis and influx. Although both TRPM6 and

TRPM7 have been shown to modulate Mg2+ homeostasis and thus

could contribute to cell migration and EMT, inhibition of channel

activity using 2-APB points towards TRPM7 as being the major

channel. TRPM7 has been shown to be inhibited by the addition of 2-

APB, whereas TRPM6 is shown to be stimulated by the addition of 2-

APB. 2-APB has also been shown to inhibit SOCE currents, however

under these conditions no SOCE currents were observed suggesting

that the currents observed are again mainly through TRPM7 channels.

In addition, genetic studies using silencing method further established

FIGURE 4 (A) Wound healing assay images for cell migration in human prostate cancer DU145 and PC3 cell lines pretreated for 24 h with
50 μM RSV. (B) Western blot showing the expression of vimentin, N-cadherin, TRPM7, and loading control β-actin in DU145 and PC3 cells
with RSV treatment under different time points. (C) DU145 cells were migrated using transwell inserts and serum free RPMI ± 50 μM RSV.
Four random fields at 10× were counted from seven separate experiments indicating total cells migrated ± SEM. ** indicate significance
(P < 0.01). (D) IV curves of TRPM7 current under various conditions (control or RSV pretreatment) and quantitation (5-10 recordings) of
current intensity at ±100mV is shown in (E). * indicate significance (P < 0.05)
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that TRPM7 is the major Mg2+ homeostasis channel in prostate cancer

cells that could inhibit cell migration by inhibiting EMT. Although our

studies did not fully identify the mechanism as to how TRPM7

modulates EMT, the ion channel signaling is amechanismwell suited to

the rapid translation of signals from the tumor microenvironment into

cellular responses.50–52 TRPM7 channel is aMg2+ channel fusedwith a

functional kinase domain that belongs to the α-kinase family and could

also phosphorylate key proteins involved in cell migration. In addition,

TRPM7 has also been shown to modulate epigenetic changes that

could also modulate the expression of key proteins required for EMT;

however, additional experiments are needed to fully explore these

mechanism.

Our studies show that an increase in TRPM7 function and

expression in cancer cells along with EMT markers is essential for cell

migration. TGFβ enhanced TRPM7 function and expression facilitate

cellular migration andwas essential for the expression of essential EMT

markers, providing further evidence for the importance of TRPM7 in

EMT-inducedmigrationofprostatecancer cells. Adirect role forTRPM7

in EMT was demonstrated by silencing TRPM7 that resulted in

decreased cellular migration and EMT markers. Resveratrol has been

shown to inhibit prostate cancer metastasis, however the exact

mechanism or the ion channels involved have yet to be determined.

Our results show that RSV significantly inhibit EMT in prostate cancer

cells and as expected, both TRPM7 expression and function was

significantly decreased upon RSV treatment. More importantly, the

suppression of TRPM7 is correlated with the suppression of EMT

markers. Based on our results, we hypothesize that treatment of

prostate cancer cells with RSV will lead to an inhibition of TRPM7

channel function/expression, thereby inhibiting EMT and cell migration.

TRPM7 is an ion channel that is permeable to both Mg2+ and Ca2+

and thus could be involved in both divalent cation homeostasis. Ca2+

signaling pathways have been shown to be important for cancer cell

migration.16,46 Previous reports suggested that TRPM7 is a regulator

of EMT and probably dependent on Ca2+ signaling.13,16 Here, we show

evidence that the effect of TRPM7 on EMT is tightly related to its

magnesium-transporting ability. This is in accordance with previous

reports that TRPM7 does not alter the global cytosolic Ca2+ response

in EGF-induced EMT in breast cancer cells and that TRPM7 mainly

regulates Mg2+ homeostasis rather than Ca2+ in pancreatic cancer

cells.8,16 Constitutive activation of TRPM7 is still unclear and TRPM7

currents should be inhibited in the physiological cytosolic Mg2+

levels8,53; however, increases in TRPM7 activity upon the addition of

growth factors provides an important clue towards these mechanisms.

In addition, several pieces of evidence indicate that Mg2+ homeostasis

is altered in cancer and elevated boundMg2+ in cancer cells may buffer

free Mg2+ leading to constitutive TRPM7 activation.5,54 However,

further studies on free intracellular Mg2+ measurements in cancer

conditions are still needed to better understand how TRPM7 is

constitutively active. Clinical evidence also indicates the role ofMg2+ in

sustaining cell proliferation and the possible inhibitory effect of

hypomagnesaemia on tumor growth corroborating the idea that

reduced serum Mg2+ might improve the response to cancer

treatment.6,55,56 Low Mg2+ availability also inhibits cell-cycle progres-

sion leading to a G0/G1 arrest through the up-regulation of p27, p21,

and p16.57 In addition, proliferating cells were shown to contain more

Mg2+ than resting ones,58 again supporting the overall role of TRPM7

in cancer progression. Experimental evidence had also showed that

TRPM7-mediated Mg2+ influx could influence signaling along the

FIGURE 5 (A) Western blot showing the expression of TRPM7, Vimentin, N-cadherin, and β-actin under various conditions in DU145 and
PC3 cells. (B) IV curves of TRPM7 current under various conditions and quantitation (5-10 recordings) of current intensity at ±100mV is
shown in (C). * indicate significance (P < 0.05). (D) Images showing the wound-healing assay for DU145 and PC3 pretreated for 24 h with
5 ng/mL TGFβ and 50 μM RSV and 10 μM TGFβ. Images were taken after the wound scratch (0 h) and after 24. The pictures are
representative of four separate experiments. (E) Cells were treated with TGFβ for 24 h before being trypsinized, re-suspended in serum free
media with or without 50 μM RSV, and placed in transwell inserts for 6 h. Four random fields at 10× were counted from four separate
experiments indicating total cells migrated ± SEM. * indicate significance (P < 0.05)
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entire PI3K (phosphoinositide 3-kinase)/Akt/mTOR protein transla-

tion cascade.59–61 Importantly, proteins inhibiting PI3K pathway

efficiently suppress EMT,62–64 suggesting that this pathway is crucial

for reprogramming of tumor cells. Furthermore, this also might be a

fundamental pathway that transduces Mg2+ availability into cell EMT

behavior. Together, these findings clearly outline the activation of

TRPM7 is essential for EMT. We further show that the effect of RSV-

mediated inhibition of EMT is via the decrease in TRPM7 channel

activity. Furthermore, increases in these early signaling events that are

regulated by TRPM7 and are important for EMT induction may offer a

novel approach for the prevention of prostate cancer metastasis.
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