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Aims The presence and potential function of transient receptor potential melastatin 7 (TRPM7), a Ca2þ-
permeable non-selective cation channel of the TRP channel superfamily in human vascular endothelial
cells, were examined.
Methods and results Whole-cell patch-clamp recordings showed outward-rectifying currents in
human umbilical vein endothelial cells (HUVECs), which was potentiated by removing the extracellular
Ca2þ and Mg2þ, but inhibited by non-specific TRPM7 blocker Gd3þ or 2-aminoethoxydiphenyl borate
(2-APB). TRPM7 mRNA was detected in HUVECs by RT–PCR, but TRPM6, its closest homologue, was
not. Silencing TRPM7 by small interfering RNA (siRNA) decreased the level of TRPM7 mRNA and the
TRPM7-like current. Interestingly, knockdown of TRPM7 with siRNA or inhibition of TRPM7 function
with 2-APB increased the phosphorylation of extracellular signal-regulated kinase (ERK) and enhanced
growth/proliferation of HUVECs. This enhanced cell growth/proliferation was abolished by an inhibitor
of the ERK signalling pathway. In addition to cell growth/proliferation, silencing TRPM7 also increased
expression of nitric oxide synthase and nitric oxide production in an ERK pathway-dependent manner.
Conclusion These observations suggest that TRPM7 channels may play an important role in the function
of vascular endothelial cells.
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1. Introduction

Transient receptor potential melastatin 7 (TRPM7) is a
member of the TRP superfamily.1,2 TRP family channels are
ubiquitously expressed and can be subdivided into three
major subfamilies: TRPC, TRPV, and TRPM.1 TRPM7, along
with its closest member TRPM6, possesses a unique kinase
domain that is absent in other TRP channels. The functional
role of this kinase remains elusive although considerable
effort has been made.3–6 TRPM7 channels are non-selective
cation channels with predominant permeability for Ca2þ and
Mg2þ. Activation of these channels is implicated in diverse
physiological/pathological processes such as Mg2þ homeo-
stasis,4,7,8 hypoxic neuronal injury,9 and tumour cell
growth/proliferation.10

Increasing evidence suggests that activation of TRP chan-
nels might also contribute to the physiology/pathophysiology
of the vascular system, whose main components includes
endothelium and vascular smooth muscle cells (VSMCs).2,9–13

Activation of TRPM7 channels in VSMCs is implicated in
Mg2þ homeostasis, cell growth, and in the pathphysiology

of cardiovascular diseases such as hypertension.14,15

Although not directly involved in contraction/
relaxation, endothelial cells are involved in the regulation
of vascular contractility, release of cytokines, and control
of material transport between blood and tissues. In
addition, they play an important role in angiogenesis and
vascular repair.16 Following the injury of vascular tissues,
the endothelial cells may be activated, which leads to cell
proliferation. Growth and proliferation of endothelial
cells, followed by maturation and resultant angiogenesis,
is one of the most important steps in the process of vascular
development and repair in both physiological and patho-
physiological conditions.16

Although the presence and potential function of TRPM7
channels have been studied in cardiovascular tissues includ-
ing cardiac myocytes and VSMCs,13–15 their potential
function has not been explored in vascular endothelial
cells. This study explores the role of TRPM7 channels in
human umbilical vein endothelial cells (HUVECs). Our
results indicate that functional TRPM7 channels are
expressed in HUVECs and that inhibition of TRPM7 acceler-
ates the growth/proliferation of these cells. This effect is
mediated, at least in part, by the extracellular signal-
regulated kinase (ERK) signalling pathway.*Corresponding author. Tel: þ1 503 413 2086; fax: þ1 503 413 5465.
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2. Methods

2.1 Reagents and antibodies

The following reagents/antibodies were used: TRIzol (Invitrogen);
protease inhibitor cocktail (Roche Diagnostics); phosphatase
inhibitor, TNFa, 2-aminoethoxydiphenyl borate (2-APB),
NG-nitro-L-arginine methyl ester (L-NAME), 2,3-diaminonaphthalene,
tetracycline (Sigma-Aldrich); rabbit polyclonal antibody against
b-actin (Abcam); mouse monoclonal antibody against endothelial
nitric oxide synthase (eNOS) (BD Biosciences); rabbit polyclonal anti-
bodies against phospho-mitogen-activated protein kinase kinase
(MEK1/2), phospho-ERK1/2, phospho-c-Jun N-terminal kinase (JNK),
and phospho-p38 mitogen-activated protein kinase (MAPK), MEK1/2
specific inhibitors, U0126 (Cell Signaling).

2.2 Cell culture

HUVECs were cultured as described.17 Cells were purchased from
Cambrex, and grown in EGM-2 medium containing 2% fetal bovine
serum (FBS) and trophic factors (Lonza). Adult human skin microvas-
cular endothelial cells (HMVECs) were grown in EGM-2 MV medium
(Lonza). Subconfluent cultures were passaged according to a stan-
dard trypsinization protocol. They were used for experiments at
passages three and six. HEK293 cells were cultured in MEM with
10% FBS and antibiotics (Invitrogen).

2.3 Reverse transcription–polymerase
chain reaction (RT-PCR)

Total RNAs were extracted with a TRIzol reagent (Invitrogen). cDNAs
were synthesized from 0.2 mg total RNA in 20-mL reactions using
oligo(dT)15 and SuperscriptTM II reverse transcriptase (Invitrogen).

PCR reactions were performed using 0.25 mL of cDNAs as tem-
plates in 1� PCR reaction buffer, 0.2 mmol/L each dNTP, 0.2 mL
DNA polymerase (AdvantageTM cDNA Polymerase Mix, BD Bio-
sciences), and 333 nmol/L each primer in 10-mL reactions. For mul-
tiplex PCR, additional primer pairs were involved in reactions. The
PCR amplification cycles consisted of denaturation at 948C for
3 min, 29 (Figure 2B) or 35 (Figure 2A) cycles of denaturation at
948C for 30 s, annealing at 57–618C for 15 s, and extension at 728C
for 30 s. PCR products were separated by electrophoresis on a
1.5% agarose gel, detected using ethidium bromide, and sub-
sequently sequenced.

The primers used for PCR were described in Supplementary
material online, Table S1. Primer pairs were designed to bracket
at least an intron for each gene to rule out amplification of
genomic DNA.

The detected signals were quantified by laser densitometry.
Relative ratios were calculated by dividing the density of the
TRPM7 band by that of the glyceraldehyde-3-phosphate dehydro-
genase band (GAPDH).

2.4 Immunoblotting

Immunoblotting was performed as described.18 Cells cultured on
35 mm dishes or 6-well plates were lysed in lysis buffer (50 mmol/L
Tris–HCl, pH 7.5, 100 mmol/L NaCl, 1% Triton X-100, protease inhibi-
tor, and phosphatase inhibitor). After centrifugation at 12 000g at
48C for 30 min, the lysates were collected. Protein concentration
was assessed using Bradford reagent (Bio-Rad). The aliquots were
then mixed with Laemmli sample buffer and boiled at 958C for
15 min. The samples were resolved by 10% SDS–PAGE, followed by
electrotransfer to polyvinylidene difluoride membranes. For visual-
ization, blots were probed with antibodies against phospho-ERK
(1:1000), phospho-p38 MAPK (1:500), phospho-JNK (1:1000), eNOS
(1:2500), or b-actin (1:2000), and detected using horseradish
peroxidase-conjugated secondary antibodies (1:1000; Cell Signaling)
and an ECL kit (Amersham Pharmacia Biotech).

2.5 siRNA transfection

Two human TPRM7-silencing small interfering RNA (siRNA) duplexes,
TRPM7-siRNA1 and TRPM7-siRNA2 which target nucleotides 406–426
and 455–475 of human TRPM7, respectively (GenBank Accession
Number NM017672), were synthesized by Ambion. The
TRPM7-siRNA1 was previously reported to down-regulate the
TRPM7 channels.10 Transfection was performed with 30 nmol/L
siRNA using Amine siRNA transfection reagent (Ambion). A negative
control siRNA (Ambion) was used in parallel. Cells were used
2–4 days later for experiments.

2.6 LDH assay

Lactate dehydrogenase (LDH) measurement was performed as
described.10,19 Cells grown on 24-well plates were washed with
phosphate-buffered saline. 50 mL medium was taken from each
well and placed into 96-well plate for background LDH measure-
ment. Cells were then incubated with Triton X-100 (final concen-
tration 0.5%) for 30 min at 378C. 50 mL of supernatants were
withdrawn from each well for maximal LDH measurement. 50 mL
of assay reagent from cytotoxicity detection kit (Roche Diagnostics)
was added to each sample and mixed. 30 min later, the absorbance
at 492 and 620 nm was examined by spectrometer (SpectraMax Plus,
Molecular devices), and the values of the absorbance at 492 nm
were subtracted by those at 620 nm to yield the value of LDH
release.

2.7 Electrophysiology

Whole-cell voltage-clamp recordings were performed as
described.9,19 Three to four days after transfection, cells were set
on the stage of an inverted microscope (TE2000-U; Nikon) and
superfused at room temperature with an extracellular solution con-
taining (in mmol/L) 140 NaCl, 5.4 KCl, 2 CaCl2, 1 MgCl2, 33 glucose,
and 20 HEPES (pH 7.4 with NaOH, 320–335 mOsm). Patch electrodes
were fabricated from borosilicate capillary tubing of 1.5 mm diam-
eter (WPI) using a vertical puller (PP-83, Narishige). The electrode
resistance ranged from 3 to 4 MV when filled with the intracellular
solution (see below). For current–voltage (I–V ) relationship, voltage
steps ranged between 2100 and þ100 mV from a holding potential
of 260 mV were applied at 1 s interval. Unless stated otherwise, all
recordings were performed at least 10 min after establishing the
whole-cell configuration. Membrane currents were recorded using
an Axopatch 200B amplifier. Data were filtered at 2 kHz and digi-
tized at 5 kHz by using a Digidata 1322A data-acquisition system
(Axon Instruments). Unless described otherwise, pipette solution
contained (in mmol/L) 145 Cs-methanesulfonate, 8 NaCl, 4.1 CaCl2,
10 ethylene glycol-bis(2-aminoethylether)-N,N,N0,N0-tetraacetic
acid, 5 tetraethyl-ammonium chloride, and 10 HEPES (pH 7.3,
with CsOH).

2.8 Measurement of NO metabolite

The production of nitric oxide (NO) was determined by measure-
ment of nitrite, a stable product of NO, using fluorometric
reagent, 2,3-diaminonaphthalene.20 100 mL of samples were trans-
ferred to 96-well plate, and incubated with 10 mL fresh
2,3-diaminonaphthalene solution (500 mg/mL in 0.62 N HCl) for
10 min at room temperature. The reactions were terminated with
5 mL of 2.8 N NaOH. Formation of 2,3-diaminonaphthotriazole was
measured using fluorescent multi-well plate reader (SpectraMax
Gemini, Molecular Devices) with excitation/emission at 365/
450 nm. Nitrite concentration was calculated from a NaNO2 stan-
dard curve. The fluorescence signal was digitized and analysed
using SoftMax Pro software.
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2.9 Statistical analysis

Data are expressed as means+ SEM. Groups were compared using
one-way ANOVA followed by Dunnett’s test, or Student’s t-test as
appropriate. P , 0.05 was regarded as statistically significant.

3. Results

3.1 Functional expression of TRPM7 channels
in HUVECs

Previous studies showed conflicting results on TRPM7
expression in human vascular endothelial cells, with one

report showing little evidence of TRPM7-like current while
others showed clear detection of TRPM7 gene expression.15,21

Therefore, our first experiment was to examine the existence
of functional TRPM7 channels in HUVECs by whole-cell patch-
clamp recordings. It has been demonstrated previously that
TPRM7 channels exhibit outward-rectifying I–V relationship
when activated in the absence of divalent cations4,8 and
that the current is enhanced when Mg2þ was omitted from
the intracellular solution.8,22,23 Consistent with these proper-
ties, HUVECs recorded without Mg-ATP in the pipette solution
showed progressive increases in the amplitude of TRPM7-like
currents (Figure 1A and B). In addition, currents were

Figure 1 TRPM7-like currents in HUVECs. (A) Representative currents elicited by voltage steps ranging from 2100 to þ100 mV with or without 8 mmol/L Mg-ATP
in the pipette solution (n ¼ 10 for 0 mmol/L Mg-ATP; n ¼ 4 for 8 mmol/L Mg-ATP). (B) Time-dependent changes in the amplitude of TRPM7-like currents recorded
at 280 and þ80 mV in the absence or presence of Mg-ATP in the pipette solution (n ¼ 7 for 0 mmol/L Mg-ATP; n ¼ 4 for 8 mmol/L Mg-ATP). (C) Representative I–V
relationship in the presence or absence of extracellular Ca2þ/Mg2þ, or following bath application of 10 mmol/L Gd3þ. (D) Relative changes in the amplitude of
TRPM7-like currents by Ca2þ/Mg2þ removal, or by bath application of Gd3þ or 2-APB. n ¼ 3–8. *P , 0.05, **P , 0.01.
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potentiated by removing the extracellular Ca2þ/Mg2þ (to
253.7+ 47.2% at 280 mV, and 128.1+ 8.3% at þ80 mV,
n ¼ 8; P , 0.05 at both voltages). Replacement of Naþ

with choline in the extracellular solution caused a signifi-
cant reduction in the amplitude of inward currents and a
significant shift in the reversal potential by about
220 mV (n ¼ 5, see Supplementary material online,
Figure S1A). This finding is consistent with previous
reports on the TRPM7 current.24 In contrast, replacing the

extracellular Cl2 with non-permeable anion gluconate
had little effect on the current (n ¼ 4, see Supplementary
material online, Figure S1B), suggesting that volume-
regulated Cl2 channels were not involved.25 Furthermore,
currents in HUVECs were suppressed by Gd3þ and 2-APB
(Figure 1C and D), two commonly used non-specific block-
ers for TRPM7 channels.9,10,22,26–29 Together, these results
strongly suggest that functional TRPM7 are expressed in
HUVECs.

Figure 2 TRPM7-siRNAs suppress the expression of TRPM7 and TRPM7-like current. (A) Total RNAs were isolated from indicated cells. Equal amounts of total RNA
were reverse-transcribed and PCR-amplified using specific primers for TRPM6, TRPM7, or GAPDH. Expected molecular sizes of the fragments are 478, 399, and
723 bp, respectively. (B) RT–PCR analysis shows reduced expression of TRPM7 mRNA by TRPM7-siRNAs. HUVECs were untreated or treated with either control or
TRPM7-siRNAs for 48 h. RNAs were extracted and then multiplex RT–PCR was performed. Bar chart shows densitometrically quantified relative ratio of TRPM7/
GAPDH in HUVECs transfected with or without siRNAs (n ¼ 3–4, **P , 0.01). (C) I–V relationship of TRPM7-like current in HUVECs transfected with control (left) or
TRPM7-siRNA1 (right). Silencing TRPM7 inhibits TRPM7-like current and their potentiation by Ca2þ/Mg2þ removal. Bar graph shows relative increase in the ampli-
tude of TRPM7-like currents induced by Ca2þ/Mg2þ removal in HUVECs transfected with either control (2) or TRPM7-siRNA1 (þ). n ¼ 8–9. **P , 0.01, control vs.
TRPM7-siRNA1-treated cells.
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3.2 Silencing TRPM7 reduced TRPM7 mRNA and the
amplitude of TRPM7-like current

When RT–PCR was carried out, a band of the expected size
for TRPM7 was observed (Figure 2A). In contrast, expression
of TRPM6, which has highest structural homology and similar
electrophysiological properties to TRPM7, was not detected.

To further demonstrate the presence of TRPM7 in HUVECs,
we employed siRNAs specific for human TRPM7
(TRPM7-siRNA1 and TRPM7-siRNA2) to knockdown the
expression of TRPM7 gene.10,22 Two to four days following
the transfection with TRPM7-siRNAs, the level of TRPM7
mRNA was reduced by �70% as compared with the cells
transfected with control siRNA (Figure 2B and Supplemen-
tary material online, Figure S2A). In contrast to TRPM7 chan-
nels, transfection with TRPM7-siRNA had no effect on the
expression level of other TRP channels such as TRPM6 and
TRPC1 (see Supplementary material online, Figure S2B).
Consistent with reduced TRPM7 expression, HUVECs trans-
fected with TRPM7-siRNA exhibited a smaller potentiation
of the TRPM7-like currents in response to the removal of
extracellular Ca2þ/Mg2þ. The amplitude of TRPM7-like
current at 280 mV was increased to 256.0+17.6% in cells
transfected with control siRNA (n ¼ 9), however, it was
only increased to 160.8+16.9% in cells transfected with
TRPM7-siRNA1 (n ¼ 8, P , 0.01, Figure 2C). These results
provide additional evidence that functional TRPM7 channels
are present in HUVECs.

3.3 Effect of TRPM7 silencing on the
growth/proliferation of HUVECs

TRPM7 has been reported to affect the growth/proliferation
of various cell types.10,11,14,22 Our next experiment was to
determine whether TRPM7 also affects the growth/prolifer-
ation of HUVECs. 72 h following the transfection with
TRPM7-siRNA, cells in each well were inspected under a
microscope. As shown in Figure 3A, the total number of
HUVECs in culture wells transfected with TRPM7-siRNAs
appeared to be greater than the wells transfected with
control siRNA (Figure 3A). When the cell numbers were
counted, those transfected with TRPM7-siRNAs were signifi-
cantly larger than that transfected with control siRNA
(TRPM7-siRNA1: 119.2+3.9%, P , 0.01; TRPM7-siRNA2:
113.0+3.9%, P , 0.05, compared with control siRNA, n ¼
24, Figure 3B). To further quantify the changes in cell
number, LDH release in each well was determined. Previous
studies have indicated that the total amount of LDH is pro-
portional to the total number of cells available in the
culture.10,30 As shown in Figure 3C, 72 h after transfection,
HUVECs transfected with TRPM7-siRNAs showed higher
values of LDH than the cells transfected with control siRNA
(TRPM7-siRNA1: 118.7+2.5%, P , 0.01; TRPM7-siRNA2:
120.5+3.6%, P , 0.01, compared with control siRNA, n ¼
18). Similar difference was obtained when total protein
amounts were used as an indication of total number of
cells (TRPM7-siRNA1: 118.6+5.1%, compared with control
siRNA, n ¼ 9, P , 0.05, data not shown). Thus, silencing
TRPM7 leads to enhanced growth/proliferation of HUVECs.

Although commonly used, HUVECs are often referred to as
fetal endothelial cells. To know whether the effect of TRPM7
on the growth/proliferation is limited to the fetal pheno-
type of these cells, we also tested the effect of TRPM7
siRNA on the growth/proliferation of HUVECs following a

24 h growth arrest, as described in previous studies.31 As
shown in Figure 3D, knockdown of TRPM7 still facilitated
growth/proliferation of HUVECs under this condition. In
addition, we tested the effect of TRPM7 siRNA on the
growth/proliferation of HMVECs, an adult cell line of micro-
vascular endothelial cells.32 As shown in Figure 3E, a lightly
less but still significant enhancement in the growth/prolifer-
ation by TRPM7-siRNA was also observed in HMVECs
(TRPM7-siRNA1: 110.0+16.8%, compared with control
siRNA, n ¼ 20, P , 0.05). Together, these findings suggest
that silencing TRPM7 channels promotes the growth/
proliferation of both fetal and adult vascular endothelial
cells.

3.4 Effect of TRPM7 silencing on MAPK
signalling pathways

MAPK signalling pathways are important in cellular behav-
iour including growth/proliferation.17,33–35 To determine if
silencing TRPM7 affects the activity of MAPKs, we detected
the change of phosphorylated form of ERK, JNK, and p38
MAPK using phospho-specific antibodies. Immunoblotting
analysis showed a clear increase in phosphorylated ERKs in
HUVECs transfected with TRPM7-siRNAs (Figure 4A). Simi-
larly, increased phosphorylation of MEK1/2, upstream
kinases of ERKs, was detected following TRPM7 silencing
(Figure 4A). In contrast, silencing TRPM7 did not affect the
phosphorylation of p38 MAPK and JNK (Figure 4B).

3.5 Effect of ERK pathway on the growth/
proliferation of HUVECs

To determine whether activation of ERK signalling pathway
is involved in enhanced growth/proliferation of HUVECs by
TRPM7-siRNA, the same experiments were performed in
the presence of MEK1/2 specific inhibitor, U0126. As shown
in Figure 4C, treatment of HUVECs with 10 or 30 mmol/L
U0126 alone induced a dose-dependent inhibition of the
cell growth/proliferation (Figure 4C). Addition of
TRPM7-siRNA did not induce a significant increase of the
growth/proliferation of HUVECs in the presence of U0126.
In the presence of 30 mmol/L U0126, for example, the rela-
tive LDH was 58.9+3.5% in cells transfected with control
siRNA and 63.5+3.3% in cells transfected with
TRPM7-siRNA1 (n ¼ 7 each, P ¼ 0.36). These data suggest
that proliferative effect by silencing TRPM7 may be accom-
plished, at least in part, through ERK activation.

Activation of ERK pathway may require various factors
included in the serum. Culture medium we used contained
FBS and other trophic factors, some of which, such as vascu-
lar endothelial growth factor (VEGF) and basic fibroblast
growth factor, are known to facilitate the ERK acti-
vation.33,34 To test whether these components are required
for TRPM7-mediated changes of cell growth/proliferation,
the same experiment was performed with cells incubated
in serum containing media without supplement of growth
factors. Similar to the media supplemented with various
growth factors, media with only serum still sustained the
difference in growth/proliferation between control and
TRPM7-siRNA transfected cells (control siRNA: 78.4+3.7%,
n ¼ 8; TRPM7-siRNA1: 95.6+5.4%, n ¼ 8; P , 0.05, data
not shown). However, if cells were cultured in the absence
of both serum and growth factor supplement, there was no
apparent difference in growth/proliferation between
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control siRNA and TRPM7-siRNA transfected cells (control
siRNA: 69.7+4.6%, n ¼ 11; TRPM7-siRNA1: 68.1+4.8%,
n ¼ 12; P ¼ 0.81), regardless of the fact that the expression
of TRPM7 channels in these cells was maintained and that
transfection of TRPM7 siRNA reduced the level of channel
expression (see Supplementary material online, Figure S3A
and B). These findings further suggest that a condition for
normal activation of ERK pathway is required for
TRPM7-mediated change of cell growth/proliferation to
take place.

3.6 Effect of TRPM7 silencing on eNOS expression
and NO production

Earlier studies demonstrated that activation of ERK pathway
affects endothelial eNOS expression induced by stimuli such

as shear stress or change of pressure.36,37 To determine
whether changes in TRPM7 expression also affect the level
of eNOS, eNOS expression was examined following the trans-
fection of TRPM7-siRNA. As shown in Figure 5A, TRPM7-siRNA
transfected cells showed increased eNOS mRNA and protein
level (Figure 5A). The increased eNOS expression was atte-
nuated by U0126, suggesting the involvement of ERK
pathway (Figure 5B).

To know whether increased eNOS expression can be trans-
lated into increased NO release, NO metabolite (nitrite) was
measured in control and TRPM7-siRNA transfected cells. As
shown in Figure 5C, transfection of HUVECs with
TRPM7-siRNA induced a significant increase in the level of
NO metabolite (control siRNA: 0.74+0.1 mmol/L, n ¼ 20;
TRPM7-siRNA1: 1.04+0.1 mmol/L, n ¼ 20; P , 0.05,
Figure 5C). Consistent with an increased activity of eNOS,

Figure 3 TRPM7 silencing promotes growth/proliferation of HUVECs. (A) Photos taken at 72 h following transfection with control (left) or TRPM7-siRNA1 (right).
Scale bar: 250 mm. (B and C) Normalized cell counting and LDH release for HUVECs treated with control or TRPM7-siRNAs for 72 h. n ¼ 18–24. *P , 0.05, **P ,

0.01 between control and siRNA-treated cells. (D) Cells were growth-arrested in 1% serum without supplement for 24 h and then allowed to grow in normal
culture media for 72 h, followed by LDH assay. n ¼ 12. **P , 0.01 between control and siRNA-treated cells. (E) Normalized LDH release for HMVECs treated
with control or TRPM7-siRNA1 for 72 h. n ¼ 20. *P , 0.05 between control and TRPM7-siRNA-treated cells.
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the increase of NO metabolite was inhibited by the presence
of L-NAME, a commonly used non-specific NOS inhibitor
(control siRNA: 0.38+0.1 mmol/L, n ¼ 12; TRPM7-siRNA1:
0.46+0.2 mmol/L, n ¼ 12; P ¼ 0.65, Figure 5C).

The role of NO in endothelial proliferation has been con-
troversial.38–40 To determine whether NO production is
involved in the growth/proliferation of HUVECs, we exam-
ined whether treatment with NO inhibitor affects the
growth/proliferation of these cells. As shown in Figure 5D,
treating cells with L-NAME did not affect the baseline
growth/proliferation of HUVECs or its potentiation by
TRPM7-siRNA. In the presence of 1 mmol/L L-NAME, for
example, the relative LDH was 105.8+4.5% in cell trans-
fected with control siRNA (n ¼ 9) but 121.4+2.4% in cells
transfected with TRPM7-siRNA1 (n ¼ 9, P , 0.01,
Figure 5D). Thus, increased NO production does not seem

to be responsible for enhanced growth/proliferation of
HUVECs by TRPM7 silencing.

3.7 2-APB on the growth/proliferation of HUVECs

To further establish the role of TRPM7 in the growth/pro-
liferation of HUVECs, the effect of 2-APB, a commonly
used non-specific blocker of TRPM7 channels, on the
growth/proliferation was examined. Similar to
TRPM7-siRNAs, inhibition of TRPM7 with 2-APB (e.g.
10 mmol/L) significantly increased the growth/proliferation
of HUVECs as well as the phosphorylation of ERKs
(Figure 6A and B). High concentration of 2-APB (e.g.
100 mmol/L), however, inhibited the growth/proliferation
of these cells, likely due to the non-specific effect of this
agent.41

Figure 4 ERK activation is involved in enhanced growth/proliferation of HUVECs by silencing TRPM7. (A) Representative immunoblots showing increased
phospho-ERK (left) or phospho-MEK1/2 (right) in HUVECs 72 h following the transfection of the indicated siRNAs. Bar graphs show densitometrically quantified
ratio of phospho-ERK/b-actin (left) and phospho-MEK1/2/b-actin (right) in HUVECs transfected with or without control or TRPM7-siRNAs (n¼3, *P , 0.05, **P ,

0.01, control siRNA vs. TRPM7-siRNA1-treated cells. (B) Immonoblotting showing the lack of effect on phospho-p38 MARK and phospho-JNK by TRPM7-siRNA1.
Third lane shows control siRNA-treated cells incubated with 20 ng/ml TNFa (for 15 min) as a positive control. (C) Treatment of HUVECs with ERK inhibitor
U0126 (10 or 30 mmol/L) attenuated or prevented enhancement of growth/proliferation by TRPM7-siRNA1. n ¼ 7–11. **P , 0.01, control vs.
TRPM7-siRNA1-treated cells, ##P , 0.01, U0126 untreated vs. treated cells.
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To gain more evidence that the effect of 2-APB on the
growth/proliferation of HUVECs was due to its effect on
TRPM7, the effect of 2-APB on the growth/proliferation of
the HUVECs was further examined with cells transfected
with TRPM7-siRNA. As shown in Figure 6C, treatment of
HUVECs with TRPM7-siRNA or 2-APB both increased the cell
growth/proliferation. However, addition of 2-APB in the
presence of TRPM7-siRNA did not induce further increase
of the growth/proliferation when compared with the cells
treated with TRPM7-siRNA alone (without 2-APB: 115.6+
4.7%, n ¼ 12; with 2-APB: 126.7+6.7%, n ¼ 12; P ¼ 0.19),

suggesting that proliferative response induced by 2-APB is
mediated, at least in part, by TRPM7.

4. Discussion

TRP channels are known to be expressed broadly in various
tissues, and have been shown to play a critical role in
several physiological and pathophysiological processes.1,2

Using a combination of biochemical, molecular biological,
and electrophysiological approaches, we demonstrated the
presence of functional TRPM7 channels in HUVECs. Although

Figure 5 TRPM7 silencing enhances eNOS expression via ERK pathway. (A) RT–PCR (left) or immunoblotting (right) showing the effect of TRPM7-siRNA1 on the
level of eNOS mRNA and protein in HUVECs. HUVECs were treated with control or TRPM7-siRNA1. 48 h after transfection, RT–PCR was performed using specific
primers for TRPM7, eNOS, and GAPDH. For immunoblotting, eNOS protein level was examined 72 h after the transfection by immunoblotting with anti-eNOS anti-
body. (B) Treatment with ERK inhibitor U0126 reduced expression of eNOS and its enhancement by TRPM7-siRNA1. (C) TRPM7 silencing increased the production
of NO as demonstrated by nitrite measurement. This increased production of nitrite was attenuated by 500 mmol/L L-NAME. n ¼ 12–20. *P , 0.05, control vs.
TRPM7-siRNA1-treated cells; #P , 0.05, L-NAME-treated vs. untreated cells. (D) Treatment of cells with L-NAME (100 and 1000 mmol/L) did not affect the
enhancement of cell growth/proliferation by TRPM7-siRNA1. n ¼ 9–11. **P , 0.01, control vs. TRPM7-siRNA1-treated cells.
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the currents in these cells are not as large as those reported
in other cell types,10,14,15,22 the following evidence strongly
suggests that they are mediated by the TRPM7 channels: (i)
the currents develop gradually after forming whole-cell con-
figuration in the absence of intracellular Mg-ATP; (ii)
outward rectification of the current is reduced in the
absence of intracellular Mg-ATP; (iii) the currents are poten-
tiated by removing Ca2þ/Mg2þ from the extracellular sol-
ution; (iv) currents are inhibited by Gd3þ and 2-APB, two
commonly used non-specific blockers for TRPM7 channels;
and (v) transfection with siRNA specific for TRPM7 decreases
both TRPM7 mRNA and TRPM7-like currents. Although TRPM6
shares various properties with TRPM7,29,42 our RT–PCR did
not show any expression of this isoform in HUVECs
(Figure 2A).

Previous studies by others and our own have shown that
the growth/proliferation of various cell types (e.g. head
and neck tumour cells) is, in general, inhibited if the
activity/expression of TRPM7 is reduced.10,14,22 In contrast
to those general findings, inhibition of TRPM7 enhanced
the growth/proliferation of HUVECs. Therefore, HUVECs
appear to be the first cell type whose growth/proliferation
is promoted, instead of inhibited, by TRPM7 silencing/
inhibition. However, it is not the first report that shows
different prolifereative responses between vascular endo-
thelial cells from other cell types. For example, the opposite
proliferative responses between endothelial cells and
other cell types have been recently demonstrated by

manipulation of the activity/expression of connexin 43 or
PPARb/d although the detailed mechanisms remain largely
unknown.43–46

Another major finding of the present study is an increase
of ERK activity in HUVECs following knockdown of TRPM7,
and that this enhanced activation of ERK is likely responsible
for the increased growth/proliferation of these cells. This
finding is supported by the data that phosphorylated form
of ERK is dramatically increased following the silencing of
TRPM7 or TRPM7 blockade, and that an inhibition of the
ERK activity (e.g. by U0126) attenuated the proliferative
effect of TRPM7 silencing. Proliferation of vascular endo-
thelial cells is one of critical biological events underlying
angiogenesis and recovery of blood vessels from various
insults. Trophic factors such as VEGF, insulin-like growth
factor, and epithelial growth factor that normally present
in serum,47–49 are known to promote cell growth/prolifer-
ation via, at least in part, ERK signalling pathway.34,50 Our
finding that TRPM7 silencing lost its effect on ERK activation
and HUVECs growth/proliferation in serum and trophic
factor-free medium suggests that some of those factors
are required for the effect of TRPM7 silencing to take
place. Although the precise mechanism by which TRPM7
channel activity influences the ERK signalling pathway
requires further investigation, the phospholipase C signal-
ling pathway could have been modulated by reduced activity
of TRPM7 channels, resulting in ERK activation as described
in a previous report.34 Besides, it may be conceivable that

Figure 6 Effect of 2-APB on ERK activity and growth/proliferation of HUVECs. (A) Treatment of HUVECs with 3 or 10 mmol/L 2-APB enhanced the growth/pro-
liferation. n ¼ 8–16. *P , 0.05, **P , 0.01, 2-APB-treated vs. untreated cells. Total LDH was analysed 72 h following the treatment with 2-APB. (B) Treatment of
HUVECs with 10 mmol/L 2-APB for 48 h increased level of phospho-ERK protein. (C) Treatment of HUVECs with 2-APB (10 mmol/L) did not induce additional
enhancement of the growth/proliferation in the presence of TRPM7-siRNA. n ¼ 12. **P , 0.01, control vs. TRPM7-siRNA1-treated cells; ##P , 0.01, 2-APB-treated
vs. untreated cells.

TRPM7 and growth/proliferation of HUVECs 555



compensatory changes in response to reduced TRPM7
channel activity and the decreased level of intracellular
Ca2þ/Mg2þ might result in an increased ERK activation.
A change in the kinase activity of TRPM7 might also influence
the ERK signalling pathway although it is still not clear
whether inhibition of TRPM7 channel also affects its kinase
activity. In addition to enhanced cell growth/proliferation,
up-regulation of eNOS expression was found in HUVECs by
silencing TRPM7. This effect is also mediated, at least in
part, by the activation of ERK pathway. The increased
growth/proliferation of HUVECs by TRPM7 silencing is,
however, independent of the increased eNOS activity and
the production of NO. eNOS activity is not only critical for
NO-mediated vasodilation, but also valuable for the
control of angiogenic factors at proangiogenic phases.51–53

The pro-angiogenic function of NO was further supported
by the observation that endothelial NO released by VEGF
promotes angiogenic activity without affecting prolifer-
ation.54 Our current finding that both endothelial cell
growth/proliferation and NO production are facilitated by
knockdown of TRPM7, combined with our previous report
that TRPM7 silencing protects neurons from anoxic injury,
raises the possibility that targeting TRPM7 channels may
prove to be a novel therapeutic strategy for stroke
intervention.

Supplementary material

Supplementary material is available at Cardiovascular
Research online.
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