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a b s t r a c t

Macroautophagy (hereafter referred to as autophagy) is a catabolic process for the degradation and
recycling of cellular components. Autophagy digests intracellular components, recycling material sub-
sequently used for new protein synthesis. The Ca2þ- and Mg2þ-permeable transient receptor potential
melastatin 7 (TRPM7) channel underlies the constitutive Ca2þ influx in some cells. Since autophagy is
regulated by cytosolic Ca2þ level, we set out to determine whether Ca2þ influx through the TRPM7
channel regulates basal autophagy. When TRPM7 channel expression was induced from HEK293 cells in a
nutrient-rich condition, LC3-II level increased indicating the increased level of basal autophagy. The
effect of TRPM7 channel on basal autophagy was via Ca2þ/calmodulin-dependent protein kinase kinase b,
and AMP-activated protein kinase pathway. In contrast, the level of basal autophagy was decreased when
the endogenous TRPM7 channel in SH-SY5Y cells was down-regulated using short hairpin RNA. Similarly,
an inhibitor for TRPM7 channel decreased the level of basal autophagy. In addition, the inhibitory effect
of channel inhibitor on basal autophagy was reversed by increasing extracellular Ca2þconcentration,
suggesting that Ca2þ influx through TRPM7 channel directly links to basal autophagy. Thus, our studies
demonstrate the new role of TRPM7 channel-mediated Ca2þ entry in the regulation of basal autophagy.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Autophagy is a conserved process for degradation and recycling
of cytoplasmic components and organelles using the lysosomal
machinery [1e4]. Once the isolated autophagic double membrane
is formed, it engulfs the cytosolic components making autopha-
gosomes [5], which fuse to lysosomes for the degradation and
recycling of its cargo. Nutrient starvation potently induces auto-
phagy, which digests intracellular components, recycling material
subsequently used for synthesis of new proteins that are essential
for survival [6e8]. Even in normal growing conditions, however,
the basal level of autophagy is maintained, securing cellular ho-
meostasis in all eukaryote cells [9,10].

Many different signaling pathways control autophagy. Beclin-1
initiates autophagy, while mammalian target of rapamycin
(mTOR) is the key regulator. mTOR is endogenously inhibited by
AMP-activated protein kinase (AMPK), which detects the cellular
metabolic status [11]. Increase in the phosphorylated form of AMPK
(pAMPK) and decrease in mTOR activity activate autophagy. The
upstream regulator of AMPK is another kinase, Ca2þ/calmodulin-
dependent protein kinase kinase b (CaMKKb), which is regulated by
cytosolic Ca2þ [12,13]. Thus, changes in Ca2þ influx are recognized
as an important regulator for autophagy [14,15]. However, the
source of Ca2þ influx regulating autophagy is unknown yet.

The transient receptor potential melastatin 7 (TRPM7) is ubiq-
uitously expressed in most tissues, which is non-selective con-
ducting Naþ, Mg2þ and Ca2þ. TRPM7 channel activity is very low at
physiological conditions due to tonic inhibition by intracellular
Mg2þ, MgATP, and MgGTP [16,17]. Since TRPM7 channel underlies
the spontaneously constitutive Ca2þ influx in some cells [18,19], we
hypothesize that Ca2þ influx through TRPM7 channel may regulate
basal autophagy via CaMKKb-AMPK pathway. We found that
increasing TRPM7 channel expression increased the level of basal
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autophagy via the CaMKKb-AMPK pathway. Down-regulating the
endogenous TRPM7 channel decrease the level of basal autophagy.
Similarly, a specific inhibitor for TRPM7 channel decreased the level
of basal autophagy. These results indicate that Ca2þ influx through
TRPM7 channel regulates the basal autophagy.

2. Materials and methods

2.1. Constructs and mutagenesis of TRPM7

Wild-type murine TRPM7 was modified and subcloned into the
tetracycline-inducible mammalian expression vector, pcDNA4-TO.
The kinase domain of TRPM7was removed downstream of position
1599 including whole kinase domain sequences of TRPM7. They
were stably transfected into modified HEK293 cells, T-REX™-293
(Invitrogen) [16,20]. For inducing TRPM7 expression, cells were
treated with 1 mg/ml tetracycline for 2 h. SH-SY5Y cells were grown
in F12/DMEM (1:1) supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin in a humidified incubator at 37 �C under
5% CO2 atmosphere.

2.2. Western blotting and immunocytochemistry

Cell lysates were prepared using lysis buffer and were centri-
fuged at 600 � g for 10 min. Proteins were separated by SDS-PAGE
and transferred to PVDF membranes, which were used to detect
LC3. Nitrocellulose membrane was used to transfer other proteins.
The primary antibodies used were TRPM7 (Abcam), TRPM6 (Sig-
maeAldrich), LC3 (Thermo Scientific), AMPK (Cell Signaling
Technology), phospho-AMPK (Cell Signaling Technology), p62
(Abnova), WIPI2 (Thermo Scientific) and b-actin (SigmaeAldrich).
Secondary antibody conjugated peroxidase activity was visualized
with enhanced chemiluminescence. The Multi Gauge software
using a LAS-3000 system (Fuji Film) was used to quantify the
immunoblots.

For immunocytochemistry, SH-SY5Y cells were grown on glass
coverslips with normal growth media and then, fixed using 4%
paraformaldehyde and permeabilized by incubation with 0.1%
Triton-X100 at room temperature for 1 min. After fixation, non-
specific sites were blocked with 5% bovine serum albumin. LC3
and WIPI2 puncta were stained using the primary antibodies and
AlexaFluor 488 (SigmaeAldrich). LSM 710 confocal microscope
(Carl Zeiss) was used and images were analyzed off-line using NIH
ImageJ™ software.

2.3. Patch clamp

TRPM7 currents were recorded using whole-cell mode of patch-
clamp method. The currents were filtered at 5 KHz, and recorded
using an Axonpatch-1D amplifier. TRPM7 current was elicited by
using ramp pulse of 200ms-long from�100mV toþ100mV from a
holding voltage of 0 mV. Command potentials and data acquisition
was controlled by pClamp 7.0 software (Axon Instrument). The bath
solution contained (in mM) 150 Na,methansulfonate, 10 HEPES, 10
EGTA, 0.1 EDTA and 0.5 CaCl2 (pH was adjusted to 7.2 with NaOH).
Pipette solution contained (in mM) 135 Cs,methansulfonate, 10
BAPTA,10 HEPES and 3.17 CaCl2 (pHwas adjusted to 7.4 with CsOH).

2.4. Cytoplasmic Ca2þ measurements

Cytoplasmic Ca2þ levels ([Ca2þ]i) were measured using Fura2-
AM from SH-SY5Y cells as previously described [21]. Approxi-
mately 1 � 106 cells were prepared in 1 ml HEPES Ringer solution,
and recorded by using fluorescence spectrophotometer (CAF-110,
Jasco). For the calibration of [Ca2þ]i, the recording data was
calculated by substituting a dissociation constant of 150 nM for
Ca2þ-Fura2 at room temperature.

2.5. Silencing TRPM7 and TRPM6 expression

The TRPM7-specific shRNA (shRNATRPM7) and control shRNA
(shRNASCR) were prepared as described previously [19]. shRNAs
were designed based on accession numbers in GenBank
(NM_017672.3, NM_017662.4), and transfected into SH-SY5Y cells
using RNAiFect transfection reagent (Qiagen).

3. Results

3.1. Induction of TRPM7 channel expression increases basal
autophagy

We used a tetracycline-inducible expression system in HEK293
cells to determine whether TRPM7 channel expression regulates
basal autophagy. Since TRPM7 is endogenously expressed in
HEK293 cells, further expression of TRPM7 was induced by treating
cells with tetracycline in nutrient-rich culture medium. However,
TRPM7 is implicated in apoptotic and necrotic signaling [21,22]. We
found that treating cells with 1 mg/ml tetracycline for more than 3 h
increased the level of cleaved form of caspase 3, an apoptosis and
necrosis mediator (Supplementary Fig. 1). For this reason, we
limited the incubation time with tetracycline to less than 2 h to
avoid the activation of cell death signaling.

First, non-selective TRPM7 currents were measured using
whole-cell voltage-clamp method. Ramp voltage pulse
from �100 mV to þ100 mV was applied, and the resulting cur-
rentevoltage curves were obtained (Fig. 1A). TRPM7 current den-
sity measured at �100 mV was significantly increased in
tetracycline-treated cells (tet; 33.5 ± 2.1 pA/pF, n ¼ 6) compared to
control cells (control; 20.9 ± 1.2 pA/pF, n ¼ 6). A typical Western
blotting result showed that TRPM7 expression level was increased
in tetracycline-treated cells (Fig. 1B). When the expression of
TRPM7 was quantified relative to b-actin levels, it increased
significantly in tetracycline-treated cells (Fig. 1C, n ¼ 6). As a key
regulator for autophagy, pAMPK level was increased by TRPM7
channel induction, while the total AMPK level was not changed
(Fig. 1B). Thus, the pAMPK/AMPK ratio was significantly increased
by TRPM7 channel induction (Fig. 1D, n ¼ 6). Autophagosomal
formation was measured by detecting LC3 using Western blotting
(Fig. 1B). When the LC3-II/b-actin ratio was quantified, it was
increased approximately 30% in tetracycline-treated cells
compared to control cells (Fig. 1E, n ¼ 6). In serum-free starvation
condition, autophagy level was greatly increased as expected
(Supplementary Fig. 2). However, the starvation-induced auto-
phagy level was not affected by TRPM7 channel expression, sug-
gesting that TRPM7 regulates basal autophagy in normal culture
condition, but not the starvation-induced autophagy.

Since we observed the activation of AMPK pathway by TRPM7
channel induction, we tested the well-known upstream regulator
of AMPK, CaMKKb. A typical Western blot result showed that
TRPM7 channel expression was increased by tetracycline even in
the presence of 10 mM STO609, a specific blocker for CaMKKb (STO;
Fig. 1B). Consistently, the quantified expression levels of TRPM7
was also increased in this condition (Fig.1C, n¼ 6). The activation of
AMPK was blocked by STO609 (Fig. 1B, D). Moreover, the effect of
TRPM7 channel induction on LC3-II/b-actin ratio was prevented by
STO609 (Fig. 1B, E). These results indicate that TRPM7 channel
expression regulates basal autophagy via the CaMKKb-AMPK
signaling pathway.

We tested whether the kinase domain of TRPM7 contributes to
the effect of TRPM7 expression on the basal autophagy. In HEK293



Fig. 1. TRPM7 regulates basal autophagy via CaMKKb-AMPK signaling pathway. (A) TRPM7 currents were measured by whole-cell mode of patch-clamp from TRPM7-inducible
HEK293 cells. Cells were treated with (tet) or without (control) 1 mg/ml tetracycline for 2 h before recordings (n ¼ 6). (B) A typical Western blotting result shows that auto-
phagy level was increased by the induction of TRPM7 channel in HEK293 cells. LC3-II/b-actin, and pAMPK/AMPK ratio were increased. The presence of 10 mM STO609 (STO), a
blocker for CaMKKb, inhibited the effects of TRPM7 induction on autophagy as well as AMPK activation. (CeE) Band densities from 6 different experiments were normalized. *,
p < 0.05, **, p < 0.01.
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cells, the expression of TRPM7 kinase deletion mutant (TRPM7-DK)
was induced by treating cells with tetracycline for 2 h in nutrient-
rich normal culture medium (Supplementary Fig. 3). TRPM7 cur-
rents were increased by approximately 50% by the induction, which
was less than the current levels from cells expressing wild type
TRPM7 channel as previously reported [23]. Level of pAMPK and
the LC3-II/b-actin ratio were increased similar to what was
observed in cells expressing wild type TRPM7 channels. These re-
sults indicate that the kinase domain of TRPM7 is not necessary for
the regulation of basal autophagy.

3.2. Down-regulation of TRPM7 channel expression attenuates
basal autophagy

To confirm that TRPM7 channel regulates basal autophagy, the
endogenous TRPM7 channel expression was down-regulated using
TRPM7-specific short hairpin RNA (shRNA). For this purpose, SH-
SY5Y cells were transfected for 24 h with either control shRNA
with random sequence (shRNASCR) or with TRPM7-specific shRNA
(shRNATRPM7). A typical Western blot result is shown in Fig. 2A. The
presence of shRNATRPM7 reduced approximately 55% of endogenous
TRPM7 channel expression (Fig. 2B, n ¼ 5). In the same condition,
pAMPK/AMPK ratio was reduced by 25% (Fig. 2C, n ¼ 5) and LC3-II/
b-actin ratio was reduced by 50% (Fig. 2D, n ¼ 5). p62 is a maker for
basal autophagic activity since it serves as a linker between LC3 and
ubiquitinated substrates. Expression of p62 was increased by
shRNATRPM7 (Fig. 2A and E, n ¼ 5), which support our conclusion
that the down-regulation of TRPM7 expression leads to the atten-
uation of basal autophagy.

TRPM7 channel may form a heterotetramer complex with its
closest homolog, the Ca2þ/Mg2þ- permeable TRPM6 channel [24].
To test whether the TRPM6 channel affects basal autophagy, the
endogenous expression level of TRPM6 in SH-SY5Y cells was down-
regulated using TRPM6-specific shRNA (shRNATRPM6). We
confirmed that shRNATRPM6 reduced the expression of the endog-
enous TRPM6 (Supplementary Fig. 4). LC3-II/b-actin ratio was not
changed by the down-regulation of TRPM6 expression, indicating
the specific effect of TRPM7 channel on the regulation of basal
autophagy.

3.3. Ca2þ influx through TRPM7 channel regulates basal autophagy

To inhibit TRPM7 channel function, we utilized Waixenicin A
(waix), a selective TRPM7 channel blocker [25]. When 5 mM waix
was added to the extracellular solution of SH-SY5Y cells, the
endogenous TRPM7 current was inhibited by approximately 65%
(waix, n ¼ 8), compared to control (control, n ¼ 5) as shown in
Fig. 3A. Since TRPM7 channel underlies the spontaneously consti-
tutive Ca2þ influx in some cells [18,19], we also tested the effect of
waix on Ca2þ influx. For this purpose, the intracellular
Ca2þconcentration ([Ca2þ]i) was monitored using Fura-2 [19]. Cells
were exposed to a Ca2þ-free extracellular solution, and Ca2þwas re-
added into the extracellular solution. The increase of [Ca2þ]i rep-
resented the passive Ca2þ influx (Fig. 3B). When [Ca2þ]i was
measured at 200 s, 20% of Ca2þ influx was blocked by the presence
of waix (inset, Fig. 3B), indicating that TRPM7 channel constitutes
some, if not all, of the underlying current for the passive Ca2þ influx.

Then, we tested the effect of waix on autophagy. The LC3-II/b-
actin ratio was effectively decreased when SH-SY5Y cells were
treated with 5 mM waix for 24 h with physiological extracellular
Ca2þconcentration ([Ca2þ]ex) at 1.8 mM as shown in Fig. 3C for a
typical Western blot result. Waix decreased pAMPK/AMPK ratio
(Fig. 3D, n¼ 5), and LC3-II/b-actin ratio (Fig. 3C and E). These results
confirm that TRPM7 channel activity regulates basal autophagy.We



Fig. 2. Basal autophagy is down-regulated by the inhibition of TRPM7 expression. We used shRNA-mediated RNA interference method to test the effect of inhibition of TRPM7
expression on basal autophagy in neuroblastoma SH-SY5Y cells. (A) A typical Western blotting result shows that the endogenous expression level of TRPM7 was significantly
attenuated in cells transfected with TRPM7-specific shRNA (shRNATRPM7), compared to cells transfected with control shRNA (shRNASCR). pAMPK level and LC3-II/b-actin ratio were
decreased, while p62 expression level was increased when TRPM7 expression was down-regulated. (BeE) Band densities from 5 different experiments were normalized. *, p < 0.05,
**, p < 0.01.

Fig. 3. TRPM7 channel blocker inhibits basal autophagy. (A) A specific TRPM7 channel blocker, Waixenicin A (waix) was used to test the effect of inhibiting TRPM7 channel activity
on basal autophagy in SH-SY5Y cells. TRPM7 currents were decreased by 5 mMwaix (n ¼ 8), compared to vehicle control (n ¼ 5). (B) Since TRPM7 channel underlies the constitutive
Ca2þ influx, intracellular Ca2þ concentration ([Ca2þ]i) was monitored using fura-2AM. [Ca2þ]i was significantly increased by the re-addition of 1.8 mM Ca2þ (1.8 mM [Ca2þ]ex) into
Ca2þ-free extracellular solution (0 mM [Ca2þ]ex). Compared to control cells (n ¼ 5), 5 mM waix-treated cells (n ¼ 6) showed decreased [Ca2þ]i, indicating the reduced Ca2þ influx by
waix. Inset shows the measured [Ca2þ]i at 200 s after re-addition of extracellular Ca2þ. (C) A typical Western blotting result is shown for the effects of waix on autophagy. Cells were
treated with or without 5 mM waix either at 1.8 mM or 2.8 mM [Ca2þ]ex for 24 h (D, E) Band densities from 5 different experiments were normalized. *, p < 0.05, **, p < 0.01.
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also tested whether the inhibitory effect of waix on the basal
autophagy could be reversed by increasing Ca2þ influx. For this
purpose, [Ca2þ]ex was increased from 1.8 mM to 2.8 mM. Increasing
[Ca2þ]ex to 2.8 mM by itself increased levels of pAMPK/AMPK and
LC3-II/b-actin as shown in Fig. 3C through 3E. Even in the presence
of waix, increasing [Ca2þ]ex to 2.8 mM recovered LC3-II/b-actin
level similar to that of control condition at 1.8 mM [Ca2þ]ex (Fig. 3C
and E). Thus, the inhibitory effect of waix on the basal autophagy
was reversed by increasing Ca2þ influx, suggesting that Ca2þ influx
through TRPM7 channel regulate basal autophagy. The down-
regulated pAMPK/AMPK ratio by waix was not fully recovered by
increasing [Ca2þ]ex (Fig. 3C and D). Treating SH-SY5Y cells with
5 mM waix increased p62 level in a time-dependent manner
(Supplementary Fig. 5), consistent with inhibition of autophagy.
Together, these results indicate that basal autophagy is inhibited by
inhibiting TRPM7 channel activity.

3.4. TRPM7 channel regulates the autophagic formation

The formation of functional basal autophagosome was visual-
ized from SH-SY5Y cells using immuno-cytochemistry. Staining
with LC3 antibody showed the puncta formation as shown in
Fig. 4A for a typical result. In waix-treated cells, however, the
numbers of puncta were significantly reduced. It was about 2.5/cell
in control cells (n ¼ 15), and reduced to less than one in waix-
treated SH-SY5Y cells (Fig. 4B, n ¼ 14). In addition, only one cell
out of 15 cells in control group was without puncta. However, 6 out
of 14 cells in waix-treated cells were without puncta. As another
way to monitor the puncta formation, we used antibody against
WD repeat domain of phosphoinositide-interacting protein 2
(WIPI2).WIPI2 punctawere also down-regulated inwaix-treated as
shown in Fig. 4C for a typical result. Control cells had 7.5 puncta/cell
(n ¼ 16), and waix-treated cells had about 4.5 puncta/cell (n ¼ 19)
(Fig. 4D). These results suggest that inhibiting the endogenous
TRPM7 channel activity effectively inhibits the puncta formation.

Autophagic flux represents the dynamic process from the syn-
thesis of autophagosome to the degradation of autophagic
Fig. 4. TRPM7 channel blocker inhibits puncta formation. (A, B) Immunocytochemistry was p
from waix-treated SH-SY5Y cells (n ¼ 14) for 24 h. A typical result is shown in (A), and the n
immunostained and counted using Image J software. WIPI2 puncta were also reduced in w
substrates in the lysosome. Autophagic flux was measured by the
blocking autolysosomal degradation using lysosomal proteolysis
inhibitors [26]. To determine whether the regulation of basal
autophagy by TRPM7 is via regulating autophagic flux, SH-SY5Y
cells were treated with 5 mM waix in the presence or absence of
lysosomal proteolysis inhibitors, 100 nM bafilomycin A1, 100 mM
chloroquine or 20 mM NH3Cl. Following the waix pre-treatment,
proteolysis inhibitors were treated for the last 1 h. In the pres-
ence of these inhibitors, autophagic flux was not affected by the
presence of waix (Supplementary Fig. 6). These results suggest that
TRPM7 channel may regulate the autophagic formation, but not the
autophagic flux.

4. Discussion

Cytosolic Ca2þ is recognized as an important regulator of auto-
phagy. In this study, we showed that Ca2þ-permeable TRPM7
channel plays an important role as the regulator of the basal
autophagy. Ca2þ influx through ubiquitously expressed TRPM7
channel increased the level of basal autophagy by activating
CaMKKb-AMPK signaling pathway.

Høyer-Hansen et al. reported that autophagy is activated via
increased cytosolic Ca2þ level, which affects CaMKKb-AMPK-mTOR
signaling and Beclin1-ATG7 signaling [12]. Law et al. showed that
Alisol B, an inhibitor of the sarco/endoplasmic reticulum Ca2þ-ATP
pump, leads to the induction of autophagy via the CaMKKb-AMPK-
mTOR pathway [27]. In addition, resveratrol, an AMPK activator,
reduced amyloid-b peptide via increasing Ca2þ influx and inducing
autophagy [28]. These results are consistent with our finding that
the increased cytosolic Ca2þ level through the ubiquitously
expressed TRPM7 channel leads to the activation of basal auto-
phagy. Since TRPM7 channel underlies the constitutive inward Ca2þ

influx in some cell types [18,19], increasing or decreasing TRPM7
channel activity may affect cytosolic Ca2þ level, thereby, modu-
lating the basal autophagy.

Even though we demonstrated that Ca2þ regulates the basal
autophagy via the AMPK-dependent signaling pathway, the AMPK-
erformed using LC3 antibody to measure the puncta formation from control (n ¼ 15) or
umber of puncta was counted using Image J software in (B). (C, D) WIPI2 puncta were
aix-treated cells (n ¼ 16), compared to control cells (n ¼ 19).
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independent pathwaymay also regulate autophagy. The increase of
cytosolic Ca2þ induces autophagy from AMPK knockout fibroblasts
with minimal changes in mTOR activity [29]. Sasaki et al. estab-
lished that the activation of protein kinase Cq by cytosolic Ca2þ

elevationwas required for ER stress-induced autophagy [30]. In this
report, we showed that increasing [Ca2þ]ex to 2.8 mM from physi-
ological 1.8 mM by itself increased basal autophagy. Also, the
down-regulated basal autophagy by the TRPM7 channel inhibitor
was recovered by increasing [Ca2þ]ex (Fig. 3C, E), indicating that
Ca2þinflux through TRPM7 channel regulate basal autophagy.
However, increasing [Ca2þ]ex was not able to fully recover the
down-regulated pAMPK/AMPK ratio by waix (Fig. 3C, D), which
suggest that the effect of [Ca2þ]ex could be via the AMPK-
independent and mTOR-dependent pathway [29].

TRPM7 contributes to anoxic neuronal death during prolonged
oxygen-glucose deprivation (OGD) in mouse cortical neurons [21].
Neuronal injury associated with OGD is lowered by nonspecific
TRPM7 blockers (Gd3þ and 2-APB) and TRPM7-specific siRNA.
Similarly, overexpression of TRPM7 channel in HEK-293 cells led to
increase in intracellular Zn2þ accumulation and Zn2þ-mediated cell
death [31]. In addition, TRPM7 channel participates in cell mem-
brane depolarization, intracellular Ca2þ accumulation, and cell
swelling during the initial period of acute brain ischemia in hip-
pocampal CA1 neurons [32]. Since autophagy is closely associated
with neuronal cell death, changes in TRPM7 channel activity in
various conditions may affect the basal autophagy.

In summary, we show that TRPM7 channel regulates autophagy
via AMPK signaling in a nutrient-rich condition. This is the first
report showing that the constitutive inward Ca2þ influx through
TRPM7 channel control and maintain the basal autophagy level.
Since TRPM7 channel is implicated in many autophagy-related
neurodegenerative diseases, the regulation of basal autophagy by
TRPM7 channel may serve as possible therapeutic targets.
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