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Introduction

Lymphocyte expansion is regulated through proliferative signals 
received through multiple types of receptors. When the “ensem-
ble” signal a lymphocyte receives reaches a threshold sufficient 
to drive proliferation, lymphocytes radically shift their metabo-
lism from a state of quiescence adjusted to support cellular energy 
homeostasis, to a state of anabolism that supports a rapid accu-
mulation of cell mass and completion of one or more cell cycles. 
When the “ensemble signal” falls below the proliferative thresh-
old, metabolism returns to its original quiescent state, mass accu-
mulation ceases and the lymphocyte exits the cell cycle. A key 
regulator of these quiescent/proliferative transitions is the PI3K/
Akt/mTOR pathway, which directly controls cellular energy 
metabolism and catabolism/anabolism balance in response to the 
availability of nutrients and myriad types of growth-promoting 
hormones.

The dual function ion channel-protein kinase–transient 
receptor potential cation channel, subfamily M, member 7 
(TRPM7) has recently been shown to support sustained phos-
phoinositide 3-kinase (PI3K) signaling in proliferating lym-
phocytes,1 positioning TRPM7 alongside PI3K as an important 
component in the processes which control lymphocyte metabo-
lism. TRPM7’s influence on lymphocyte metabolism is linked to 
its role in regulation of cellular Mg2+ uptake: TRPM7-deficient 
cells downregulate PI3K/Akt/mTOR signaling and undergo 
proliferative arrest when transitioned to standard tissue culture 
media; this phenotype is suppressible either by provision of sup-
plemental extracellular Mg2+ or heterologous expression of a Mg2+  
transporter.2,3

A unique property of lymphocytes among all body tissues is their capacity for rapid proliferation in the context of 
responding to infectious challenges. Lymphocyte proliferation involves a transition from a quiescent metabolic state 
adjusted to maintain cellular energy homeostasis, to a proliferative metabolic state in which aerobic glycolysis is used to 
generate energy and biosynthetic precursors necessary for the accumulation of cell mass. Here we show that modulation 
of tRpM7 channel function in tumor B lymphocytes directly induces quiescent/proliferative metabolic transitions. As 
tRpM7 is widely expressed outside of the immune system, our results suggest that tRpM7 may play an active role in 
regulating metabolic transitions associated with rapid cellular proliferation and malignancy.
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A striking aspect of the proliferative arrest exhibited by 
TRPM7-deficient cells is that a high percentage of arrested cells 
are positioned at the beginning of the cell cycle as indicated by 
flow cytometric analysis of DNA content and cell size.1 Similar 
DNA content and size parameters are observed in primary lym-
phocytes positioned in quiescence/G

0
,4,5 suggesting the potential 

involvement of TRPM7 in processes required to transition out of 
quiescence/G

0
. In this study, we examined the biological events 

that occur when TRPM7-deficient lymphocytes are prolifera-
tion-arrested in standard tissue culture media and observed that 
these cells exhibit multiple signatures associated with quiescence. 
Provision of either supplemental Mg2+ or TRPM7-mediated Mg2+ 
entry fully reversed the key features associated with quiescence, 
implicating TRPM7-mediated Mg2+ uptake as a key mechanism 
required for cell cycle re-entry from G

0
.

Results

trPm7-deficient b cells reversibly exit cell cycle and enter 
quiescence. We have previously shown that TRPM7-deficient 
cells stop accumulating mass and cease to proliferate when 
moved from Mg2+ supplemented media to regular media.1 In 
order to better understand the nature of the metabolic transi-
tion that occurs when these cells are shifted from supplemental to 
physiological external Mg2+, we compared WT cells cultured in 
standard tissue culture/regular media, TRPM7-KO (or TRPM7-
deficient) cells in growth-supporting media (media with 15 mM 
Mg2+; +media) and TRPM7-deficient cells transitioned to regular 
media for 24–48 hrs, which were labeled with CFSE (fig. 1). 
When a CFSE labeled cell enters the cell cycle, each daughter 
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their rapid proliferation and exhibit a progressive loss of CFSE 
fluorescence over time in culture. In contrast, TRPM7-KO cells 
transitioned to regular media exhibit nearly completely stable 
CFSE staining (fig. 1a), consistent with their proliferative 
arrest in a viable state. That the proliferation-arrested TRPM7-
deficient cells are viable is evidenced by their ability to both 

cell undergoes a 50% decrease in CFSE fluorescence as the dye 
is partitioned between daughter cells at each cell division; if all 
cells of a population are able to continue rapid division, a pro-
gressive decrease in population CFSE fluorescence is observed.6 
Our analyses show that both WT cells growing in regular media 
and TRPM7-KO cells in growth-supporting media continue 

Figure 1. proliferation arrested tRpM7-Ko cells exhibit stable CFSe staining upon transition to regular media. (A) tRpM7-deficient cells transitioned 
to regular media for 24 hours undergo proliferative arrest and show stable CFSe staining. top part: Forward scatter vs. side scatter analysis display-
ing cell size distribution of Wt cells in regular media, tRpM7-deficient cells in growth-supporting media with supplemental Mg2+ and tRpM7-Ko cells 
transitioned to regular media for 24 hours without and with re-addition of 15 mM Mg2+. All cell lines were labeled with CSFe 24 hrs post transition of 
tRpM7-Ko cells to regular media. Data was acquired on BD LSRII flow cytometer and analyzed by Flowjo (tree Star, Inc.; Ashland, oregon). Bottom 
part: CFSe-labeled cells were acquired at 9, 24 and 32 hours and analyzed by Flowjo. By 25 hours (time not including 24 hours post transition), tRpM7-
deficient cells stop undergoing further rounds of proliferation in regular media (-media) without 15 mM supplemental Mg2+ and display substantially 
stable CFSe staining (3rd bottom part). provision of supplemental Mg2+ at 24 hrs post transition allowed recovery of only a small proportion of cells by 
32 hours (4th bottom part). (B) proliferation-arrested tRpM7-Ko cells resume cell division in presence of supplemental Mg2+. tRpM7-deficient cells cul-
tured in regular media for 24 hours were labeled with CFSe and sorted on the basis of their cell size (smaller G0/G1 and larger G2 cells; see Suppl. Fig.1) 
followed by provision of 15 mM supplemental Mg2+ to both populations. Further reacquisition of these two populations at 7, 23 and 49 hours indicated 
that both G1 and G2 cells are able to resume cell division.



www.landesbioscience.com Cell Cycle 3567

TRPM7-deficient cells, we evaluated the expression level of a key 
cell cycle regulator-p27kip1.10 The CDK inhibitor p27kip1 (hereafter 
p27/p27kip1) is thought to provide a crucial block for the transi-
tion of cells from G

0
 through G

1
 into S phase in diverse type 

of cells, including lymphocytes (reviewed in ref. 11). A growing 
body of literature suggests that one of the important signatures 
of cellular quiescence is an elevation in p27 levels, since its abun-
dance has been observed to precipitously decrease as quiescent 
primary lymphocytes progress out of G

0
 into G

1
 upon mitogen/

growth-factor stimulation.12,13

To evaluate the p27kip1 status of proliferation-arrested TRPM7-
deficient cells, TRPM7-deficient cells were analyzed for p27kip1 
expression at 11 and 24 hrs after transition to regular media with 
physiologic levels of Mg2+, and compared to both WT DT40 cells 
in regular media and TRPM7-KO cells in growth-supporting 
media with 15 mM Mg2+. Comparative analysis showed that 
p27 expression was significantly elevated in TRPM7-deficient 
cells growing in regular media by 11 hrs, followed by an even 
further augmentation at 24 hrs (fig. 2a, left part). These levels 

maintain a constant level of CFSE staining, and their retention 
of normal membrane integrity as assessed by propidium iodide 
staining (suppl. fig. 2). Provision of 15 mM supplemental Mg2+ 
to TRPM7-KO cells after 24 hrs supported cell cycle re-entry 
as indicated by a progressive loss of CFSE fluorescence in the 
TRPM7-KO population, and sorting based on cell size demon-
strated that cells with either 2n or 4n DNA content are able to 
resume cell division (fig. 1b, (4n cells are distinctly larger than 
those which have arrested with 2n DNA content;7 suppl. fig. 
1)). Taken together with our previous analyses of DNA content 
and cell size,1 these results indicate that TRPM7-deficient cells 
placed in regular media have reversibly exited the cell cycle to 
a state of quiescence. The smaller cells with 2n DNA content 
would be predicted to have exited after mitosis, suggesting they 
have entered a state of G

0
, while the larger cells arrested with 4n 

DNA content appear to have exited somewhere in G
2
, as has been 

previously reported to occur in other eukaryotic systems.8,9

p27kip1 is upregulated in quiescent trPm7-deficient lympho-
cytes. To further define the properties of proliferation-arrested 

Figure 2. A signature protein of cellular quiescence, p27kip1, is upregulated in proliferation-arrested tRpM7-Ko cells. (A) Levels of p27kip1 are significantly 
elevated in non-proliferating tRpM7-Ko cells. Left part: Wt, tRpM7-Ko cells and tRpM7-Ko cells transitioned to regular media were analyzed for p27 
expression at 11 and 24 hours post transition. At 11 hours, levels of p27 were elevated in tRpM7-deficient cells transitioned to regular media and were 
even significantly high at 24 hours post transition compared with Wt cells growing in regular media and tRpM7-Ko cells in growth-supporting media 
either with or without rapamycin, a mtoR inhibitor. Right part: Similar to the experiment in the left part, Wt, proliferating tRpM7-deficient cells and 
non-proliferating tRpM7-Ko cells were treated with a microtubule inhibitor, nocodazole for 24 hours. exposure of cells to nocodazole resulted in p27 
expression in both Wt as well as proliferating tRpM7-Ko cells but the levels were considerably lower than those observed in non-proliferating tRpM7-
deficient cells. (B) Analysis of the fold change in p27kip1 from three independent experiments is shown. the graph shows averages plus standard errors 
of the means (error bars) and p values for the fold change were calculated using Student’s t test. A 2.7-fold increase in p27 expression was observed 
by 25 hours in tRpM7-Ko cells transitioned to regular media and found to be statistically significant compared to Wt cells in regular media at 0 and 11 
hours (p = 0.0001 and p = 0.0006) as well as tRpM7-Ko cells cultured in growth-supporting media with 15 mM Mg2+ at similar time points (p = 0.0001 
and p = 0.001).
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in regular media, TRPM7-KO cells in growth-supporting media 
and TRPM7-KO cells in growth-supporting media treated with 
rapamycin for 26 hrs. We observed a significant proportion of 
PYlow cells in TRPM7-deficient cells in regular media (79%), 
suggesting that the majority of cycling cells had become quies-
cent (fig. 3a, top left part; reviewed in ref. 18).

To further define the nature of the quiescent state that 
TRPM7-deficient cells had entered, we examined the magnitude 
of store-operated calcium entry in TRPM7-KO cells transitioned 
to regular media, which has been shown to be diminished in 
quiescent lymphocytes,19 and cellular energy utilization, which is 
also reduced and dominated by aerobic/mitochondrial ATP pro-
duction in quiescence (reviewed in ref. 20).

Engagement of antigen receptors on lymphocytes is followed 
by calcium-release from endoplasmic reticulum (ER) stores into 
the cytosol, resulting in the activation of store-operated calcium 
entry via calcium-release-activated calcium (CRAC) chan-
nels on the plasma membrane (reviewed in ref. 21, 22). The 
magnitude of store-operated Ca2+ entry in primary lympho-
cytes driven to actively proliferate has recently been shown to 
be markedly enhanced relative to those that are quiescent.19 To 
evaluate store-operated calcium entry in proliferation-arrested 
TRPM7-deficient lymphocytes, we compared WT DT40 cells in 
regular media with TRPM7-deficient cells maintained either in 
Mg2+-supplemented media or those that had been transitioned 
to regular media for 24 hours to induce a state of non-prolifera-
tion. Each cell type was activated with M4, an IgM monoclonal 
antibody that activates the BCR or thapsigargin, an inhibitor of 
the SERCA (sarco endoplasmic reticulum Ca2+ ATPase) pump 
responsible for Ca2+ transport into the ER.23,24 Surface expression 
of IgM was confirmed with a specific anti-IgM antibody (fig. 3a, 
top middle part) and release of calcium from intracellular stores 

were prominently higher than those observed in TRPM7-KO 
and WT cells treated with rapamycin, an inhibitor of mTOR 
that induces G

1
 arrest. Treatment of WT and TRPM7-KO cells 

with nocodazole, a microtubule inhibitor that induces G
1
 and G

2
 

arrest,14 also resulted in expression of p27 at 24 hrs, but again not 
to the degree observed in TRPM7-KO cells cultured in regular 
media (fig. 2a, right part). Quantitative fold change analysis 
showed that relative to proliferating WT cells in regular media 
and TRPM7-KO cells in growth-supporting media, TRPM7-
deficient cells in regular media exhibited a 2.7-fold increase in 
p27 expression at 25 hrs, which was found to be statistically 
significant (fig. 2b). In conjunction with previous observa-
tions on the time course of PI3K-Akt signaling downregulation 
that occurs in TRPM7-deficient cells,1 these results suggest that 
accumulation of p27 follows the downregulation of PI3K-Akt 
growth signaling as TRPM7-deficient cells exit the cell cycle, a 
correlation also observed in primary lymphocytes transitioning 
from proliferation to quiescence (reviewed in ref. 15, 16). Taken 
together, these data indicate that proliferation-arrested TRPM7-
deficient lymphocytes exhibit a key molecular signature of cell 
cycle exit to quiescence–accumulation of high levels of p27Kip1.

reduced rna, store-operated calcium entry (soce) 
and altered energy processes characterize quiescent trPm7-
deficient cells. A defining characteristic of quiescent cells is the 
presence of extremely low levels of RNA compared to cycling 
cells in G

1
, S or G

2
-M phase. Cellular RNA levels can be defined 

in relation to their cell cycle position by sequential staining of 
cells with DAPI (binds to DNA), followed by Pyronin Y (PY) 
staining (binds to RNA only, after DNA binding sites are satu-
rated with DAPI).17 In order to assess RNA levels and cell cycle 
status of TRPM7-KO lymphocytes transitioned to regular media 
for 26 hrs, we compared them with sequentially labeled WT cells 

Figure 3 (See opposite page). Non-proliferating tRpM7-deficient cells display low RNA content, significantly downregulated store-operated Ca2+ 
entry (SoCe) and oxygen consumption rate analogous to primary lymphocytes. (A) tRpM7-deficient cells transitioned to regular media exhibit 
reduced RNA and SoCe. top left part: Flow cytometric analysis of Wt cells in regular media, tRpM7-Ko cells in growth-supporting media with/without 
rapamycin (26 hrs) and tRpM7-Ko cells transitioned to regular media for 26 hours stained with DApI for DNA (Y-axis) and pyronin Y for RNA (X-axis) 
content. tRpM7-deficient cells in regular media exhibited a high proportion of pyronin Y negative cells that are in G0 compared to proliferating Wt 
and tRpM7-Ko cells as well as tRpM7-Ko treated with rapamycin. the analysis was performed on the same day. top middle part: tRpM7-Ko cells were 
transitioned to regular media for 24 and 48 hours and their surface IgM expression was analyzed with an anti-IgM antibody directly conjugated to FItC 
(Bethyl laboratories). Wt cells in regular media and tRpM7-Ko cells in Mg2+-supplemented media displayed higher surface IgM expression compared 
to tRpM7-deficient cells transitioned to regular media, consistent with their smaller cell size. top right part: Store-operated calcium entry was evalu-
ated in Wt, tRpM7-Ko cells in growth-supporting media with 15 mM Mg2+ and tRpM7-Ko cells induced into a non-proliferative state upon transition 
to regular media for 24 and 52 hours. Cells were labeled with Ca2+-binding dye, indo-1 and acquired on BD LSRII cytometer. Flow kinetic profiles are 
shown comparing the mean indo-1 ratio (violet/blue) as a function of time before and after stimulation with M4 followed by addition of 1 mM Ca2+. A 
significant reduction in SoCe was observed in tRpM7-deficient cells cultured in regular media for 24 and 52 hours. Lower left part: Wt cells growing 
in regular media, tRpM7-Ko cells in Mg2+-supplemented media and proliferation-arrested tRpM7-deficient cells (24 hours) were analyzed for SoCe 
upon treatment with thapsigargin. Flow kinetic profiles obtained were similar to what was observed with M4 stimulation (top right part). Lower right 
part: Changes in intracellular calcium over time for tRpM7-Ko cells in media with supplemental Mg2+ and in regular media without 15 mM Mg2+. the re-
sponse from the whole population of cells from one representative experiment is shown. Upon addition of 1 mM Ca2+, the ion flux in the proliferation-
arrested tRpM7-deficient cells (right dot plot) is significantly reduced as compared to the cells in growth-supporting media (left dot plot). Live/dead 
cell differentiation was done by propidium iodide (pI) staining in all experiments. (B) proliferation-arrested tRpM7-deficient cells lack Crabtree effect 
despite functional mitochondria. Left part: A flow cell approach was used for measuring the oxygen consumption rate (oCR) in proliferation-arrested 
tRpM7-deficient cells compared to Wt Dt40 cells cultured in regular media and tRpM7-deficient cells in growth-supporting media. Non-proliferating 
tRpM7-Ko cells showed a considerable drop in the oCR, closely resembling the oxygen consumption rate of quiescent primary lymphocytes, when 
compared to Wt and tRpM7-Ko cells in Mg2+-supplemented media. Right part: Mitochondrial function was evaluated by determination of mitochon-
drial membrane potential in Wt, tRpM7-deficient cells in growth-supporting media and non-proliferating tRpM7-Ko cells transitioned to regular me-
dia for 24 hours. While cells labeled with Mitoprobe JC-1 displayed mitochondria that retained their normal membrane potential, treatment with CCCp 
for 5 minutes led to a complete disruption of their mitochondrial electrochemical gradient, which was observed as the shift of JC-1 to its monomeric 
form (FL-1).
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An additional fundamental property of cellular quiescence is 
the nature of cellular energy metabolism. In lymphocytes, energy 
metabolism in quiescence is dominated by respiration, and thus 
quiescent lymphocytes exhibit low rates of glucose utilization 
and oxygen consumption (reviewed in ref. 26, 27). In contrast, 
rapidly proliferating lymphocytes exhibit a high rate of energy 
utilization that is associated with a shift in carbon flux through 
glycolysis into metabolic pathways, which generate biosynthetic 
building blocks required to add cell mass. The shift of carbon 
flux into glycolytic metabolism results in a significant fraction of 
energy production via glycolysis in addition to a high rate of ongo-
ing respiration, and is thus known as aerobic glycolysis. A sine-
qua-non of ongoing aerobic glycolysis is a paradoxical increase in 

followed by entry of extracellular Ca2+ was monitored using the 
Ca2+-binding dye, indo-1.25 We observed a considerable reduction 
in anti-IgM evoked intracellular Ca2+ depletion from ER stores 
and extracellular Ca2+ entry in TRPM7-deficient B-lymphocytes 
transitioned to regular media for 24 hrs, as compared with WT 
cells growing in regular media and TRPM7-KO cells cultured 
in growth-supporting media (fig. 3a, top right part). Similar 
results were obtained upon depleting the intracellular Ca2+ stores 
with thapsigargin. Together, these results demonstrate that pro-
liferation-arrested TRPM7-deficient cells exhibit downregulated 
store-operated Ca2+ entry, which is both qualitatively and quan-
titatively similar to that observed in quiescent primary lympho-
cytes (fig. 3a, lower part and reviewed in ref. 19).

Figure 3. For figure legend, see page 3568.
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TRPM7-deficient cells maintained in regular media (fig. 3b, 
right part), as can be seen through the sizeable collapse of the 
membrane potential (and shift to green/FL-1 fluorescence) 
resulting from treatment with the protonophore carbonyl cya-
nide m-chlorophenylhydrazone (CCCP) in each type of cell (fig. 
3b, right part).

Proliferation-arrested, quiescent trPm7-deficient lympho-
cytes can resume cell cycle. The cumulative results above indicate 
that proliferation-arrested TRPM7-deficient cells acquire every 
major reported quiescence-associated molecular and physiologi-
cal signature. To determine whether TRPM7 channel function is 
sufficient to reverse an established quiescent state, we made use of 
a previously described TRPM7-deficient cell line which expresses 
a TRPM7 kinase domain deletion mutant under the control of a 
doxycycline-regulated promoter (TRPM7-Δ-kinase, reviewed in 
ref. 3). This cell line was chosen over TRPM7-KO cells comple-
mented with full-length TRPM7 (cWT), as we have previously 
shown that cWT cells continue to cycle even when uninduced, 
apparently due to low basal expression level of the transfected 
protein driven by a leaky promoter.3 In contrast, when cultured 
in standard tissue culture media in the absence of doxycycline, 
TRPM7-Δ-kinase overexpressing cells undergo proliferative 
arrest indistinguishable from that of uncomplemented TRPM7-
deficient cells; when doxycycline is added to the tissue culture 
media, these cells regain the ability to proliferate in standard 
tissue culture media, albeit at a reduced rate relative to growth 
in Mg2+ supplemented media.3 Analogous to earlier experiments 
with TRPM7-deficient cells, untreated TRPM7-Δ-kinase cells 
cultured in media with supplemental Mg2+ were transitioned to 
regular media for 24 hours, resulting in their proliferative arrest. 
Arrested cells were sorted on the basis of their forward scatter 
into small (putative 2n/G

0
) and large (putative 4n/G

2
-quiescent) 

populations, labeled with CFSE and were then either kept in 
regular media, transitioned back to growth-supporting media 
with supplemental Mg2+ or TRPM7-Δ-kinase expression was 
induced with doxycycline. Both the sorted putative G

0
 and 

oxygen consumption upon glucose restriction, as restriction of 
cellular energy production via glycolysis is made up for via a shift 
of energy metabolism towards respiration, a phenomenon known 
as the Crabtree effect.28 Thus, quiescent cells exhibit a low rate of 
oxygen consumption and lack a “Crabtree effect” upon glucose 
restriction.29

To evaluate the metabolism of proliferation-arrested TRPM7-
deficient cells, we used a flow cell with continuous on line 
monitoring of oxygen consumption through detection of the 
phosphorescence lifetime of an oxygen-sensitive dye (platinum 
tetrapentafluorophenyl porphyrin).30 Using this approach, the 
oxygen consumption rate (OCR) was measured as environmental 
glucose was varied from 0 to 5 mM glucose (fig. 3b, left part). 
Oxygen consumption rates of proliferating WT cells in regular 
media and TRPM7-deficient cells in growth-supporting media 
were approximately 0.7 nmol/105 cell/minute, and markedly 
increased upon transition to glucose deprivation conditions (fig. 
3b, left part), consistent with their cell metabolism existing in a 
state of aerobic glycolysis required to support continuous rapid 
proliferation. In contrast, the OCR of proliferation-arrested 
TRPM7-KO cells decreased to an absolute rate approaching 
what has previously been reported for quiescent primary thy-
mocytes,26,31 and essentially no change in OCR was observed 
upon glucose deprivation. These observations indicate that the 
proliferation-arrested TRPM7-deficient cells have transitioned 
to a metabolic state in which they have low energy needs, and 
those needs are met primarily through mitochondrial respira-
tion.20 Mitochondrial function was also directly evaluated in the 
proliferation-arrested TRPM7-deficient cells by assessment of the 
mitochondrial membrane potential using MitoProbe JC-1, which 
reports high mitochondrial membrane potential as fluorescent 
J-aggregates (red/FL-2), and loss of membrane potential as a 
shift of the dye to its monomeric form (green/FL-1).32 Significant 
mitochondrial membrane potentials were apparent in WT DT40 
cells cultured in regular media, TRPM7-deficient cells main-
tained in Mg2+ supplemented media and proliferation-arrested 

Figure 4 (See opposite page). Induction of tRpM7 by doxycycline or provision of supplemental Mg2+ allows proliferation-arrested tRpM7-deficient 
cells to re-enter the cell cycle. (A) tRpM7-Δ-kinase cells transitioned to regular media display proliferation arrest in both G0/G1 and G2 populations. 
tRpM7-Δ-kinase cells cultured in growth-supporting media were transitioned to regular media for 24 hours following which they were sorted on the 
basis of their size scatter (as shown in B) into G0/G1 and G2 populations, commensurate to tRpM7-Ko cells. Cells were labeled with CFSe along with 
positive controls-proliferating tRpM7-Δ-kinase cells in growth supporting media and tRpM7-Δ-kinase cells induced with doxycycline. Comparative 
analysis showed that while the positive controls proliferated and led to subsequent partitioning of the dye, proliferation arrested and sorted cells in 
G0/G1 and G2 transitioned to regular media, displayed stable CFSe staining and did not undergo any further cell divisions. (B) proliferation-arrested 
tRpM7-Δ-kinase cells are able to recommence proliferation upon doxycycline induction or provision of 15 mM Mg2+. CFSe-labeled sorted G0/G1 and 
G2 populations were either induced with doxycycline (dox; 1 μg/ml) for tRpM7-Δ-kinase expression or replenished with supplemental Mg2+. By 72 
hours, a sizable magnitude of cells were able to exit cell cycle arrest in both G0/G1 as well as G2 populations and resume cell division. However, tRpM7-
Δ-kinase cells provided with doxycycline exhibited a lag in resumption of cell division as compared to the cells provided with supplemental Mg2+, 
which could be attributed to the time required by the dox-induced cells to initiate protein synthesis. (C) tRpM7-Δ-kinase expression drives both G0/
G1 and G2 proliferation-arrested cells to reenter cell cycle. tRpM7-Δ-kinase cells transitioned to regular media for 24 hours were sorted into G0/G1 and 
G2 populations and labeled with CFSe. Left part: post-sort, cells were transitioned to growth-supporting media or induced with doxycycline. Non-
proliferating, stable CFSe labeled cells and proliferating, CFSe-low populations from doxycycline-induced G2 cells were further sorted at 64 hours, 
lysed and immunoprecipitated with anti-HA antibody. the immunoprecipitates were run on 8% SDS-pAGe and immunoblotted with anti-HA antibody 
for expression analysis of HA-tagged tRpM7-Δ-kinase. Right part: Similar CFSe-labeled populations, as mentioned in the left part, were sorted at 87 
hours for doxycycline induced G0/G1 cells (stable CFSe labeled and CFSe low populations) expressing tRpM7-Δ-kinase and uninduced cells provided 
with 15 mM supplemental Mg2+. Cells were fixed, permeabilized and labeled with anti-HA/anti-mouse pe antibodies for detection of tRpM7-Δ-kinase 
by flow cytometry on BD LSRII. A dramatic increase in fluorescence was observed in proliferating CFSe-low, doxycycline-induced G0/G1 population as 
compared to the non-proliferating, stable CFSe-labeled cells. A small shift in fluorescence was also observed in the uninduced CFSe-low G0/G1 cells, 
which could be attributed to a leaky promoter.
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identical to that observed for TRPM7-KO cells, and confirms 
that Mg2+ uptake is necessary and sufficient for resumption of 
proliferation from a state of quiescence for TRPM7-Δ-kinase 
cells. Induction of TRPM7-Δ-kinase expression via doxycy-
cline was also able to support a proportion of cells in both G

0
/

G
2
-quiescent populations kept in standard media displayed stable 

CFSE staining identical to that observed in proliferation-arrested 
TRPM7-KO cells (fig. 4a). Upon provision of 15 mM Mg2+, a 
proportion of cells in both putative G

0
 and G

2
-quiescent popula-

tions were able to re-enter the cell cycle (fig. 4b). This result is 

Figure 4. For figure legend, see page 3570.
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fetal bovine serum (FBS), 1% chicken serum, 10 U/ml penicil-
lin/streptomycin, 2 mM glutamine and 50 μg/ml blasticidin. For 
cell division experiments, cells were stained with CFSE accord-
ing to the manufacturer’s instructions (Invitrogen). CFSE-
labeled cells were cultured in complete RPMI with 10% FBS, 
1% chicken serum, 10 U/ml penicillin/streptomycin and 2 mM 
glutamine. In some experiments supplemental Mg2+, rapamycin, 
nocodazole and staurosporine were added at final concentrations 
of 15 mM, 100 nM, 3.3 μM and 1 μM, respectively.

measurement of intracellular ca2+ and ca2+ flux. For mea-
surement of [Ca2+]

i
, cells were washed and resuspended in PBS 

containing 5% FBS at 106–107 cells/ml. Cell permeant indo-
1-acetoxymethyl (Invitrogen) was added at a final concentration 
of 7 μM, and incubation was performed for 30 min at 37°C. 
The indo-1 fluorescence ratio (indo-1 was excited at 325 nm and 
emission detected using a 530/30 nm filter for Ca2+ free and a 
405/20 nm filter for Ca2+ bound) of the cells was acquired as 
a function of time using a flow cytometer (BD-LSR II; Becton 
Dickinson). For each experiment, collection of 1-minute baseline 
measurement was followed by an initial stimulation with either 
10 μg/ml anti-chicken IgM (Bethyl laboratories) or 1 μM thap-
sigargin (Biomol) with subsequent addition of 1 mM Ca2+ after 
10–20 minutes, as indicated. For the purposes of direct compari-
son, the data presented in the figures are from single experiments 
performed in parallel though experiments were repeated two to 
three times with similar results. The kinetics of the data was ana-
lyzed with FlowJo software (TreeStar).

immunoprecipitation, electrophoresis and western blot-
ting. Untreated or treated cells were washed once with PBS and 
whole cell lysates were prepared by lysing the cells in ice-cold 
lysis buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM 
EDTA] and complete mini-protease-inhibitor cocktail without 
EDTA (Roche), used according to manufacturer’s instructions. 
The lysates were rotated for 45 min at 4oC and cell debris was 
removed by centrifugation at 13,000 rpm for 15 min at 4oC. 
Protein concentration of lysates was determined by Bicinchoninic 
acid (BCA; Pierce) assay using the manufacturer’s specifications 
and anti-HA antibody (Cell Signaling) was used for immuno-
precipitation of HA-tagged TRPM7-Δ-kinase. Sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was car-
ried out according to the method of Laemmli. Aliquots of super-
natants/immunoprecipitates were separated on SDS-PAGE gels 
(10–12% for p27 and 6% for TRPM7-Δ-kinase) and analyzed by 
immunoblotting (IB). The proteins were transferred to 0.45 μm 
pore size polyvinylidene fluoride membranes (PVDF; Millipore) 
in transfer buffer (39 mM glycine, 48 mM tris base and 20% 
methanol) for 1–2 hours at 4oC. Membranes were blocked in 5% 
blocking buffer (5% w/v nonfat dry milk in TBS-0.1% Tween- 
20) for 1 hr at room temperature. Primary-antibody incubations 
were done overnight at the dilutions specified by the vendor. 
Incubations with the secondary antibody were performed with 
peroxidase-coupled anti-rabbit/anti-mouse immunoglobulin in 
5% blocking buffer and the bound antibody was detected by 
ECL Chemiluminescence Detection System (Amersham).

measurement of oxygen consumption rate (ocr). OCR 
was measured in a perifusion system that allows for continuous 

G
1
 and G

2
 populations to re-enter the cell cycle. To determine 

whether TRPM7-Δ-kinase expression correlated with cell cycle 
re-entry, we analyzed TRPM7-Δ-kinase expression in uninduced 
and induced cells maintained in the various conditions (fig. 
4c). Consistent with TRPM7-dependent Mg2+ uptake playing 
an essential role in supporting cell cycle re-entry of quiescent 
cells, the induced cells re-entering the cell cycle show substantial 
expression of TRPM7-Δ-kinase, while those unable to re-enter 
the cell cycle lack TRPM7-Δ-kinase expression (fig. 4c).

Discussion

Overall, our data suggests that culture of TRPM7-deficient cells 
in standard tissue culture media results in their entering a state of 
quiescence: they reversibly cease proliferation, upregulate expres-
sion of p27kip1, display low RNA content, downregulate store-
operated Ca2+ entry, and adopt a metabolic state dominated by 
mitochondrial respiration. As either supplemental Mg2+ or induc-
tion of TRPM7 expression are able to initiate cell cycle re-entry 
after proliferation arrest, uptake of extracellular Mg2+ via TRPM7 
is identified as an essential biochemical event regulating transi-
tions from quiescent to proliferative metabolism in lymphocytes. 
While the conditions used to induce quiescence also result in a 
significant fraction of TRPM7-deficient cells irreversibly exiting 
the cell cycle, this is attributable to those cells experiencing a pro-
longed period of quiescence, which is frequently observed to lead 
to irreversible cell cycle exit and senescence.33,34

An intriguing question raised by our results is the nature of the 
role TRPM7-dependent Mg2+ uptake has in supporting the tran-
sition from quiescent to proliferative physiology. Previous models 
have posited that glucose uptake is a key event driving the transi-
tion to aerobic glycolysis upon lymphocyte activation (reviewed 
in ref. 35). Because both respiration and aerobic glycolysis utilize 
glucose and other fuel substrates, it is difficult to see how uptake 
of fuel substrates alone might lead to such a marked metabolic 
alteration. However, the respective requirements of respiration 
and aerobic glycolysis for external Mg2+ uptake are entirely diver-
gent: respiration recycles MgADP to MgATP, and thus does not 
affect the size of the cellular adenine nucleotide pool. In contrast, 
aerobic glycolysis is associated with massive de novo expansion of 
the adenine nucleotide pool, resulting in generation of new mol-
ecules of ADP, each of which requires a new Mg2+ ion to be taken 
up from the extracellular milieu. Thus, enhanced Mg2+ uptake 
is only required when a cell must expand its adenine nucleotide 
pool — precisely the situation which arises when a cell is activated 
to rapidly proliferate and must adjust its metabolism accordingly. 
If TRPM7-dependent Mg2+ uptake is generally required to initi-
ate metabolic transitions associated with rapid proliferation, such 
as those that occur during malignant transformation, then tar-
geting of Mg2+ uptake via TRPM7 could provide a novel strategy 
for inhibition of the growth of diverse types of malignant cells.

Materials and Methods

cell culture. DT40 B-lymphocytes were maintained in Roswell 
Park Memorial Institute (RPMI 1640) (Mediatech) with 10% 
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flow cytometric analysis of dna and rna content. DNA 
content and cell cycle analyses were carried out after fixation 
of cells and staining them with 4',6-diamidino-2-phenylindole 
dihydrochloride (DAPI). Cells were acquired on LSRII flow 
cytometer (BD Biosciences) and analyzed by FlowJo (Ashland, 
OR). Briefly, 1–2 x 106 cells were spun and washed once with 
PBS. Cells were then fixed by adding 1 ml of ice-cold 70% eth-
anol and were stored at 4oC for at least 1 hr, followed by two 
washes with PBS. DAPI (1 mg/ml) dissolved in PBS, 0.1% BSA 
and 0.1% Triton X-100 was added to the cells and mixed well. 
Cells were kept at 4oC for 30 min and analyzed on the LSRII 
flow cytometer (BD Biosciences) with ultraviolet excitation and 
DAPI emission collected at >450 nm. For RNA content analy-
sis, 1.5 μg/ml Pyronin Y was added to the samples just before 
acquisition.
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note

Supplementry materials can be found at:
www.landesbioscience.com/supplement/SahniCC9-17-sup.pdf

measurement and flow rate was set to 80 microl/min; chamber 
volume was 400 microL. Cells (5–20 million) were loaded into 
the chamber with Cytodex beads (Amersham Biosciences) and 
sandwiched between two layers of Cytopore beads (Amersham 
Biosciences). OCR was calculated as the flow rate times the 
difference between inflow and outflow oxygen tension, which 
was measured by detecting the phosphorescence lifetime of an 
oxygen-sensitive dye that was painted on the inside of the peri-
fusion chamber. Phosphorescent lifetimes were monitored using 
an MFPF-100 multifrequency phase fluorometer lifetime mea-
surement system made by TauTheta Instruments (Boulder, CO) 
where the end of the excitation light guide (2 mm fiber optic 
patch cord; TauTheta part no. SFO-026) was illuminated by a 
405 nm light-emitting diode that was just touching the outside 
of the glass opposite where the dye was painted and the detecting 
light guide was positioned at a 90° angle.

measurement of mitochondrial membrane potential.  
Mitochondrial membrane potential was measured by 
MitoProbeTM JC-1 Assay Kit for Flow Cytometry (M34152; 
Invitrogen). Briefly, cells were suspended in RPMI at approxi-
mately 1 x 106 cells/ml and 10 μl of 200 μM JC-1 was added. 
Cells were incubated at 37oC, 5% CO

2
 for 20 minutes and for 

the control sample, 1 μl of 50 mM mitochondrial membrane 
potential disruptor, CCCP (carbonyl cyanide 3-chlorophenyl-
hydrazone) was added and cells were further incubated at 37oC 
for 5 minutes. After a wash with PBS, cells were resuspended in  
500 μl of PBS by gentle flicking of the tube and analyzed by flow 
cytometry on BD FACSCalibur.
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