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Summary: This manuscript identifies a critical developmental role for TRPM7 

channels in pancreatic progenitor cells. The manuscript also determines that 

TRPM7 plays a key role in -cell proliferation under insulin-resistant conditions.  
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ABSTRACT: 
 

The melastatin subfamily of the transient receptor potential channels 

(TRPM) are regulators of pancreatic β-cell function. TRPM7 is the most abundant 

islet TRPM channel; however, the role of TRPM7 in -cell function has not been 

determined. Here, we utilized various spatiotemporal transgenic mouse models to 

investigate how TRPM7 knockout influences pancreatic endocrine development, 

proliferation, and function. Ablation of TRPM7 within pancreatic progenitors 

reduced pancreatic size, as well as α-cell and β-cell mass. This resulted in 

impaired glucose tolerance due to decreased serum insulin levels. However, 

ablation of TRPM7 following endocrine specification or in adult mice did not impact 

endocrine expansion or glucose tolerance. As TRPM7 regulates cell proliferation, 

we assessed how TRPM7 influences β-cell hyperplasia under insulin resistant 

conditions. β-cell proliferation induced by high-fat diet was significantly decreased 

in TRPM7 deficient β-cells. The endocrine roles of TRPM7 may be influenced by 

cation flux through the channel, and indeed we find that TRPM7 ablation alters -

cell intracellular Mg2+. Together, these findings reveal that TRPM7 controls 

pancreatic progenitor expansion and β-cell proliferation, which is likely due to 

regulation of Mg2+ homeostasis. 
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INTRODUCTION: 
 

The melastatin subfamily of the transient receptor potential cation (TRPM) 

channels are key regulators of -cell function and apoptosis [1; 2]. For example, 

Ca2+ and Zn2+ flux through TRPM2 channels regulates insulin secretion and 

mitochondrial function, respectively [3; 4]. Activation of TRPM3 by the neuro-

steroid hormone pregnenolone-sulfate also enhances insulin biosynthesis and 

secretion [5]. Moreover, influx of Na+  through Ca2+-activated TRPM4 and TRPM5 

channels enhances glucose-stimulated membrane potential (Vm) depolarization 

and insulin secretion [6; 7]. TRPM7 is one of the most abundant human -cell 

TRPM transcripts; however, its role in islet function is not fully understood [8]. It 

has been established that TRPM7 channel control of Mg2+ homeostasis regulates 

tissue development [9; 10]. For example, a mutagenesis screen identified TRPM7, 

along with PDX1 and PTF1, as key determinants of zebrafish pancreatic size [9]. 

Considering PDX1 and PTF1 play critical roles in pancreatic and -cell 

development [11-14], TRPM7 could also serve an important role in the 

development of the endocrine pancreas. 

 

Magnesium is the most abundant divalent cation in pancreatic -cells and 

serves many essential roles, including regulation of the cell cycle [15-19]. TRPM7 

activation during G1 phase of the cell cycle corresponds with large increases in 

Mg2+ flux, which stimulates DNA and protein synthesis [20; 21]. However, TRPM7 

also modulates Mg2+ influx during G0, S, G2, and M phases [20]. Importantly, 

TRPM7 channel ablation reduces proliferation and leads to cellular senescence, 

which suggests that Mg2+ entry through TRPM7 channels is essential for cell cycle 

progression [22-24]. Reduced Mg2+ influx due to TRPM7 ablation results in 

increased (e.g. p27kip1 and p21cip1) or decreased (e.g. cyclin D1, cyclin G1, CDK4) 

expression of cell cycle regulators [10; 16]. Additionally, loss of TRPM7 Mg2+ influx 

limits phosphorylation-dependent activation of proliferative proteins (e.g. AKT and 

ERK) [16]. Many of these cell cycle regulators are critical for pancreatic -cell 
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development and proliferation. For example, p27Kip1 ablation increases -cell 

mass, while p27Kip1 overexpression inhibits-cell proliferation  [25]. Furthermore, 

activation of AKT and ERK are critical for pregnancy- or high-fat diet (HFD)-

induced -cell proliferation [26-31]. This implicates that TRPM7 control of Mg2+ 

homeostasis may regulate -cell development and/or proliferation. 

 

Although TRPM7 channels serve a critical role in regulating Mg2+ 

homeostasis, permeability of the channel to Zn2+ and Ca2+ may also affect -cell 

function. Zn2+ is critical for insulin crystallization in granules; however, rodent -

cells expressing a loss of function Zn2+ transporter (ZnT8) had an increase in 

insulin secretion, whereas deletion was found to reduce secretion [32; 33]. Since 

TRPM7 is an outward-rectifying channel and only shows modest Ca2+ 

conductance under physiological Vm, Ca2+ influx through TRPM7 channels would 

be expected to be minimal. Therefore, it is unlikely that Ca2+ entry through TRPM7 

channels directly affects -cell Ca2+ handling. However, TRPM7 channel control of 

intracellular Mg2+ may indirectly modulate Ca2+ handling by modulating voltage-

dependent Ca2+ (CaV) channel activity [34]. Therefore, it is important to determine 

how TRPM7 control of -cell divalent cation flux influences function.  

 

Here we have identified the first roles of TRPM7 channels in pancreatic 

endocrine cells. The data indicate that TRPM7 channels are key modulators of 

endocrine development and -cell proliferation. These studies also determined 

that TRPM7 limits total islet insulin secretion. These TRPM7 functions are likely 

mediated by control of Ca2+ and Mg2+ handling, which are perturbed in TRPM7 

deficient -cells. Therefore, this manuscript reveals that TRPM7 serves as a 

divalent ion channel in endocrine cells, where it is a critical determinant of 

pancreatic endocrine development, -cell proliferation, and insulin secretion.  
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RESULTS: 

 

TRPM7 is a critical determinant of pancreatic exocrine and endocrine 

development 

As TRPM7 is essential for zebrafish exocrine development, we investigated 

if TRPM7 can also affect pancreatic endocrine development. First, TRPM7 was 

selectively knocked out in pancreatic progenitors utilizing a floxed TRPM7 exon 17 

(TRPM7fl/fl,[35]) with mice expressing Pdx1-Cre [36], termed TRPM7KOPanc (Fig. 

1A,B and S1). The TRPM7KOPanc mice show significant pancreatic hypoplasia 

when compared to control mice at embryonic day E16.5 and reduced overall 

embryonic pancreatic mass (35.6 ± 8.5% reduction, n = 4, P < 0.05, Fig. 1C). 

Pancreatic specific TRPM7 ablation also reduced total pancreatic area in adult 

mice (59.4 ± 20.1%, n = 5, P < 0.01, Fig. 1F). Together, these results show that 

TRPM7 channels are a critical mediator of exocrine development. 

 

To better understand the effect of TRPM7 channel ablation on pancreatic 

endocrine development, we compared the β- and α-cell mass of control and 

TRPM7KOPanc mice (Fig. 1D,E). In addition to decreased pancreas size, 

TRPM7KOPanc mice had fewer -cells (29.7 ± 9.8% decrease; n ≥ 5, P < 0.05, Fig. 

1G) and -cells (43.4 ± 7.1% decrease, n ≥ 4, P < 0.01, Fig. 1I) per unit area. 

Furthermore, there was a reduction in the total number of insulin positive cells 

(65.9 ± 9.2% decrease, n ≥ 6, P < 0.01, Fig. 1H) as well as glucagon positive cells 

(68.6 ± 10.6% decrease, n ≥ 6, P < 0.05, Fig. 1J) in TRPM7KOPanc pancreatic 

sections compared to control sections. To assess the impact of reduced endocrine 

mass on glucose homeostasis, intraperitoneal glucose tolerance tests (IPGTT) 

were performed. TRPM7KOPanc mice exhibited glucose intolerance compared to 

control mice (Fig. 1K). Interestingly, fasting plasma insulin was lower in 

TRPM7KOPanc mice compared to control mice (55.0 ± 8.0% decrease, n ≥ 3, P < 

0.01), which is likely due to reduced -cell mass and total pancreatic insulin content 

(Fig. 1L and S2B). While pancreatic TRPM7 channel ablation resulted in impaired 

glucose tolerance, fasting blood glucose was unaffected. This may indicate that 
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reduced -cell mass contributes to unaltered fasting glycemia potentially due to 

reduced fasting glucagon levels. Taken together, these data reveal for the first time 

that TRPM7 channels are key determinants of pancreatic endocrine development. 

 

Endocrine progenitor TRPM7 ablation does not alter endocrine mass or 

glucose homeostasis 

To identify the temporal role of TRPM7 channels during pancreatic 

endocrine development, we next examined if loss of TRPM7 channels in 

pancreatic endocrine progenitors affects islet development. TRPM7 channels were 

selectively knocked out in cells following endocrine fate specification  by crossing 

TRPM7fl/fl mice with mice expressing an Ngn3-Cre (TRPM7KOEndo, [37; 38]). 

Interestingly, immunostaining of control and TRPM7KOEndo E16.5 pancreata for 

insulin and glucagon showed that TRPM7 channel ablation in endocrine 

progenitors has no effect on total pancreatic area or on β- or α-cell mass (Fig. 2A-

G). These data indicate that TRPM7 channels are critical for pancreatic progenitor 

proliferation, but not differentiation. Furthermore, TRPM7KOEndo mice show 

equivalent glucose tolerance as controls (Fig. 2H). While this suggests that 

endocrine specific TRPM7 channel ablation does not directly influence glucose 

homeostasis, it is possible that TRPM7 channels serve other roles in mature islet 

cells. 

 

 

TRPM7 channels control -cell insulin secretion  

We next investigated the role(s) of TRPM7 channels in mature -cells. To  

accomplish this, two -cell specific conditional KO mouse lines were generated; 

TRPM7fl/fl mice were crossed with animals expressing MIP-Cre/ERT 

(TRPM7KOMIPβ, [39]) or Ins1CreERT2 (TRPM7KOINSβ, [40]). TRPM7 channel ablation 

specifically in mature -cells (TRPM7KOMIPβ or TRPM7KOINSβ) did not alter 

glucose tolerance compared to control animals on a chow diet (Fig. 3A,C; Lab 

Diets, 5LOD); this is also in agreement with the normal glucose tolerance observed 

in TRPM7KOEndo mice. As TRPM7 is a divalent cation channel that could regulate 
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Ca2+ handling, we also assessed TRPM7 channel control of β-cell insulin secretion 

ex vivo. While, -cell specific TRPM7 channel ablation did not affect insulin 

secretion at 2- and 7-mM glucose, GSIS (14 mM glucose) was significantly 

increased (73.7 ± 16.0% increase, n = 4, P < 0.001, Fig. 3B and S3). TRPM7 

channel control of β-cell insulin secretion is also exemplified by a recent report 

showing that TRPM7 channel knockdown in rat insulinoma cells (INS-1) augments 

insulin secretion [41]. Taken together, these data suggest that TRPM7 channels 

not only play an important role in -cell development, but also in limiting insulin 

secretion. 

 

 

TRPM7 channel ablation reduces HFD-induced -cell proliferation  

As our findings show that TRPM7 channels affect embryonic -cell 

development, TRPM7 channel control of mature -cell proliferation was 

investigated. To accomplish this, adult TRPM7KOINSβ mice were placed on a HFD 

to promote -cell proliferation [42]. To confirm insulin resistance following HFD, 

GTT were first performed. While all animals on the HFD (2-weeks) showed glucose 

intolerance, TRPM7KOINSβ mice displayed further impairment of glucose tolerance 

compared to control animals (Fig 3D). We next stained pancreatic sections from 

TRPM7KOINSβ and control mice on HFD (2 weeks) for Ki67 to determine if changes 

in β-cell proliferation contribute to glucose intolerance. The number of Ki67+ β-

cells per unit area in TRPM7KOINSβ pancreatic sections was significantly 

decreased compared to control sections (47.7 ± 14.7 decrease, n = 4, P < 0.05); 

the percentage of Ki67+ β-cells in TRPM7KOINSβ islets was also reduced relative 

to control islets (47.9 ± 12.0 % decrease, n = 6, P < 0.05, Fig. 3G,H). Based on 

these results, TRPM7 channel ablation in mature -cells does not affect glucose 

homeostasis under physiological conditions. Whereas, during conditions of 

metabolic stress (HFD), -cell TRPM7 KO leads to glucose intolerance, which is 

due in part to reduced -cell proliferation. Additionally, it is also possible that 

enhanced insulin secretion observed in TRPM7KOINSβ animals exacerbates 

glucose intolerance in response to a HFD [43; 44]. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 15, 2020. ; https://doi.org/10.1101/2020.07.15.204974doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.15.204974
http://creativecommons.org/licenses/by-nc/4.0/


 

TRPM7 forms functional channels that control -cell Ca2+ and Mg2+ handing  

Because TRPM7 has been shown to affect cellular function, development, 

and proliferation by controlling divalent cation homeostasis, we next examined if 

TRPM7 channels are functional on the -cell plasma membrane [18; 35; 45]. Total 

-cell TRPM7 currents were monitored in response to a voltage ramp from -120 

mV to +60 mV in either the presence (black circles) or absence (grey circles) of 

extracellular divalent cations (Fig. 4A). This was then repeated for TRPM7KOPanc 

-cells under the same conditions (Fig. 4B). The current that was activated under 

monovalent conditions was considered the TRPM7 current (reference [46]). This 

was supported by a significant reduction in the TRPM7 current under 

hyperpolarized (-120 to -65 mV) and depolarized (+25 to +60 mV) conditions in 

TRPM7KOPanc β-cells compared to controls (Fig. 4C; P<0.05). These data indicate 

that TRPM7 could contribute to divalent flux across the -cell plasma membrane. 

 

As β-cell Ca2+ influx is required for GSIS, TRPM7 channel-mediated 

regulation of β-cell Ca2+ handling was assessed. Glucose-stimulated Ca2+ influx 

into TRPM7KOPanc islets was decreased following treatment with high (14 mM) 

glucose compared to control islets (24.1 ± 0.6% decrease, n = 4, P<0.001, Fig. 

4E,G). To determine if TRPM7 channel-mediated enhancement of β-cell 

intracellular Ca2+ concentration ([Ca2+]i) was due to its impact on -cells during 

development, glucose-stimulated Ca2+ influx into TRPM7KOMIPβ islets was also 

measured. Similar to total pancreatic TRPM7 channel ablation, glucose-stimulated 

Ca2+ influx was reduced in TRPM7KOMIPβ islets compared to control islets (Fig. 

S4A,B). TRPM7 channels are also highly permeable to Zn2+
 ions, which have been 

shown to regulate GSIS. However, -cell glucose-stimulated Zn2+ influx was 

identical in TRPM7KOMIPβ and control islets (Fig. S4D). Together, these data 

indicate that TRPM7 channels augment glucose-stimulated -cell Ca2+ handling, 

which suggests that TRPM7 mediated reductions in GSIS are not due to an 

increase in -cell [Ca2+]i. 
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Magnesium plays a critical role in the cell cycle as well as signaling 

associated with insulin secretion, thus, TRPM7 channel regulation of islet Mg2+ 

homeostasis was next assessed. Cytosolic Mg2+ was elevated in TRPM7KOPanc 

islets compared to control islets following removal of extracellular Mg2+ (6.3 ± 0.1 

% increase, n = 4, P<0.05, Fig. 4D,F). Cytosolic Mg2+ was also elevated when 

TRPM7 channels were ablated in mature -cells (TRPM7KOMIPβ, Fig. S4C). This 

suggests that under these conditions TRPM7 either directly regulates Mg2+ efflux 

or indirectly reduces -cell intracellular Mg2+ concentration ([Mg2+]i). For example, 

Mg2+ efflux is reduced during GSIS, which is further enhanced in media lacking 

Mg2+ [47]; therefore, enhanced GSIS in TRPM7 KO islets could limit Mg2+ efflux. 

Magnesium is a positive regulator of adenylate cyclase activity, and thus, the 

elevated Mg2+ could raise cAMP levels in TRPM7 KO -cells resulting in 

amplification of GSIS [48-50]. It is also well-established that TRPM7 activity is 

dependent on intracellular Mg2+. As intracellular Mg2+ drops in type-2 diabetes 

(T2D) due to insulin resistance [51; 52], reduced Mg2+ dependent changes in 

TRPM7 activity could be responsible, in part, for the reduction in -cell proliferation 

that occurs with prolonged HFD or increased duration of T2D [53].  

TRPM7 control of Mg2+ homeostasis likely limits GSIS and may also 

influence -cell proliferation. For example, Mg2+ influx through TRPM7 channels 

activates phosphoinositide 3-kinase dependent signaling and AKT 

phosphorylation, which has been shown to play a critical role in -cell proliferation 

[54; 55]. AKT phosphorylation is part of insulin signaling cascade and KO of -cell 

insulin receptor abolishes -cell hyperplasia in response to HFD [56]. Similarly, KO 

of -cell AKT1 prevents -cell hyperplasia in response to HFD [54]. Moreover, 

expression of a constitutively active AKT1 significantly increases -cell proliferation 

leading to increased -cell mass [28; 57]. Therefore, reduced AKT phosphorylation 

in TRPM7 deficient -cells may limit proliferation in response to HFD. Additionally, 

perturbed Mg2+ homeostasis in TRPM7 deficient -cells may impact other cell 

cycle pathways controlled by Mg2+ such as CDK2 kinase activity, expression of 

kinase inhibitor genes (e.g. p21cip1 and p27kip1), DNA synthesis, and/or cytoskeletal 
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remodeling [58-61]. Finally, it has been shown that lymphocytes without TRPM7 

channels enter a quiescent state, potentially due to a large reduction in aerobic 

glycolysis necessary for sustained proliferation. Considering Mg2+ is required for 

sequential enzymatic reactions within the glycolytic pathway, this may account for 

the reduced proliferation in the TRPM7KOIns under stressful conditions [17; 62-64]. 

 

TRPM7 control of Mg2+ plays a critical role in zebrafish pancreatic 

development and may also impact endocrine development. Indeed, the role of 

TRPM7 on endocrine cell development during E8.5-12.5 is striking, as TRPM7 KO 

resulted a greater than 60% reduction - and -cell mass (Fig. 1H,J). During early 

pancreatic development there is a large expansion of the multipotent progenitor 

cells, which are a critical determinant of adult pancreatic size [65]. Thus, it appears 

TRPM7 regulates the cell cycle of pancreatic progenitors, presumably through 

Mg2+ homeostasis. Conversely, there are no observed deleterious effects on 

endocrine mass or glucose tolerance following loss of TRPM7 during endocrine 

progenitor specification. Therefore, Mg2+ is likely not a critical factor in endocrine 

commitment and exit from the cell cycle [66; 67]. This temporal developmental  

effect of TRPM7 is supported by studies on neural, kidney and pigment cells, 

where TRPM7 is critical for early organ development during embryogenesis but 

has a minimal effect on terminal differentiation [68]. However, TRPM7 may also 

influence pancreatic development through maintenance of a pluripotent stem cell 

population by controlling expression of OCT4, NANOG, and STAT3 similarly to 

thymocytes) [35]. Taken together, our data indicate TRPM7 plays an essential role 

in early pancreatic development as well as HFD-induced -cell proliferation. 

Therefore, these data illustrate that TRPM7 could be a useful target for increasing 

-cell mass and/or enhancing islet cell production from induced pluripotent stem 

cells. 
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METHODS: 

 

Mouse Pancreatic and -cell specific TRPM7 ablation 

For spatiotemporal TRPM7 ablation, transgenic animals were utilized by crossing 

129S4/SvJae mice containing LoxP sites inserted around exon 17 in the TRPM7 

gene (TRPM7fl/fl, STOCK Trpm7tm1Clph/J, The Jackson Laboratory,  018784)  

[35] with various Cre-recombinase lines. For pancreatic progenitor specific 

ablation, TRPM7fl/fl were crossed with C57BL/6 mice having a Cre-recombinase 

under the Pdx1 promoter (B6.FVB-Tg(Pdx1-cre)6Tuv/J) [35]. Endocrine specific 

ablation mice were created by crossing TRPM7fl/fl with Ngn3-cre mice [37]. β-cell-

specific TRPM7 ablation are a cross between TRPM7fl/fl and C57BL/6 mice with a 

tamoxifen activated CreERT-recombinase expressed in β-cells via an insulin 

promoter (MIP-CreERT, B6.Cg-Tg(Ins1-cre/ERT)1Lphi/J, the Jackson Laboratory, 

024709; Ins1CreERT2, B6(Cg)-Ins1tm2.1(cre/ERT2)Thor/J, the Jackson Laboratory, 

026802) [39; 40]. To induce translocation of the CreERT into the nucleus, CreERT 

mice were treated with tamoxifen (2 mgꞏml−1; RPI, Mount Prospect, IL) every other 

day 5 times as indicated. Controls were TRPM7fl/fl animals, MIP-CreERT or 

Ins1CreERT2 mice; all were treated with tamoxifen identically to the TRPM7fl/fl- MIP-

CreERT and TRPM7fl/fl-Ins1CreERT2 mice.  

 

Mouse Diets and Glucose Tolerance Testing 

Mice were placed either on a normal chow diet or a high fat diet (HFD, 60 kcal% 

fat, D12492 Research Diets, Inc.) and monitored for glucose tolerance. The 

glucose tolerance test (GTT) was performed as described previously by injecting 

2 mg/kg dextrose (animals on a normal chow diet) or 2 mg/kg (animals on a HFD) 

and monitoring blood glucose at the indicated time points post glucose injection 

after an approximately 5-6 hour fast [69]. GTT was performed between 12-19 

weeks of age. A cohort of mice was also placed on HFD at 15 weeks of age for 2 

weeks; at this time, which another GTT was performed. 

 

 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 15, 2020. ; https://doi.org/10.1101/2020.07.15.204974doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.15.204974
http://creativecommons.org/licenses/by-nc/4.0/


Mouse Islet and β-Cell Isolation 

Mouse islets were isolated by digesting the pancreas with collagenase P (Roche) 

and performing density gradient centrifugation as previously described [70] . Islets 

were plated or dissociated in 0.005% trypsin, placed on glass coverslips, and 

cultured for 16 h in RPMI 1640 medium supplemented with 10% fetal calf serum, 

concentrations of glucose-specified, 100 international units ml−1 penicillin, and 100 

mg ml−1 streptomycin. Dissociated β-cells were specifically used in all voltage 

clamp experiments recording Mg2+ currents. β-Cells on the periphery of intact islets 

were recorded in current clamp mode in all the membrane potential recordings. 

Cells and islets were maintained in a humidified incubator at 37 °C under an 

atmosphere of 95% air and 5% CO2. Islet cells were incubated in 2 mM glucose 

with Fura 2AM (Molecular Probes) for 25 min. before Ca2+ imaging. 

 

Whole Cell Voltage Clamp Electrophysiological Recordings 

TRPM7KOPanc islets were dispersed into single cells and cultured overnight at 

37°C, 5% CO2. Recording pipettes (8-10 MΩ) were backfilled with intracellular 

solution containing (mM): 140.0 CsCl, 1.0 MgCl2, 10.0 EGTA, and 10.0 HEPES 

(pH 7.2, adjusted with CsOH) supplemented with 3.7 Mg-ATP. Cells were patched 

in extracellular buffer containing (mM) 119.0 NaCl, 4.7 KCl, 25.0 HEPES, 1.2 

MgSO4, 1.2 KH2PO4, 2.0 CaCl2, (pH 7.4, adjusted with NaOH) supplemented with 

14.0 mM glucose. After a whole-cell configuration was established (seal resistance 

> 1 GΩ) the bath solution was exchanged (3 minutes) for divalent cation-free buffer 

containing (mM) 119.0 NaCl, 4.7 KCl, 25.0 HEPES, 1.2 KH2PO4, and 10.0 

tetraethylammonium chloride (TEA) supplemented with 14.0 mM glucose (pH 7.4, 

adjusted with NaOH). A voltage-clamp protocol was employed to record whole-cell 

currents with and without extracellular divalent cations in response to a voltage 

ramp from -120 to 60 mV (1 second interval) using an Axopatch 200B amplifier 

with pCLAMP10 software (Molecular Devices) as previously described [71; 72]. 

TRPM7 currents were calculated by subtracting currents without divalents from 

currents with divalents. Data were analyzed with Clampfit 10 (Molecular Devices) 

and Microsoft Excel software. 
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Measurement of Cytoplasmic Calcium 

Islet cell clusters were incubated (25 min at 37 °C) in RPMI supplemented with 2 

μM Fura-2 acetoxymethyl ester (Molecular Probes, Eugene, OR). Fluorescence 

imaging was performed using a Nikon Eclipse TE2000-U microscope equipped 

with an epifluorescence illuminator (SUTTER, Inc.) a CCD camera (HQ2, 

Photometrics, Inc.) and Nikon Elements software (NIKON, Inc.). Cells were 

perifused at 37 °C at a flow of 2 ml/min with appropriate KRB-based solutions that 

contained glucose concentrations and compounds specified in the figures. 

Relative Ca2+ concentrations were quantified every 5 s by determining the ratio of 

emitted fluorescence intensities at excitation wavelengths of 340 and 380 nm 

(F340/F380). The relative Ca2+ is plotted as the average FURA-2 ratio (F340/F380) of 

each experimental group ± the S.E. The averaged area under the curve (AUC) 

measurement for FURA-2 ratios during the indicated time period (in minutes) was 

plotted as a bar graph. Data were analyzed using Excel and GraphPad Prism 

software and compared by Student's t test. 

 

Measurement of Cytoplasmic Magnesium 

Islet cell clusters were incubated (35 min at 37 °C) in RPMI supplemented with 

Mag-fura-2 AM an intracellular magnesium indicator that is ratiometric and UV 

light-excitable. This acetoxymethyl (AM) ester form is useful for noninvasive 

intracellular loading (Invitrogen M1292). Islet clusters were washed 3 times with 0 

Mg2+ KRB-based solution. The 3rd wash remained on the cells for the 

approximately 25-30-minute preincubation prior to imaging. Fluorescence imaging 

and analysis of data was performed on a Nikon Eclipse scope exactly as described 

for our cytoplasmic calcium measurements.  

 

Plasma Insulin Measurements 

Animals were starved for approximately 4 hours prior to glucose injections to 

stimulate insulin production and then blood was collected for Insulin 

measurements. Blood was collected in EDTA-Heprin coated VAT tubes (Sarstedt, 

Germany). VAT Tubes were spun down with centrifugation at 3000 RPM for 10 
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minutes at 4 °C and serum supernatant was collected into fresh Eppendorf tubes. 

Serum samples were assayed by ELISA processed by the Vanderbilt Hormone 

Core.  

 

Islet Immunofluorescence Staining 

Pancreas cubes from TRPM7fl/fl-Ins1CreERT2 animals were fixed in 4% 

paraformaldehyde, paraffin embedded and cut into 5-μm sections on a microtome. 

Islet β-cells were stained using insulin (Millipore), glucagon (Sigma), and Ki-67 

(Abcam) antibodies at 1:300 in combination with fluorescent isothiocyanate-

conjugated secondary antibodies at 1:300 (Jackson ImmunoResearch 

Laboratories) together with DAPI nuclear stain (Invitrogen). 

 

Statistical Analysis 

Data was analyzed using Excel and GraphPad Prism software and compared by 

student t-test and multiple ANOVA. Statistical analysis was performed by using 

either the two-way ANOVA followed by the Bonferroni Test or the Student’s T-Test. 

A P-value of <0.05 was considered statistically significant. 
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FIGURE LEGENDS: 
 
Figure 1. Pancreatic progenitor TRPM7 ablation results in exocrine and 
endocrine hypoplasia, decreased plasma insulin, and glucose intolerance. 
Representative images of E16.5 pancreata (dashed blue lines) from control (A) 
and TRPM7KOPanc (B). (C) Pancreatic weight from control (black) and 
TRPM7KOPanc (red) mice (n=4). Immunofluorescence staining of control (D) and 
TRPM7KOPanc (E) pancreatic sections for insulin (yellow) and glucagon (red); 
nuclei (blue), scale bars=100 um. (F) Total pancreatic area (E16.5) of control (n=4) 
vs TRPM7KOPanc (n=5). (G) Total number of insulin positive cells per section 
(control, n=7; TRPM7KOPanc, n=6); (H) Insulin positive cells/1x104 um2 (control, 
n=5; TRPM7KOPanc, n=6). (H) Total number of glucagon positive cells per section 
(control, n=7; TRPM7KOPanc, n=6); (I) Glucagon positive cells/1x104 um2 (control, 
n=4; TRPM7KOPanc, n=5). (K) Glucose tolerance of TRPM7KOPanc (n=7) mice 
compared to control (n=10), inset shows total AUC. (L) Fasting plasma insulin 
levels in TRPM7KOPanc versus control adult mice. When applicable, data are mean 
± SEM and significance is calculated with a two-tailed t-test. *P<0.05; **P<0.01; 
***P<0.001. 
  
  
Figure 2. Endocrine progenitor TRPM7 ablation does not impact a- and b-cell 
mass or glucose tolerance. Immunofluorescence staining of control (A) and 
TRPM7KOEndo (B) pancreatic sections for insulin (yellow) and glucagon (red); 
nuclei (blue), scale bars=100 um. (C) Total pancreatic area (E16.5) of control vs 
TRPM7KOEndo (n=3). (D) Total number of insulin positive cells per section (control, 
n=5; TRPM7KOEndo, n=3); (E) Insulin positive cells/1x104 um2 (n=3). (F) Total 
number of glucagon positive cells per section (control, n=5; TRPM7KOEndo, n=3); 
(G) Glucagon positive cells/1x104 um2 (n=3). (H) Glucose tolerance of 
TRPM7KOEndo (n=4) mice compared to control (n=5), inset shows total AUC. When 
applicable, data are mean ± SEM and significance is calculated with a two-tailed 
t-test. N.S., not significant; *P<0.05. 
 
 
Figure 3. TRPM7 -cell specific ablation augments GSIS but reduces HFD-
induced -cell proliferation. (A) Glucose tolerance is unaltered in 
TRPM7KOMIPmice (n compared to control (n=5) (inset shows total AUC), (B) 
despite enhanced GSIS of isolated islets at 14 mM glucose (n=4). (C) 
TRPM7KOIns mice have normal glucose tolerance compared to control (n=5), (D) 
but exposure to HFD (2-weeks) saw increased glucose intolerance (n=8); insets 
show total AUC. (E, F) Immunofluorescent staining of -cells (green) expressing 
the Ki-67 proliferation marker (pink) following exposure to HFD; nuclei (blue), scale 
bars=100 um. (G) Percent of β-cells positive for Ki-67 (n=6). (H) Quantification of 
Ki-67+ β-cells/area (n=4). When applicable, data are mean ± SEM and significance 
is calculated with a two-tailed t-test. *P<0.05.; **P<0.01; ***P<0.001. 
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Figure 4: TRPM7 enhances -cell Mg2+ efflux and limits Ca2+ entry. 
Representative -cell TRPM7 current activation in response to divalent cation 
removal from (A) control and (B) TRPM7KOPanc -cells. (C) Divalent activated 
cation current from control (black, n=8) and TRPM7KOPanc (red, n=7) -cells at the 
specified membrane potentials. (D) Relative glucose-stimulated (11 mM) cytosolic 
Ca2+ responses in control and TRPM7KOPanc islets using Fura-2 (n=4). (E) Relative 
glucose-stimulated (11 mM) cytosolic Ca2+ responses in control and TRPM7KOPanc 
islets using Mag-Fura-2 (n=4). (F, G) Area under the curve quantification of 
cytosolic Ca2+ (500-800 seconds) and Mg2+ (0-600 seconds) of control (black) and 
TRPM7KOPanc (red) -cells/islets. When applicable, data are mean ± SEM and 
significance is calculated with a two-tailed t-test. *P<0.05.; **P<0.01; ***P<0.001. 
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