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Abstract

The transient receptor potential melastatin type 6 (TRPM6) is a divalent cation channel pivotal for gatekeeping Mg**
balance. Disturbance in Mg>* balance has been associated with the chronic use of proton pump inhibitors (PPIs) such as
omeprazole. In this study, we investigated if TRPM6 plays a role in mediating the effects of short-term (4 days) omeprazole
treatment on intestinal Mg malabsorption using intestine-specific TRPM6 knockout (VillI-TRPM6~'~) mice. To do this,
forty-eight adult male C57BL/6 J mice (50% TRPM6™™ and 50% Vill]-TRPM6~'") were characterized, and the distal colon
of these mice was subjected to RNA sequencing. Moreover, these mice were exposed to 20 mg/kg bodyweight omeprazole
or placebo for 4 days. Villl-TRPM6~'~ mice had a significantly lower ’Mg?* absorption compared to control TRPM6/™
mice, accompanied by lower Mg2+ serum levels, and urinary Mg2+ excretion. Furthermore, renal Sic41a3, Trpm6, and Trpm7
gene expressions were higher in these animals, indicating a compensatory mechanism via the kidney. RNA sequencing of
the distal colon revealed a downregulation of the Mn>* transporter Slc30al0. However, no changes in Mn>* serum, urine,
and feces levels were observed. Moreover, 4 days omeprazole treatment did not affect Mg>* homeostasis as no changes in
serum 2Mg** and total Mg>* were seen. In conclusion, we demonstrate here for the first time that Vil//-TRPM6~'~ mice
have a lower Mg?* absorption in the intestines. Moreover, short-term omeprazole treatment does not alter Mg>* absorption
in both Vill]-TRPM6~'~ and TRPM6"™ mice. This suggests that TRPM6-mediated Mg>* absorption in the intestines is not
affected by short-term PPI administration.

Keywords TRPM6 - PPI - PPIH - Hypomagnesemia

Introduction transcription level, TRPM6 expression is modulated by EGF

and estrogens [8]. pH is also a determinant factor in TRPM6

The transient receptor potential melastatin type 6 (TRPM6)
divalent cation channel is the gatekeeper of intestinal and
renal active Mg?* (re)absorption. Loss-of-function muta-
tions in the TRPM6 gene cause hypomagnesemia with sec-
ondary hypocalcemia (HSH; OMIM: 602014) [24, 35]. In
mice, TRPM6 activity in extraembryonic tissues is essen-
tial for embryonic development, and, consequently, deletion
of Trpm6 results in embryonic lethality [2, 36]. TRPMBS6 is
tightly regulated by a number of upstream modulators. Epi-
dermal growth factor (EGF) and insulin increase TRPM6
translocation to the plasma membrane [20, 28]. At the

> Joost G. J. Hoenderop
Joost.Hoenderop @radboudumec.nl

Department of Medical BioSciences, Radboud University
Medical Center, Nijmegen, The Netherlands

activity as lower extracellular pH has been shown to increase
TRPMG6 inward currents [16]. TRPM6 forms a heteromeric
complex with its close relative, TRPM7, and fine-tunes
Mg** absorption, further highlighting its importance [5].
In this complex, TRPMS6 increases current amplitudes and
releases TRPM?7 from [Mg-ATP]; inhibition, highlighting its
function in alleviating Mg?* transport [2, 3].

Proton pump inhibitors (PPIs) are a class of drugs heav-
ily prescribed worldwide to treat acid peptic diseases (e.g.,
esophagitis, gastroesophageal reflux disease, and peptic
ulcer disease) by targeting the H'-K* ATPase found along
the stomach parietal cells [18, 22, 23, 25]. Interestingly,
chronic PPI users with SNPs in TRPM6 have an increased
risk of developing hypomagnesemia [9]. Rodent studies
showed that Sprague—Dawley rats that were subjected to
prolonged omeprazole treatment had significantly reduced
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Mg?* absorption accompanied by increased TRPM6 expres-
sion [26] and that C57BL/6 J mice that were subjected to
14 days of omeprazole treatment demonstrated increased
Trpm6 gene expression in the colon [13]. In line with this,
our previous data showed that 4 weeks of omeprazole treat-
ment resulted in lower serum Mg>* levels in adult mice that
were given a low Mg?* diet as a model to stimulate colonic
absorption of Mg?* via TRPM6 [6]. Based on these findings,
this current study hypothesized that omeprazole decreases
Mg?* absorption via TRPME6 in the colon.

This study investigated how short-term omeprazole treat-
ment affects intestinal Mgt malabsorption and whether
TRPMB6 is involved using the intestine-specific TRPM6
knockout (Villl-TRPM6~'7) mice. To do this, the baseline
phenotypes of the VillI-TRPM6~'~ mice were character-
ized and the distal colon of these mice was subjected to
RNA sequencing. Furthermore, these mice were exposed to
omeprazole or placebo for four consecutive days and sev-
eral parameters were measured, including intestinal Mg>*
absorption using the 2Mg>* isotope.

Results
Generation of Vill1-TRPM6 '~ mice

Villl-TRPM6~'~ mice were generated using the LoxP and
Villin1-Cre system (Fig. la). In short, the floxed-TRPM6
(TRPM6"M) mice with transgenic mice expressing Cre
under the control of the Villinl promotor were crossed,
resulting in the removal of exon 7 of Trpm6 by a loxP
reporter sequence. From the filial (F) 1 progeny, mice that
express the Cre transgene were selected. Back-crossing
of these mice with the TRPM6™ strain resulted in pups
with TRPM6 deletion under Villinl promoter (Villl-
TRPM6~""). Homozygous TRPM6™1 littermates without
Cre expression served as the wild-type controls. These
F2 progeny mice were used for subsequent studies. The
absence of TRPMG6 at the protein level from the proximal
colon was confirmed by immunoblotting (Fig. 1b). Body
weight was not different between genotypes (Fig. 1c).
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Fig. 1 Generation of intestine-specific TRPM6 knockout model. a
Crossing scheme of Trpm6 floxed strain with Villinl-Cre delete strain
to obtain VillI-TRPM6~'~ and TRPM6" littermates. b Immunoblot
showing expression of TRPM6 (red arrow, expected size 230 kDa)
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and P-actin as the loading control in the proximal colon of Villl-
TRPM6~"~ and TRPM6™ mice. ¢ Body weight of mice at the begin-
ning of the study, after 24-h in a metabolic cage
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Basal characterization of Vill1-TRPM6 '~ mice

Next, to characterize the baseline phenotypes of Villl-
TRPM6~'~ and TRPM6™ mice, these mice were kept in
individual metabolic cages for 24 h. Serum Mg>* levels
were significantly lower in Villl-TRPM6~'~ mice compared
to TRPM6™™ mice (0.99 mmol/L vs. 1.37 mmol/L) (Fig. 2a).
Villl-TRPM6~'~ mice excreted a much lower amount of uri-
nary Mg?* (41.87 vs. 11.14 umol/24 h) and higher fecal
Mg?* when corrected to 24-h food intake compared to
TRPM6™ mice (88.97 vs. 102.14 umol/24 h food intake)
(Fig. 2b, c). Of note, we ran a correlation analysis between
urinary and fecal Mg?* excretion and found that higher fecal
Mg?* was not associated with lower urinary Mg?* excretion
for both genotypes (Fig. 2f, g). No differences in urinary

excretion of Na*™ or Kt were detected between genotypes
(Fig. 2d, e). Twenty-four-hour food and water intake, as well
as 24-h urine and feces production, did not differ between
the two genotypes (Figure Sla—d).

Deletion of Trpm6 from the distal colon does
not seem to affect the functionality of SLC30A10

To determine the expression changes in the colon of Villl-
TRPM6~"~ mice, we compared the transcriptome of the dis-
tal colon of VillI-TRPM6~'~ to the TRPM6™™ mice using
RNA sequencing. 31 genes were differentially expressed,
including Trpm6 (Fig. 3a, b, Supplementary Table S1, Sup-
plementary Figure S2). Gene ontology (GO) term and func-
tional annotation analyses did not result in any significantly
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Fig.2 Baseline characterization of TRPM6"" and Villl-TRPM6™/~
mice. a—e Bar graphs depicting serum Mg>* (a), 24-h Mg?* urinary
excretion (b), 24-h Mg2+ fecal excretion corrected to 24-h food intake
(¢), urinary Na™ excretion (d), and urinary K" excretion (e). Val-
ues are presented as mean+SEM (n=12). f, g Correlation analysis

Urinary Mg?* excretion
(umol/24hrs)

between fecal and urinary Mg?* excretion (simple regression analy-
sis) in TRPM6™M (f, y= —0.249x +53.94) and Villl-TRPM6.7~ (g,
y=—0.4422x+56.4) following 24-h metabolic cage. Significant
differences were determined with a one-tailed unpaired #-test. I
p<0.001
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Fig.3 RNA sequencing of the distal colon. a Volcano plot of up- or
downregulated genes (adjusted P<0.1; in red) in VillI-TRPM6~/~
mice treated with placebo compared to TRPM6™" mice, with exclu-
sion of Trpm6. Genes with log2 fold change of >0.5 or< —0.5 are

enriched terms (Supplementary Figure S2d, e). Among these
genes, the solute carrier family 30 member 10 (Slc30al0)
was downregulated in VillI-TRPM6~'~ mice (log2 fold
change — 0.92). However, no significant differences were
observed in Mn?* serum, urine, and feces levels of the Villl-
TRPM6~'~ mice (Supplementary Figure S3a—c). Serum con-
centration of Zn** was decreased in VillI-TRPM6~'~ mice,
but no differences in fecal and urine excretion (Supplemen-
tary Figure S3d—f). In HEK293 cells, cells overexpressing
SLC30A10 WT had significantly higher 2>Mg?* uptake
compared to mock and mutant conditions (Supplementary
Figure S3g).

Omeprazole treatment does not change Mg?* levels
in TRPM6"" and Vill1-TRPM6 ™/~ mice

To evaluate if PPI-induced hypomagnesemia is mediated by
TRPMS in the colon, TRPM6™" and Villl-TRPM6~'~ mice
were treated with omeprazole or placebo for four consecu-
tive days following the baseline metabolic cage measure-
ment (Fig. 4a, b). Serum Mg?* levels do not solely reflect
intestinal Mg?" uptake but also depend on regulation by the
kidney and the bones. Therefore, we performed an intes-
tinal Mg+ uptake assay 4 h following the last omepra-
zole administration to isolate intestinal Mg>* absorption
from systemic effects. Serum *>Mg>* levels are overall
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labeled. Among these genes, Slc30al0 was found to be downregu-
lated in VillI-TRPM6~"~ mice (blue). b Bar graph showing the up- or
downregulated genes ranked by log2 fold change in Villl-TRPM6~/~
mice

significantly lower in Villl-TRPM6~'~ mice compared to
TRPM6™ mice, independent of drug treatment (Fig. 4c).
Next, we performed follow-up two-way ANOVA followed
by Sidak multiple comparison tests on placebo-treated ani-
mals. Mg?* intestinal absorption is significantly lower in
Villl-TRPM6~'~ mice after 60, 120, and 240 min of >Mg**
administration (Fig. 4c). This trend was also reflected in the
serum Mg?* levels, which remained significantly reduced
in VillI-TRPM6~'~ mice compared to TRPM6™! mice
(Fig. 4d). No effects of placebo- and omeprazole treatment
were seen (Fig. 4c, d). Serum Na* and K* levels remained
similar for all genotypes and treatments (Fig. 4e, f). Lastly,
as a control for the efficacy of the omeprazole treatment,
a higher gastric pH was measured in omeprazole-treated
groups (Fig. 4g).

The absence of TRPM6 from the intestine affects
gene expressions of renal Mg?* transporters

To examine compensatory mechanisms for the lack of intes-
tinal Trpm6 and the lower urinary Mg?* excretion in VillI-
TRPM6 '~ mice, gene expression of various Mg?* transport-
ers in the kidney was quantified (Fig. 5a—f). Renal Cnnm?2
and Slc41al gene expressions were not changed in Villl-
TRPM6~'~ mice compared to TRPM6™ mice regardless
of treatment (Fig. 5b, c¢). However, Villl -TRPM6~'~ mice
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Fig.4 Effects of omeprazole treatment in TRPM6Y and Villl-
TRPM6~'~ mice. a CONSORT-like scheme of the study design. b
Timeline of the study. ¢ Relative 2Mg?* serum levels of TRPM6™!
(black lines) and Villl-TRPM6~'~ (light grey lines) mice, after pla-
cebo (solid continuous lines) or omeprazole treatment (dashed lines).
Values are presented as mean+ SEM (n=12). Significant differences
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ANOVA followed by Sidak post-hoc test. d—g Bar graphs depicting

had higher Slc41a3 gene expression compared to TRPM6
I (Fig. 5d). Gene expression of Trpm6 and its close

serum Mg?* (d), serum Na* (e), and serum K* (f) levels in TRPM6"™
and VillI-TRPM6.™~ mice treated with placebo (white bars) or ome-
prazole (grey bars). Values are presented as mean+SEM (n=12).
Significant differences (p<0.05) were determined with Two-way
ANOVA followed by Tukey post-hoc test. g Measurement of stomach
pH presented as mean+ SEM. The statistical test used was the Mann—
Whitney test. *p <0.05, Tp<0.01, p <0.001

homolog, Trpm7, was higher in omeprazole-treated
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Fig.5 Lack of TRPM6 affects the expression of renal Mg?* trans-
porters. a Illustration of the putative transporters involved in Mg?*
transport in the DCT. b—f The renal mRNA expression levels of
Cnnm2 (b), Slc4lal (c), Slc4la3 (d), Trpm6 (e), Trpm7 (f) in
TRPM6Y and Villl-TRPM6~'~ mice treated with placebo (white

Villl-TRPM6~'~ mice compared to omeprazole-treated
TRPM6™® mice, but not among the placebo-treated groups

(Fig. 5e, ).

Discussion

In this study, we examined if intestinal TRPM6 mediates
Mg+ malabsorption after short-term omeprazole treat-
ment. Our basal characterization of these mice showed that
mice lacking intestinal 7rpm6 had lower Mg** serum levels
compared to TRPM6™ mice, and importantly, were able to
absorb significantly less Mg?* in the intestines as demon-
strated by a percentage of 2>Mg>* in the serum. Four-day
omeprazole administration did not affect intestinal Mg>*
absorption in both VillI-TRPM6~'~ and TRPM6™ mice,
suggesting that PPI does not affect TRPM6-mediated Mg?*
absorption in the short term.

We demonstrated here for the first time that Villl-
TRPM6~'~ mice have a decreased intestinal Mg?* absorp-
tion compared to TRPM6™™ mice. As a consequence,
Villl-TRPM6~'~ mice displayed lower serum Mg”* levels
and urinary Mg** excretion. This was accompanied by a
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bars) or omeprazole (grey bars). Values are presented as fold change
relative to the placebo-treated TRPM6.V! mice group in mean + SEM
(n=12). Significant differences (p <0.05) were determined with Two-
way ANOVA followed by Tukey post-hoc test. *p <0.05, 1p <0.01

slight increase in renal Slc41a3, Trpm6, and Trpm7 gene
expressions, indicating renal compensation. Additionally,
24-h fecal Mg?* excretion was significantly higher in VillI-
TRPM6~'~ mice than in TRPM6™™ mice. These findings are
in line with a previous study by Chubanov et al. [2]. where
global Trpm6 deficient mice under Sox2-Cre expression have
a higher fecal Mg?* excretion, lower urinary Mg>* excre-
tion, and bone magnesium content. Moreover, intestine-
specific Trpm6 deficient mice under VillinI-Cre displayed
hypomagnesemia, lower urinary Mg>* excretion, and bone
magnesium content [2]. Altogether, these results support the
notion that TRPMG is important in the intestines for Mg>*
absorption.

To find compensatory mechanisms for the loss of TRPM6
in the intestinal tract, the distal colon of these animals was
subjected to RNA sequencing. Among others, Slc30al0 was
found to be downregulated in mice lacking intestinal Trpm6.
SLC30A10 belongs to a cation diffusion facilitator super-
family called SLC30 [11]. SLC30A10 has been established
as an efflux transporter with a strong affinity to Mn?* that is
expressed in the liver, brain, and gastrointestinal tract [19,
21, 27]. It protects against Mn?* toxicity in cells and muta-
tions in S/c30al0 result in hypermagnesemia with dystonia
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1 (HMNDYT1; OMIM: 613,280) [21, 32, 33]. Due to prop-
erty similarities between Mg and Mn?*, we hypothesized
that SLC30A10 also has an affinity for Mg>*-extrusion.
Indeed, we confirmed a limited Mg?* transport capacity for
SLC30A10 with Mg** uptake assays in HEK293 cells.
This suggests that suppressing Slc30al0 expression works
compensatory to maintain systemic Mg?* levels. Of note,
although SLC30A10 is capable of transporting Mg>* in our
in vitro experiments, the limited transport capacity suggests
that the role of SLC30A10 in normal physiology will be
minor. Indeed, Mn®* serum, urine, and feces levels were
unchanged in Vill]-TRPM6~'~ mice. This potential role of
SLC30A10 in Mg?* transport should be addressed in future
studies. On a side note, we observed a lower Zn** serum
concentration in transgenic animals. This might be due to
the fact that TRPMG6 has a high permeability to Zn>* [31].

Several clinical and experimental studies have proposed
that TRPM6 activity is affected by PPI use, resulting in
PPI-induced hypomagnesemia [7]. One of these hypoth-
eses suggests that PPI-induced luminal pH change affects
TRPM6 activity [7]. To gain more molecular insights into
this mechanism, we treated Vill/-TRPM6 7'~ and TRPM6/"
mice with omeprazole for four consecutive days to detect
early PPI-induced changes in Mg”* absorption, even before
plasma Mg** levels would be reduced as this would acti-
vate compensatory mechanisms such as increased TRPM6
expression [13, 34]. However, we found no difference in
Mg2+ levels in serum, urine, and feces, as well as intestinal
Mg** absorption. This is in line with our preceding studies
in which C57BL/6 J mice treated with omeprazole had a
slight to no changes in serum, urine, and feces Mg** levels
compared to vehicle [6, 10, 13]. Altogether, these results
question whether C57BL/6 J mice are a good model to study
PPI-induced hypomagnesemia.

There are some limitations to our study. First, the effects
of omeprazole were assessed after only a short period of
treatment. Previously, we and other groups have shown
that longer treatment (>2 weeks) of omeprazole increased
TRPM6 expression [13, 26, 30]. Moreover, long-term ome-
prazole treatment in Sprague—Dawley rats (12-24 weeks)
lowered plasma and urinary Mg?* [26]. Therefore, we
cannot exclude that a longer duration of omeprazole treat-
ment would induce differences in Mg>* absorption. Indeed,
although the precise duration of PPI use, until hypomagne-
semia symptoms appear, is not clear, PPI users have been
reported to have a higher risk of developing PPI-induced
hypomagnesemia only after a longer use (> 6 months)
[12]. Combined with our study results, this suggests that
the effects of omeprazole on Mg* levels are dependent on
chronic exposure. Thus, future studies should be performed
with prolonged omeprazole treatment (>2 weeks), to char-
acterize the role of intestinal TRPMS6 in chronic adaptation
to omeprazole. Second, it is known that low luminal Mg>*

stimulates more distal absorption of Mg?* compared to the
proximal parts of the intestines, while high Mg?* favors
proximal absorption [14]. However, in addition to the
colon, Trpmé6 is also expressed in more proximal parts of the
intestines, albeit significantly lower than in the colon [14].
Therefore, it is possible that the lower absorption observed
at earlier time points (i.e., 30 and 60 min) is due to a proxi-
mal defect. In this study, we did not look into colon-specific
Mg?* transport. A segment-specific study such as using
Ussing chamber could be performed in future studies to
identify the effects of TRPM6 knockout in the colon. Lastly,
only male mice were used in this study. TRPM6 is known
to be activated by estrogens [8], and therefore, estrogens
might affect the functionality of TRPM6 under omeprazole
treatment. In the future, it would be important to investigate
how the different sexes respond to PPI treatment.

In conclusion, this study demonstrates that TRPMS6 is
essential to maintain intestinal Mgt absorption. Further-
more, we established that this intestinal Mg?* absorp-
tion by TRPMS6 is not affected by short-term omeprazole
administration.

Materials and methods
Animal genetic background

Ethical approval was obtained from the ethics board
of Radboud University (DEC 2017-0024) and the
Dutch Central Commission for Animal Experiments
(AVD1030020173224). Power calculation to determine the
appropriate sample size per group (n=12) was performed
prior to the study. Floxed Trpm6 (B6NCrl;B6N-A"™!Brd
Trpm6 ™ aEOMPIWS/CibheOrl; EM: 10,341, EMMA/Infra-
frontier, France) mice, hereby termed TRPM6" ﬁ, were pur-
chased from INFRARONTIER/EMMA (www.infrafrontier.
eu, PMID: 25,414,328) [4]. Villinl-Cre delete strain (B6N.
Cg-Tg(Vill-cre)997Gum/J, stock #018963, The Jackson
Laboratory, ME USA) was obtained from The Jackson Labo-
ratory. Genotyping of the floxed Trpm6 allele was performed
using primers available in Table 1.

Animal studies

In total 48 adult (8—10 weeks old) males (50% TRPM6™™,
50% Villl-TRPM6~'") were included in this study. After
acclimatization for 2 weeks to synthetic chow with regular
composition (calcium 0.92%, phosphorus 0.65%, sodium
0.2%, magnesium 0.23%, potassium 0.97%, w/w) (E15000-
04, Ssniff Spezialdidten, GmbH, Germany), mice were
housed individually in metabolic cages for 24 h to collect
urine and feces and monitor food and water intake. Blood
was drawn via submandibular vein puncture and collected
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Table 1 List of primer sequences used in this study

Name Species  Forward primer (5'-3") Reverse primer (5'-3") Use

Trpm6 floxed Mouse CCTCTCTCTGCTCCTCAGGGTTCC CAACAATACCCACACATATCCTGCCC Genotyping
Cre Mouse GCCTGCATTACCGGTCGATGC CGACCGGCAAACGGACAGAAGC RT-qPCR
Cnnm?2 Mouse GTCTCGCACCTTTGTTGTCA GTCGCTCCGACTGAGAGAAT RT-qPCR
Sicdlal Mouse TCCCTGATGGCCACTTTAGC GATCATACCCAGGACCAAGGAG RT-qPCR
Sic4la3 Mouse TGAAGGGAAACCTGGAAATG GGTTGCTGCTGATGATTTTG RT-qPCR
Trpm6 Mouse GGTTGCTGCTGATGATTTTG GGTTGCTGCTGATGATTTTG RT-qPCR
Trpm7 Mouse GGTTCCTCCTGTGGTGCCTT CCCCATGTCGTCTCTGTCGT RT-qPCR
SLC30A10 WT Human CCTTCTTCGTGGCGGAGCTGGTCT GTAGCCGGAGACCAGCTCCGCCACGAAGAAGG Mutagenesis

CCGGCTAC

in microvette tubes (Sarstedt, Niimbrecht, Germany). Blood
was centrifuged at 3500 % g for 5 min after coagulation to
obtain serum.

Six days after the metabolic cages, 50% of mice from
respective genotypes (n=12 per group) were subjected
to daily administration with either omeprazole (20 mg/kg
bodyweight) or placebo (0.5% (w/v) methylcellulose and
0.2% (w/v) NaHCO;, adjusted with NaOH to pH 9.0) via
oral gavage for 4 days (Fig. 4A). The night before sacrifice,
the feed for all groups was switched from normal Mg** to a
low (same composition as regular feed but with 0.02% mag-
nesium, w/w) Mg** diet (S9074-E1007 EF E15000, Ssniff
Spezialdidten, GmbH, Germany) and placed on wire-mesh
raised floors to prevent coprophagia.

On the last day, approximately 4 h after the last vehicle
or omeprazole treatment, mice were given the stable iso-
tope 25Mg2Jr (MgO, CortectNet, Voisins-Le-Bretonneux,
France) via oral gavage, as described before [14]. At time
point-0, 15 uL/g bodyweight of 44 mM *Mg**, 125 mM
NaCl, 17 mM Tris—HCI pH 7.5, and 1.8 g/L fructose was
administered to the animals via oral gavage. Blood samples
were taken by cutting off the end of the tail of the mice and
subsequent collection in glass capillaries (128,137, Praxis-
dienst). Blood samples were taken at 0-, 30-, 60-, 120-, 180-,
and 240-min after administration of the Mg

At the end of the study, mice were anesthetized with 4%
(v/v) isoflurane and sacrificed via exsanguination via orbital
sinus bleeding and subsequent cervical dislocation. Blood
and organs were collected for further analysis.

Electrolyte measurements

Serum and urine Na* and K™ measurements were performed
by the clinical laboratory of Radboudumc using an auto-
mated analysis system (Abbott Diagnostics, The Nether-
lands). To analyze Mg>*, Mn**, and Zn>", serum, urine, and
feces samples were diluted in nitric acid (> 65%, Sigma, The
Netherlands) and milliQ. These samples were then sent for
ICP-MS analysis (Faculty of Science, Radboud University,
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Nijmegen, The Netherlands). The percentage of Mg was
calculated by making a ratio between >Mg" and total Mg>*
M2 +5Me?t +2Me>h). To measure 2Mg2*, SSMn?*,
and °°Zn?* serum, urine, and feces samples were diluted in
milliQ and nitric acid, and subjected to I[CP-MS (General
Instrumentation, Faculty of Science, Radboud University).

RNA isolation and quantitative real-time PCR

At the end of the study, total RNA was extracted from the
kidney, proximal, and distal colon using Trizol Reagent
(Invitrogen, Bleiswijk, The Netherlands) according to the
manufacturer’s protocol. Next, 1 ug of isolated RNA was
treated with DNase (Promega, Fitchburg, WI, USA) and
reverse transcribed with Moloney Murine Leukemia Virus
Reverse Transcriptase (Invitrogen, Bleiswijk, The Nether-
lands). Obtained samples were stored at —20 °C.

Expression of genes was quantified using SYBR green
(Bio-Rad, Hercules, CA, USA) on a CFX96 Real-Time PCR
Detection System (Bio-Rad) and normalized for Gapdh. To
calculate relative gene expression, 2722 method was used.
Values are displayed as fold changes to the control group.
All sequences of primers used are listed in Table 1.

RNA sequencing

Total RNA was isolated from the distal colon of the mice
as described above. Next, RNA-Seq libraries were pre-
pared from total RNA using the KAPA RNA HyperPrep
Kit with RiboErase (KAPA Biosystems, Wilmington, MA,
USA). Briefly, oligo hybridization and rRNA depletion,
rRNA depletion cleanup, DNase digestion, DNase diges-
tion cleanup, and RNA elution were performed according
to the manufacturer’s protocol. Fragmentation and priming
were performed at 94 °C for 6 min. Synthesis of the first-
and second-strand, and A-tailing were performed accord-
ing to the protocol. The adaptor was ligated using Next-
Flex DNA barcodes (1.5 mM stock; Bio Scientific, Austin,
TX). Further, the first and second post-ligation cleanup was
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performed according to the protocol. To amplify the library,
11 PCR cycles were performed and further cleaned up using
a 0.8 x followed by 1.0 X bead-based cleanup. Library size
was determined using the High Sensitivity DNA bioanalyzer
kit, and the library concentration was measured using the
dsDNA High Sensitivity Assay (DeNovix, Wilmington, DE,
USA). Paired-end sequencing reads of 50 bp were generated
using an Illumina NextSeq 2000.

RNA-Seq data analysis

RNA-Seq data were analyzed as previously described [29]
using the seq2science pipeline (https://vanheeringen-lab.
github.io/seq2science/content/workflows/rna_seq.html). In
short, reads were aligned to the mm10 reference transcript
assembly from UCSC. Next, reads were filtered using SAM-
tools (RRID: RRID:SCR_002105), and quality score lower
than 20, and PCR duplicates were removed [15]. Reads per
gene were counted with the htseq-count script from the
Hisat2 software suite using the GTF file corresponding to
the transcript assembly. Read counts were further analyzed
with DESeq2 (RRID: SCR_002285) [17]. RNA-Seq data
were deposited in the National Center for Biotechnology
Information Gene Expression Omnibus (GEO) database
(Accession No. GSE243832).

DNA constructs

pCMV-FLAG10-SLC30A10-D248A (Addgene plas-
mid #82,346;) and pCMV-FLAG10-SLC30A10-E25A
(Addgene plasmid #82,345) constructs were gifts from
Somshuvra Mukhopadhyay [37]. To obtain wild-type (WT)
SLC30A10 construct, the WT sequence was inserted in the
SLC30A10 E25A construct using the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA, USA)
according to the manufacturer’s protocol. To obtain an
empty pCMV-FLAGI10 construct (mock), the SLC30A10
gene was removed from the SLC30A10 E25A construct by
digestion with EcoRI-HF (New England Biolabs) and sub-
sequent DNA purification. All constructs were verified by
sequencing analysis. Primer sequences for mutagenesis PCR
are shown in Table 1.

Cell culture

HEK293 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM, Lonza) containing 10% (v/v) fetal calf
serum (VWR International), 2 mM L-glutamine (Sigma-
Aldrich), and 10 ug/mL nonessential amino acids (Sigma-
Aldrich) at 37 °C and 5% (v/v) CO,. To transfect the cells
with mock, WT, or mutant SLC30A10, Lipofectamine 2000
(Invitrogen) was used at 1:2 DNA:Lipofectamine ratio.

2Mg?* uptake assay

HEK293 cells were seeded as previously described [1]. In
short, HEK293 cells were transfected with mock, WT, or
mutant SLC30A10 as described above. Sixteen hours later,
the transfected cells were re-seeded in Poly-L-Lysine coated
12-well plates. Twenty-four hours following re-seeding, cells
were washed 1 X with phosphate-buffered saline (PBS) and
incubated with Mg?* free uptake buffer (125 mM NaCl,
5 mM KCl, 0.5 mM CaCl,, 0.5 mM Na,HPO,, 0.5 mM
Na,SO,, 15 mM HEPES, adjusted to pH 7.5 using NaOH)
supplemented with 1 mM »>Mg?* for 15 min. Afterward,
cells were washed 3 x with ice-cold PBS and lysed in nitric
acid before being sent for ICP-MS analysis (General Instru-
mentation, Faculty of Science, Radboud University).

SDS-PAGE and Western blot analysis

Proximal colon and kidney tissues were homogenized in
triton lysis buffer (1 mM EDTA, 1 mM EGTA, 10 mM
C;H;Na,O¢P, 50 mM NaF, 10 mM Na,P,0,, 150 mM NaCl,
270 mM sucrose, 50 mM Tris—HCI pH 7.5, 1% [v/v] Triton
X-100) supplemented with protease and phosphatase inhibi-
tors (1.46 nM Pepstatin, 10.5 nM Leupeptin, 1 mM PMSF,
0.154 nM Aprotinin, 1 mM Na;VO,) using Ultra-Turrax-T25
followed by Dounce homogenizer. Cells were homogenized
by scraping in triton lysis buffer. Samples were then clarified
by centrifugation at 1000 X g for 10 min at 4 °C and super-
natants were transferred to new tubes. Protein concentra-
tion was measured using the Pierce™ BCA Protein Assay
Kit (Thermo Scientific). Next, samples were denatured in
5 X Laemmli buffer containing 1 mM dithioterol (DTT) at
37 °C for 30 min.

Ten to 15 pg of lysate was run through SDS-PAGE and
transferred to a polyvinylidene fluoride membrane and
blocked with 5% (w/v) non-fat dry milk in Tris-buffered
saline (TBS) with 0.1% (v/v) Tween-20 (TBS-T; Sigma-
Aldrich) for 1 h at RT. Subsequently, membranes were incu-
bated in primary antibody diluted in 1% (w/v) non-fat dry
milk in TBS-T overnight at 4 °C. The next day, membranes
were washed 3 X with TBS-T and incubated with peroxidase
(PO) conjugated secondary antibodies (Roche, Mannheim,
Germany) for 1 h at RT. This was followed by 3 X TBS-T
washes and 1 X TBS wash. Lastly, proteins of interest were
visualized by incubating membranes with SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific) or
SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Scientific) using the ImageQuant™ LAS 4000
(General Electric). Primary antibodies used are against
TRPMS6 used at 1:800 (#ACC-046, Alomone Labs) and
B-actin used at 1:10,000 (#A5441-0.2 mL, Sigma). Second-
ary antibodies used are PO conjugated against IgG mouse
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(#145-515-035, Brunswig) and IgG rabbit (#A4914, Sigma)
both used at 1:10,000.

Statistical analysis

All results are depicted as individual values and
mean + SEM. When there were only two experimental
groups, a one-tailed unpaired 7-test was used. When there
were more than two experimental groups, with two vari-
ables, two-way ANOVA followed by a post-hoc test was
used. In experiments with more than two groups and two
variables, three-way ANOVA was used. The test used in
each experiment is indicated in each figure legend. Statistical
significance was described at p <0.05, depicted as symbols
*p<0.05, 1p<0.01, £p<0.001. All graphs and statisti-
cal tests were run in GraphPad Prism version 10.0.2 (171)
for macOS, GraphPad Software, Boston, MA, USA unless
stated otherwise.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00424-024-03017-9.
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