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Abstract

Important for energy metabolism, neurotransmission, bone stability, and other cellular functions,
Mg?2* has well-established and undisputedly critical roles in adult tissues. Its contributions to early
embryonic development are less clearly understood. For decades it has been known that
gestational Mg2* deficiency in rodents produces teratogenic effects. More recent studies have
linked deficiency in this vital cation to birth defects in humans, including spina bifida, a neural
fold closure defect in humans that occurs at an average rate of 1 per 1000 pregnancies. The first
suggestion that Mg2* may be playing a more specific role in early development arose from studies
of the TRPM7 and TRPMB® ion channels. TRPM7 and TRPM6 are divalent-selective ion channels
in possession of their own kinase domains that have been implicated in the control of Mg2*
homeostasis in vertebrates. Disruption of the functions of these ion channels in mice as well as in
frogs interferes with gastrulation, a pivotal process during early embryonic development that
executes the emergence of the body plan and closure of the neural tube. Surprisingly, gastrulation
defects produced by depletion of TRPM7 can be prevented by Mg2* supplementation, indicating
an essential role for Mg2* in gastrulation and neural fold closure. The aim of this review is to
summarize the data emerging from molecular genetic, biochemical and electrophysiological
studies of TRPM6 and TRPM?7 and provide a model of how Mg2*, through these unique channel-
kinases, may be impacting early embryonic development.
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Introduction

Magnesium is essential for life. It is the fourth most abundant cation in the body and the
second most abundant intracellular cation [1]. Involved in numerous biological functions,
including cell cycle, channel regulation, ATPase activity, metabolic regulation, it is
estimated that at least 350 enzymes are directly or indirectly regulated by Mg2* [2]. While
Mg?2* is linked to a growing number of physiological and pathological roles in adult animals
and humans, the cation’s contribution to embryonic development is less understood. Unlike
Ca®*, whose influence over embryonic development is firmly established [3,4], only a
handful of studies have implicated Mg2* in this process. Studies of the effects of gestational
Mg?2* deficiency in rats were among the first reports to demonstrate that Mg2* is required
for embryonic development [5,6]. Pregnant females fed a Mg2* deficient diet between days
6 and 14 of gestation showed a high incidence of resorptions and gross malformation in the
full term fetuses [6]. Pups born from Mg2* deficient pregnant females also displayed growth
retardation, an increased incidence of abnormal fat metabolism, insulin resistance and
diabetes [7]. More recent epidemiological studies have associated Mg2* deficiency with a
negative impact on human fetal growth and development as well. A decrease in basal
[Mg?2*]; from cord blood platelets is associated with small for gestational age (SGA) babies
[7]. Oral Mg2* supplementation given before the 25" week of gestation is also associated
with a lower frequency of preterm births, a lower frequency of low birth weight, and fewer
SGA infants compared with placebo [8]. The recommended dietary allowance (RDA) in the
United States for magnesium is 410-420 mg per day for a male adult and 320-360 mg per
day for a female; the magnesium requirement is increased during pregnancy and lactation
(320-400 mg/day), depending on age [9]. A maternal Mg2* intake below 378 mg/day has
been associated with a 2- to 3-fold higher risk for the neural tube defect, spina bifida in
offspring, suggesting a pivotal role for Mg2* not just in growth but in morphogenesis as well
[10].

Xenopus laevis as a model system to study the role of Mg2*in early
development

The advantages of using Xenopus laevis (African clawed frog) to study early development
include large egg size, large numbers of eggs from a single female frog, and most
importantly rapid development ex-utero, which allows the concentration of ions in the
medium to be easily manipulated. Early studies by Brown showed that Xenopus laevis
embryos reared in a medium with low Mg2* ion levels (<1076 M) will be arrested in their
growth and exhibit edema, paralysis and death at a time their normally reared sibling are
beginning to feed [11]. A more detailed description of the effect of Mg2* deficiency on
Xenopus laevis embryogenesis was conducted later by Miller and Lanesman [12]. The
authors reported that Xenopus laevis embryos reared in media with Mg?* concentrations of
1072 to 1074 M develop normally while those grown in media with initial Mg2* ion
concentrations of 107> M, 1078 M, 1077 M, or lower often exhibited edema and gastrulated
poorly, showing a curved axis and reduced rates of tail expansion, limited coiling of the gut,
slowed head enlargement and restricted heart growth. Magnesium-deficient embryos can
also be distinguished from their normal siblings because their melanophores are smaller and
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more punctate than normal [12]. In addition, Mg2* deficiency also causes incomplete
formation of the pigmented layer of the eye [12]. In general, tissues that undergo the greatest
part of their growth and differentiation after hatching are the most severely affected by Mg2*
deficiency. For example, somites that are well organized at stage 31 (early tadpole stage) in
the magnesium-deficient embryo become severely disorganized by stage 42 (late tadpole
stage) [12]. While this study was the first to indicate a critical requirement for Mg?* in early
development, it did not necessarily suggest a role for Mg?* in actively controlling
morphogenesis. The notion that Mg2* may have signaling functions akin to those uncovered
for Ca2* emerged from functional studies of the TRPM7 and TRPMS ion channels [13].

TRPM7 and TRPM6 are required for early development

TRPM7 and TRPM6 are unique bifunctional proteins with ion channel and kinase domains
(for a more detailed review see [14]). The channels are permeable to a wide range of
divalent cations, including Mg?*, Ca?* and Zn?* [15,16,17]. Deletion of 7RPM7from mice
disrupts embryonic development, with the mice dying before day 7.5 of embryogenesis
[18,19]. Mutations in TRPM6 have been clearly linked to familial hypomagnesemia with
secondary hypocalcemia (HSH) [20,21]. HSH is characterized by very low Mg2* and low
Ca?* serum levels. Shortly after birth affected individuals exhibit neurologic symptoms of
hypomagnesemic hypocalcemia, including seizures and muscle spasms, but otherwise
develop normally if treated with magnesium supplements. In contrast, mice defective in
TRPME6 showed early embryonic mortality and neural tube defects: 10% of TRPM6-null
homozygotes had spinabifida occulta, 0% had spina bifida aperta, and 30% had exencephaly
[22]. No mutations in TRPM7 have reported for HSH patients, however, heterozygous mice
engineered to lack the kinase domain (TRPM72KINASE) developed signs of
hypomagnesaemia and exhibited a defect in intestinal Mg2* absorption [18]. Cells derived
from heterozygous TRPM72KINASE mice had reduced TRPM7 currents, which likely
reduced intestinal Mg2* uptake in the animals [18]. A more severe phenotype was observed
for homozygous TRPM72KINASE 1] embryos, which were able to initiate gastrulation and
mesoderm formation, but died between day 7.5 and 8.5 of embryogenesis. Thus, studies in
mice have indicated a critical role for TRPM6 and TRPM?7 in early embryogenesis, but how
the channels may have contributed to morphogenesis remained unclear. Investigation of
TRPMT7’s functions in Xenopus laevis provided the first indication that these channels’
ability to permeate Mg2* may be a key factor in their control over early embryogenesis.

TRPMY7 regulates gastrulation during vertebrate embryogenesis

Following the blastula stage of development, coordinated movements of gastrulation begin,
which transform a simple hollow ball of cells into a multilayered structure with a central gut
tube and bilateral symmetry, containing the three germ layers from which the tissues of the
adult vertebrate body are generated. During gastrulation, cells in the dorsal marginal zone
undergo convergent extension movements, in which polarized cell movements establish the
physical body axis of the developing embryo [23]. During gastrulation the non-canonical
Whnt pathway (planar cell polarity (PCP) pathway) regulates convergent extension
movements through activation of the small GTPases Rho and Rac via the cytoplasmic
phospho protein Dishevelled [24]. Depletion of TRPM7 from developing Xenopus laevis
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embryos using anti-sense morpholino technology resulted in gastrulation defect phenotypes
[25]. In Xenopus laevis TRPMT7 depleted embryosaxial extension was impaired, resulting in
a severe dorsal-flexure and failure of the blastopore and neural folds to close. In addition,
anterior structures, including the head, eyes and cement glands, were reduced or absent. One
of the advantages of the Xenopus laevis system is the ability to conduct gain-of-function
analysis. Strikingly, the phenotypes caused by depletion of TRPM7 were prevented by Mg2*
supplementation, by expression of TRPMS, as well as by expression of the Mg2* transporter
SLC41A2. In contrast, elevating levels of Ca2* in the media failed to rescue the phenotype
caused by depletion of TRPM7. Surprisingly, no function for TRPM7’s kinase domain was
revealed in these studies.

As mentioned above the non-canonical Wnt pathway regulates convergent extension
movements through the cytoplasmic phosphoprotein Dishevelled (Dvl) [26]. Activation of
Dvl stimulates the coordinated activation of Rho and Rac to control cytoskeletal remodeling
required for convergent extension cell movements [27]. Expression of a constitutively active
form of Dvl suppressed the gastrulation phenotype caused by depletion of TRPM?7,
indicating that TRPM?7 is likely functioning upstream of Dvl to regulate convergent
extension movements. Dvl controls activation of the Rho pathway through the form in
protein Daam1 [28]. A constitutively active form of Daam1 failed to rescue the XTRPM7
MO-induced phenotype, indicating that TRPM?7 does not influence convergent extension
movements through Rho [25]. Rather, DvI’s control of Rac, which regulates convergent
extension movements via the c-Jun N-terminal kinase (JNK) pathway, was impaired in
XTRPMY depleted embryos.

Investigation of TRPM7’s role in cell migration using fibroblasts gave additional insight
into the results obtained in Xenopus laevis. Depletion of TRPM7 from fibroblasts interfered
with cells’ ability to polarize and migrate directionally [29]. Similar to what was observed in
Xenopus laevis, TRPM7’s channel activity was essential to its control of polarized cell
movements via Rac. In addition, activation of the small GTPase Cdc42, which governs cell
polarity, was impaired in TRPM7-depleted fibroblasts. In both systems, expression of the
Mg?2* transporter SLC41A2 was effective in reversing the phenotype produced by reduced
TRPMY7 expression. Together, these results indicate that the embryonic lethality caused by
loss of TRPM?7 is dependent, at least in part, upon the channel’s ability to control polarized
cell movements through Mg2* and Rac. Studies in mice, however, have revealed that
TRPM?7 disruption can also result in the demise of embryonic stem cells and induced
pluripotent stem cells [18,30]. These results mirror those originally obtained by Schmitz and
colleagues who found that deletion of TRPM7 from DT40 cells causes cell cycle arrest [31].
Importantly, the loss of cell viability and cell cycle arrest in embryonic stem cells and DT40
cells in which TRPM?7 is ablated can be suppressed by supplementation of the growth
medium with Mg?* [18,31]. Therefore, some of the effects of TRPM7 on early development
may also be in part due to loss of populations of stem cells that depend on TRPM7 for
survival. Furthermore, studies have also suggested that TRPM7’s ability to permeate Ca2*
can contribute to the channel’s control of cell adhesion and cell motility [32,33,34,35]. Thus,
it still remains possible that both Mg2* and Ca2* are contributing to TRPM7’s actions in
early development through both of these cations’ effects on cell adhesion [36]. For example,
changes in intracellular Mg2* could also potentially be affecting intracellular Ca2*
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homeostasis and thus indirectly influencing cell migration [37]. Therefore, additional studies
are required to determine whether TRPM7-dependent in flux of Ca2* is also affecting
morphogenesis. Even though more work is required to understand how Mg2* influences
gastrulation in the developing embryo, recent studies have yielded tantalizing clues to how
Mg2* may be controlling signaling events in cells.

Signaling properties of Mg?*

Of the two major intracellular divalent cations, Ca?* is now well accepted as a major
intracellular regulator [38]. Whether Mg2* also serves as a second messenger in intracellular
signaling is controversial [39,40,41]. Recently, however, Li and colleagues uncovered that
mutations in the Mg2* transporter MAGTT1 is responsible for a novel X-linked human
immunodeficiency characterized by CD4 lymphopenia, severe chronic viral infections, and
defective T-lymphocyte activation [42]. Their study revealed that MAGT1 deficiency
abolishes Mg2* influx required for activation of phospholipase Cy1 (PLC-y1) and Ca2*
influx in T cells. How Mg?2* is influencing PLC-v1 activation is not clear. Nor is it
understood how Mg?2* is affecting the activity of Disheveled in Xenopus laevis embryos.
One possibility is that Mg2* acts by directly binding to the enzymes involved in these signal
transduction processes to modulate catalysis [43]. Alternatively, MgZ* may be influencing
these pathways indirectly through Ca?*, as discussed earlier, or through other pathways. In
support of the latter hypothesis, depletion of TRPM?7 in fibroblasts has been recently shown
to lower the concentration of cellular reactive oxygen species (ROS), which can be reversed
by Mg2* supplementation of the cellular growth media and by expression of the Mg2*
transporter SLC41A2 [44]. ROS are now well regarded as important regulators of cell
migration and have been shown to act through several effectors [45,46]. Redox signaling has
been shown to modulate Wnt-p-catenin signaling through ROS-dependent binding of
nucleoredoxin to Dishevelled [47]. ROS could potentially be affecting Wnt signaling by
targeting downstream effectors of Dishevelled such as JNK [48]. Interestingly, a connection
between TRPM7, ROS, and JNK has already been made. Overexpression of TRPM7 in
HEK-293 cells activates JNK [36]. Whereas depletion of the channel, which lowers ROS
levels in a Mg2*-dependent manner, suppresses JNK activity [44]. Perturbations in
extracellular Mg2* levels can also impact intracellular ROS levels. Wolf and colleagues
reported that HC11 mouse mammary epithelial cells cultured in medium containing low
extracellular Mg2* have decreased ROS levels [49]. Adding Mg2* back to the growth
medium was able to reestablish the concentration of ROS in HC11 cells to a normal level.
Thus, Mg?* is able to affect ROS levels in multiple cell types. However, the mechanism by
which Mg?2* influences cellular ROS levels remains poorly understood. Lower intracellular
MgZ* may be impeding ROS production, stimulating ROS turnover, or affecting both
processes simultaneously. For example, HC11 cells cultured in low Mg2* had increased
glutathione transferase activity [49]. Glutathione transferases are a family of scavenger
enzymes involved in the detoxification of free radical species [50]. In addition, other studies
have reported that Mg2* can stimulate the activity of NADPH oxidase, a major source of
ROS within cells [51,52]. It is also conceivable that Mg2* may be affecting ROS production
by mitochondria [53]. At this point, the role of Mg?* in cell signaling remains poorly
understood. Additional work is needed to give a clearer picture of how Mg?* is affecting the
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pathways controlling morphogenesis and to determine whether changes in redox status in
the embryo are involved.

Conclusions and Future Work

Studies in Xenopus laveis have uncovered a critical role for TRPM?7 in the regulation of
convergent extension movements and have demonstrated that TRPM7 functions within the
PCP pathway to regulate gastrulation and neural fold closure. These defects likely explain
the early embryonic lethality of TRPM7’s deletion in mice, which occurs between
embryonic day 6.5 and 7.5 [19]. The phenotypes caused by loss of TRPM7 in Xenopus
laevis could be prevented by Mg2* supplementation and by expression of a Mg2* transporter
in the developing embryos, giving the first evidence that Mg?* plays a critical role in
gastrulation and neural fold closure. Interestingly, mice deficient in 7/RPMS6, which is
mutated in HSH disease, also show embryonic mortality and neural tube defects. However,
as reported by Walder and colleagues, “the anatomical basis for the neural tube defects is
not clear” [22]. The investigators concluded that because they never saw an embryo with
complete absence of neural tube closure (craniorachischiss), “the primary defect seems not
to involve disordered planar cell polarity (PCP).” Yet, craniorachischiss in more recent
mouse PCP mutants was not revealed until they were combined with other PCP mouse
mutants [54]. One possible explanation for this unusual result is that the functions of
TRPM7 and TRPMS6 overlap during neural fold closure and that a loss of TRPM6 could be
partially compensated by TRPM7, which would have the effect of masking the full
phenotype produced by 7RPME6 deletion. This would lead to a model in which the two
channels are functioning together to regulate gastrulation and neural fold closure (Figure 1).
In addition to functioning as homo-oligomers, TRPM6 and TRPM?7 can also combine to
form hetero-oligomeric channels [17,55]. Xenopus laevis is an ideal system to tease apart
the respective roles of TRPM6 and TRPM7 during morphogenesis and determine whether
these two channels are in fact acting in concert. A simultaneous study of both channels
together will also help elucidate how these channels influence Mg2* homeostasis in
developing embryo. These experiments are needed in order shed much needed light on how
Mg?2* itself is regulated during gastrulation and how it is employed to regulate Wnt
signaling. In addition to its effects on early embryogenesis, TRPM7 has also been implicated
in organogenesis [30]. It will be important to determine whether TRPM?7 is also functioning
within the non-canonical Wnt pathway to regulate organ development in a Mg2*-dependent
manner. Despite the fact we do not yet know how Mg?2* exerts its effects during
morphogenesis, a preponderance of evidence now supports the conclusion that this divalent
cation should be regarded as a regulatory cation in its own right. Mg2* can at long last
emerge from Ca2*’s shadow.
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Figurel. Model of TRPM7 and TRPM6 in non-canonical Wnt signaling
Binding of Wnt ligands to Frizzled (Fz) receptors leads to the activation of Dishevelled

(Dvl). Dvl through Daam1 mediates activation of Rho, which stimulates Rho kinase
(ROCK) (not shown). Dvl also controls activation of Rac, which in turn activates JNK, to
initiate cytoskeletal changes required for polarized cell movements during gastrulation and
neural fold closure. TRPM7 and TRPMS, functioning either as homo-oligomers and/or
hetero-oligomers, mediate influx of Mg2* to control activation of Rac and JNK. Mg2* may
be influencing Wnt signaling through Dvl or its downstream effectors or may be regulating
levels of reactive oxygen species (ROS) to modulate Dvl and/or JINK signaling.
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