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Abstract

Metabolic reprograming is a process in which cells alter their biosynthetic and
bioenergetic pathways to meet the changing energetic demands. To ensure energy
supply, cancer cells increase glucose uptake and adapt their glucose metabolism from
oxidative phosphorylation to aerobic phosphorylation. Metabolic reprograming towards
aerobic glycolysis is also required for angiogenesis, as angiogenesis happens in tissues
that in need of more blood (oxygen) supply. Although aerobic glycolysis was originally
identified by Warburg nearly century ago, the molecular mechanisms regulating aerobic
glycolysis remain elusive. In this issue of Cell death & disease (14, 183 (2023)), Wu and
colleagues identified that by regulating calcineurin-CRTC2-CREB signaling pathway,
TRPM7-mediated Ca2+ influx promotes the expression of glucose transporter 3
(GLUT3), which is needed for the programming of energy metabolism from oxidative
phosphorylation toward aerobic glycolysis during tumorigenesis and angiogenesis. This
study highlights the critical role of TRPM7 in metabolic reprogramming, and suggests
that TRPM7 can be a molecular target for the treatment of other metabolic reprograming-
related diseases.

Introduction

Metabolic reprograming is a process in which cells alter their
biosynthetic and bioenergetic pathways to meet the changing energetic
demands. Metabolic reprograming can be triggered under physiological
conditions such as during angiogenesis and in immune cell activation,
or in the development of many diseases. The most well know example of
metabolic reprograming occurs in cancer and is called the Warburg effect,
whichhaslongbeen studiedi.Inthe 1920s,0tto Warburg discovered tumors
utilize tremendous amounts glucose to support the abnormal growth and
proliferation of cancer cells, rather than oxidative phosphorylation, which
is what is normally used to meet the energetic needs of most tissue [1].
The rapid proliferation of cancer cells usually creates a relatively hypoxic
microenvironment [2]. To ensure energy supply, cancer cells increase
glucose uptake and adapt their glucose metabolism from oxidative
phosphorylation to aerobic phosphorylation2. Also, glycolysis to lactate
creates a local acidic microenvironment, which is toxic to healthy cells
and facilitates the degradation of extracellular matrix [2]. Thus, adaption
to aerobic glycolysis renders cancer cells an evolutionary advantage,
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promoting cancer progression and metastasis [3].
Metabolic reprograming towards aerobic glycolysis
is also required for angiogenesis, as angiogenesis
happens in tissues that in need of more blood
(oxygen) supply [4]. Although aerobic glycolysis
was originally identified by Warburg nearly century
ago, the molecular mechanisms regulating aerobic
glycolysis remain elusive [2,3].

The transient receptor potential melastatin-
subfamily member 7 (TRPM?7) is widely expressed
in all the tissues, with the highest expression in the
endocrine glands, kidney, brain, and heart [5]. A
unique feature of TRPM7 among all TRP channels is
its high permeability to Zn2+ (higher than Ca2+ and
Mg2+)[6-8]. TRPM7 channel activation is potentiated
by protons, highlighting its potentially important
function during the acidification of extracellular
environment [9]. TRPM7 has been demonstrated to
be required for many cellular activities, including
cell growth and proliferation, cell adhesion, cell
survival, and for the development and metastasis
of many cancers [10]. The relative contribution of
TRPM7-mediated influx of Zn2+, Ca2+ and Mg2+ for
these activities is not well understood. Nor has the
channel been connected to the process of metabolic
reprograming.

In this issue of Cell death & disease (14,
183 (2023)), Wu and colleagues identified that
TRPM7-mediated Ca2+- influx is needed for the
programming of energy metabolism from oxidative
phosphorylation toward aerobic glycolysis during
tumorigenesis and angiogenesis [11]. By knocking
out TRPM7 in human urinary bladder carcinoma cell
(T24) using the CRISPR/Cas9 technology, they found
that the expression of glycolysis and angiogenesis-
related genes were down-regulated, and that
aerobic glycolysis in TRPM7 knockout cells were
markedly reduced [11]. Also, after selectively deleting
endothelial Trpm?7 in mice using Tie2-Cre transgenic
mice, they found that postnatal retinal vessel growth
was inhibited [11]. Moreover, TRPM7 knockdown in
human umbilical vein endothelial cells suppressed
cell growth, which was accompanied by lowered
metabolic reprogramming activities [11]. Currently,
there is no selective TRPM7 inhibitors channel used
clinically. The confirmation of the phenotypes they
observed in knockout tumor cell line and mice using
knockdown technology provide proof-of-concept
that siRNA or snRNA therapy could potentially be used
to inhibit TRPM7-induced metabolic reprogramming
in vivo.
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To understand how TRPM7 knockout influence
metabolic reprogramming, Wu and colleagues
performed RNA-seq and found that the expression
of SLC2A3 (encoding glucose transporter 3 (GLUT3))
was markedly inhibited in knockout T24 cells,
which was further confirmed by immunohistology
staining and Western blot [11]. Importantly,
overexpression of GLUT3 in T24 knockout cells
restored the aerobic glycolysis phenotype to a level
comparable to wild-type cells [11]. After determining
that TRPM7 regulates metabolic reprogramming
through GLUT3, the authors sought to elucidate how
TRPM7 upregulates GLUT3 expression. TRPM7 is
a bifunctional protein, with ion channel as well as
kinase activities [12,13]. TRPM7’s kinase has been
demonstrated to regulate gene transcription through
chromatin remodeling [14]. However, the authors
found that the overexpression of the kinase domain
of TRPM7 by itself in knockout cells did not rescue
the phenotypic changes observed in TRPM7-KO cells
[11]. TRPM7 is an ion channel permeable to divalent
cations such as Ca2+ and Mg2+13. The authors showed
that the supplementation of the growth media for
TRPM7-KO T24 cells with high Mg2+ did not restore
the wild-type phenotypes. Fascinatingly, buffering of
intracellular Ca2+ in wild-type cells inhibited aerobic
glycolysis and GLUT3 expression [11]. Thus, they
concluded that the regulation of aerobic glycolysis
by TRPM?7 depends on its channel function and Ca2+
influx, but not its kinase domain.

The next question is how TRPM7-mediated Ca2+
influx regulates GLUT3 expression. After entering
the cytoplasm, Ca2+ binds to its partners calcineurin,
calpain and CaM kinases. In naltriben treated
wild-type cells, Wu and colleagues found that only
inhibition of calcineurin reduced GLUT3 expression
induced by TRPM7 activation, suggesting calcineurin
is the downstream effector of TRPM?7 [11]. Calcineurin
activation leads to the dephosphorylation and nuclear
translocation of CRTC2, which further increases
CREB activation [11]. Importantly, CREB binds to the
promoter region of GLUT3. Indeed, the authors found
that the TRPM7 agonist naltriben promoted CRTC2
translocation to the nuclei and CREB phosphorylation
[11]. Also, overexpression of constitutively active
mutants of CRTC2 completely revered the phenotypic
changes of metabolic reprogramming caused by
TRPM7 knockout [11]. Wu and colleagues conclude
from these experiments that TRPM7-mediated-Ca2+
promotes aerobic glycolysis in T24 tumor cells occurs
through activation of the calcineurin-CRTC-CREB
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axis, which upregulates the expression of GLUT3 and
enhances the glucose uptake (see the working model
in figure 1). It would have been great if the authors
could have further identified how TRPM7 mediated-
Caz+ shifts the metabolism direction of pyruvate
from acetyl-CoA in the mitochondria to lactate in the
cytoplasm. Whether TRPM?7 influences store operated
Ca2+ entry, which has been linked to metabolic
reprograming in T cells, also remains to be explored.

Besides  tumorigenesis, aerobic  glycolysis
reprogramming also promotes angiogenesis [4].
The authors found that endothelial-specific TRPM?7
knockout mice exhibited compromised postnatal
blood vessel growth, as well as reduced GLUT3
expression in endothelial cells, suggesting TRPM7
may also be required for the angiogenesis under
physiological conditions [11]. The authors examined
the calcineurin-CRTC-CREB-GLUT3 pathway in
human umbilical vein endothelial cells subjected
to TRPM7 knockdown, and found that GLUT3
expression, aerobic glycolysis and cell growth was
inhibited [11]. Thus, Wu and colleagues further
documented the role of TRPM7-induced aerobic
glycolysis in angiogenesis. This discovery suggests a
potential role of TRPM7 in other aerobic glycolysis-
related cell activities and diseases. Aerobic glycolysis
produces lactate and acidifies the extracellular
environment [2]. However, a limitation of the study
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is its failure to determine whether the resulting acidic
environment from aerobic glycolysis can potentiate
TRPM7 activation, potentially creating a positive
feedback loop. Such a feedback mechanism could
further enhance aerobic glycolysis and extracellular
acidification, thus promoting disease progression.
This aspect warrants future investigation to elucidate
the intricate interplay between TRPM7 activity,
aerobic glycolysis, and extracellular acidification.
Thisfeedbackloop may prove crucial in understanding
the abnormal activation of TRPM?7 in various diseases
associated with an acidic extracellular environment,
such as ischemia-related conditions, particularly
myocardial infarction and stroke, which are leading
causes of mortality.

Summary

In summary, this study represents the first
documentation of TRPM7's role in regulating
metabolic reprogramming during both tumorigenesis
and angiogenesis [11]. It highlights TRPM7 as a
potential molecular target for treating a diverse
range of diseases associated with both TRPM7 over
activation and metabolic reprogramming, including
heart failure, autoimmune diseases, cancers,
inflammation, and infections [15], underscoring a
promisingavenueforfutureresearchinunderstanding
and treating these conditions. The basal expression
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Figure 1 Schematic image demonstrating metabolic reprogramming in cancer cells during tumorigenesis and endothelial cells during
angiogenesis. Ca2+ entering through TRPM7 activates calcineurin, which is independent of the TRPM7-mediated Mg2+ influx and kinase
function of TRPM7. Activated calcineurin leads to the dephosphorylation and nuclear translocation of CRTC2. In the nucleus, CRTC2 promotes
CREB phosphorylation, which enhances the transcription and surface expression of GLUT3, thus increasing glucose uptake. Also, metabolic
reprogramming happens that aerobic glycolysis of glucose to lactate is promoted even when there is enough oxygen supply.
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level of TRPM7 is much lower compared to those
important intracellular signaling molecules, such
as calcineurin, CERB and GLUT3. Thus, targeting
TRPM7 will be advantageous to the non-selectively
general inhibition of metabolic reprograming events,
as metabolic reprograming is also important under
various physiological conditions. Still, the biggest
obstacle for the translation of TRPM7 inhibition to
the clinic is the lack of specific TRPM7 inhibitors.
However, recent advancements, including the high-
resolution cryo-EM structure of TRPM7 and the
establishment of the Alpha Fold Protein Structure
Database by artificial intelligence, have paved the way
for more efficient and rapid development of better
channel inhibitors [16]. By leveraging these resources
to compare structural differences between TRPM7 and
other TRP channels, as well as with other ion channels
such as sodium, potassium, and calcium channels, it
becomes feasible to design inhibitors that specifically
target TRPM?7. Furthermore, highly cell type-specific
drug carriers, such as lipid nanoparticles [17], are
available, which can be combined with novel TRPM?7
inhibitors to mitigate the potential risk of systemic
TRPM7 activity inhibition, given TRPM7's critical
physiological functions under normal conditions.
These advancements offer promise in surmounting
the challenges associated with TRPM7 inhibition and
advancing its therapeutic potential through clinical
trials.
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