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Commentary

Multidrug resistance phenotypes and MRS2 mitochondrial magnesium

channel

Two players from one stemness?

Federica |. Wolf* and Valentina Trapani

Istituto di Patologia generale e Centro di Ricerche Oncologiche Giovanni XXIlI; Universita Cattolica del Sacro Cuore; Facolta di Medicina “A. Gemelli”; Roma, Italy

Abbreviations: ABC, ATP binding cassette; CSC, cancer stem cell; hESC, human embrionic stem cells; MDR, multidrug resistance; MRP,
multidrug resistance protein; P-gp, permeability-glycoprotein; OXPHOS, oxidative phosphorylation

Key words: adriamycin resistance, apoptosis, cancer stem cells, cytochrome ¢ release, CorA, mrs2, P-gp, proliferation

The development of multidrug resistance (MDR), that is,
the ability to resist the action of structurally and mechanistically
unrelated drugs, hampers the treatment of many human tumors.
Multiple mechanisms contribute to this phenomenon, but only
few of them have been identified. The first factor found to play a
role in MDR is the well-known membrane-embedded transporter
MDR1/P-glycoprotein (MDR1/P-gp or ABCB1), which acts as a
drug efflux pump that decreases the intracellular drug concentration.
P-gp is the most prominent and best characterized member of the
superfamily of adenosine triphosphate (ATP)-binding cassette (ABC)
transporters. Subsequently, many other human ABC transporters
have been associated with drug transport in vitro, including the
MDR associated-protein 1 (MRP1 or ABCC1) and the breast cancer
resistance-protein (BCRP or ABCG2).! Drug antiporters, and espe-
cially P-gp, have been brought into a focus by many researchers with
the aim of designing strategies that circumvented MDR.2 However,
it has become increasingly evident that many other corollary mecha-
nisms contribute to making tumor cells resistant to anti-tumor drugs.
These mechanisms include alterations in target molecules, enhanced
DNA repair, increased drug detoxification, alterations in genes that
control cell cycle and apoptosis (reviewed in ref. 3).

In recent years new techniques for the high-throughput charac-
terization of gene expression have been developed and used to detect
molecular signatures that distinguish MDR tumor cells from their
drug-sensitive counterparts. Researchers hoped that these studies
would identify new determinants of drug resistance, and combining
genomic and proteomic approaches did prove useful in uncovering
unexpected molecular players and circuits.

The paper by Chen et al. in this issue of Cancer Biology &
Therapy explores new paths in such intriguing scenario. A previous
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genomics-based study by the same group found that the MRS2 gene
(GenBank number AF288288) was upregulated in a gastric cell line
with acquired resistance to adriamycin and other common chemo-
therapeutics.”> The human gene MRS2, located at chromosome 6
(6p22.1-p22.3), encodes a mitochondrial protein distantly related to
the CorA family of Mg?* transport proteins.® The CorA family is a
group of well-characterized prokaryotic ion transporters that mediate
the transport of divalent metal ions across biological membranes.”
Metal ions are essential elements in most cellular processes; hence,
the concentrations of ions in cells and organelles must be kept at
appropriate levels. In fact, an impairment of transport systems has
been implicated in a number of pathological conditions, collectively
referred to as channelopathies.® The protein encoded by the MRS2
gene, hsaMrs2p or mrs2, has been the first metal ion channel protein
to be identified in the inner mitochondrial membrane. The expres-
sion of mrs2 has been associated with the maintenance of proper
steady-state concentrations of mitochondrial Mg?*.°

Magnesium is an essential component of many crucial enzyme
activities, that include also transphosphorylation reactions; in mito-
chondria, magnesium is a key factor of the ATP-synthesizing
machinery.? Proliferating cells require and contain more magnesium
than resting ones, and the lack of magnesium availability or defects
in magnesium transport systems affect the proliferation rate.!®!!
Mrs2-1 knock-out yeast strains show a significantly reduced concen-
tration of magnesium, but hsaMrs2p transfection in the same
strains partly restores magnesium levels and alleviates other defects
secondary to low magnesium availability.® Mrs2 is a conserved
protein, with two transmembrane domains that form a Mg?* selec-
tive, high-conductance channel which controls Mg?* influx into
mitochondria via an intrinsic negative feedback mechanism.!? The
available data support the notion that the MRS2 gene is essential
for the survival of eukaryotic cells.!® The central role of mitochon-
dria in such a survival mechanism may be well reconciled with the
following: (i) mitochondria are the main energy-producing organ-
elles of the cell and thus support Mg-ATP-requiring functions such
as membrane permeability and proliferative potential, (ii) mitochon-
dria are crucial targets of the apoptotic cascade, eventually governing
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the balance of cell survival versus death. In regard to energy
metabolism, five multienzymatic complexes embedded in
the mitochondrial inner membrane and constituting the
oxidative phosphorylation (OXPHOS) system represent the
final pathway to cellular energy production. In vitro, there
seems to be a relation between the expression of mrs2 and a
proper functioning of respiratory complex 1.13 Patients with
a mitochondrial defect suffer from a so-called combined defi-
ciency, meaning that the enzymatic activities of two or more
complexes of the OXPHOS system are decreased. Among
the nuclear genes that might be involved in the pathology of
these combined enzymatic deficiencies, there is also MRS2.14
At present, however, we do not know how MRS2 could be
involved in the pathogenesis of human OXPHOS deficien-
cies. It follows that many questions about the actual role of
the MRS2-transcribed channel, the molecular basis of its
Mg?* selectivity, and its role(s) in eukaryotic cells, remain
unanswered.

Following their previous observation of MRS2 upregula-
tion in adriamycin-resistant gastric cancer cells,’ the group
led by Fan now investigate on the role of this channel in
MDR development and characterize a persuasive relation
between mrs2 expression and the MDR phenotype.* They
show that MRS2 transfection in wild type cells confers
an MDR phenotype, as assessed by ICy, values for several
common chemotherapeutics, intracellular adriamycin reten-
tion, cell proliferative potential, apoptosis indices such as
annexin V exposure and Bax-induced mitochondrial release
of cytochrome ¢ conversely, knocking down of MRS2
partially reverses the MDR phenotype in cells with acquired
resistance. The negative regulation of adriamycin-induced
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Figure 1. The MDR/MRS2 phenotype suggested by Chen et al.4 and its possible role
in cell survival. The MDR phenotype implies the expression of an ABC transporter,
which is an ATP-driven carrier able to extrude a large variety of unrelated chemo-
therapeutic agents, including adriamycin, vincristine, 5-fluorouracil, cisplatin. Here
the best known P-gp (ABCB1) is drawn as an example. The MRS2 gene encodes
a magnesium channel on the mitochondrial inner membrane, which is responsible
for Mg?* influx into mitochondria. MRS2, encoding a protein with two transmem-
brane domains, is distantly related to bacterial CorA. The CorAranscribed channel
assembles as a homopentamer resembling a funnel, as depicted in the figure. Both
transporters concur fo cell survival. The ABC pump, by extruding drug molecules,
prevents drug binding fo target molecules and thus decreases drug efficacy; mrs2, by
promoting Mg2* uptake, potentiates mitochondrial energetic function, which sustains
both pump activity, by Mg-ATP, and cell proliferation (black arrows). It is also possible
that MDR efflux function and mitochondrial Mg2* uptake both concur in counteracting
the apoptotic cascade at various levels (white arrows), thus providing an additional

apoptosis by mrs2 expression could simply be ascribed to the
decreased accumulation of adriamycin in the cells; on the
other hand, promotion of cell growth could be easily attributed to
the aforesaid role of magnesium in cell proliferation.!!

Decreased drug accumulation and cytochrome ¢ release are the
most interesting data presented in this paper. The former hints to a
direct relationship between mitochondrial activity and efflux pump
function, which is more than plausible if one considered that MDR
proteins bind ATP with low affinity and thus rely on robust fluxes
of ATP synthesis. The latter points to multiple links between mito-
chondrial function, magnesium and apoptotic responses. Thus, the
paper by Chen et al.# modifies and extends our appraisal of the MDR
phenomenon: it seems that the consequences of an MDR phenotype
extend beyond protection against cytotoxic agents but encircle also
mitochondrial energy functions which contribute to determining
resistance to apoptosis. Figure 1 summarizes the possible role of the
MDR/MRs2 phenotype in cell survival.

Generally speaking, the concept of a possible network between
drug sensitivity and mitochondrial function, morphology and/
or localization is not conceptually new or unprecedented (see for
example refs. 15 and 16). Mitochondria were shown to contain
P-gp,!” which probably contributed to blocking the release of cyto-
chrome ¢.!® On the other hand, a role for magnesium in apoptotic
processes has also been postulated. Both intrinsic!® and extrinsic?’
pathways of apoptosis have been shown to be accompanied by an
early increase in cytosolic Mg?*, and Mg?* appears to be required for
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survival advantage to this phenotype.

the release of cytochrome ¢ from isolated mitochondria.?!?? Even
though it is not clear whether such an increase in cytosolic Mg?* is
derived from mitochondrial or extra-mitochondrial compartments, it
is tempting to speculate that mrs2 overexpression counteracted cyto-
chrome ¢ release by upregulating Mg?* influx into the mitochondria.
We obviously miss a comprehensive picture that accommodated all
such findings and described how precisely could magnesium influ-
ence apoptosis. This having been acknowledged, there is little, if any,
doubt that the most disparate pathways and molecular players might
well converge at the crossroads of what appears to be the key problem
in cancer treatment, particularly in the late stages of malignancies:
the unabated survival capacity of MDR cells.

Until a few years ago MDR was considered the last and most
severe consequence of genetic and epigenetic alterations that accom-
pany cancer treatment and progression. The discovery of cancer stem
cells (CSCs) clearly changed this scenario. CSCs were discovered first
in hematopoietic cancers and then in many solid tumors. CSCs are
likely to share many of the properties of normal stem cells, such as (i)
a long lifespan, including relative quiescence, (ii) resistance to drugs
and toxins through the expression of several ABC transporters, (iii)
active DNA-repair capacity, (iv) resistance to apoptosis (reviewed
in ref. 23). The MDR-MRS2 phenotype described by Chen et al.*
seems to fit reasonably well in this context. Tumors might have a
built-in population of drug-resistant pluripotent cells that remain
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at low frequency among a heterogeneous tumor mass, but that can
survive chemotherapy and repopulate the tumour. The CSC hypoth-
esis states that the cancer-initiating cell is a transformed tissue stem
cell, which retains the essential property of self-protection through
the activity of MDR transporters.?4 Both hereditary and sporadic
cancers may develop through dysregulation of stem-cell self-renewal
pathways. Obviously, the CSC hypothesis has important implica-
tions in the settings of prevention, early detection and successful
treatment of many solid tumors.

The last decades have witnessed a remarkable effort to char-
acterize the stemness fingerprint of CSCs in order to identify the
Achilles’ heel of their silent survival within the tumor mass and
their resistance to radio- and chemo-therapy. Again gene expression
profiles or protein expression patterns can be extremely useful to
investigate on this complex phenotype. A recent paper?® is quite
indicative of such possibility. Comparison of the transcriptome
of human mature oocytes and embryonic stem cells highlighted
genes that were involved in pluripotency initiation. The identified
common oocyte/hESC gene expression profile included a strong
cell cycle signature, genes associated with pluripotency, a large
chromatin remodelling network, 18 different zinc finger transcrip-
tion factors, and several still poorly annotated genes, among which
MRS2.%5 This observation prompted us to formulate a unifying
hypothesis: by having included the MRS2 gene in the transcriptome
of the pluripotent phenotype, can we pick this information and that
presented by Chen et al.# to conclude that stemness and MDR share
a magnesium-regulating mechanism such as the overexpression of
mrs2 channel? Would this concept pave new avenues to a better
understanding of cancer stemness and cancer treatment? The paper
by Chen et al. might be credited with the merit of steering research
in that direction.
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