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Abstract: Depending on their tissue of origin, genetic and epigenetic marks and microenvironmental
influences, cancer cells cover a broad range of metabolic activities that fluctuate over time and space.
At the core of most metabolic pathways, mitochondria are essential organelles that participate in
energy and biomass production, act as metabolic sensors, control cancer cell death, and initiate
signaling pathways related to cancer cell migration, invasion, metastasis and resistance to treatments.
While some mitochondrial modifications provide aggressive advantages to cancer cells, others are
detrimental. This comprehensive review summarizes the current knowledge about mitochondrial
transfers that can occur between cancer and nonmalignant cells. Among different mechanisms
comprising gap junctions and cell-cell fusion, tunneling nanotubes are increasingly recognized as a
main intercellular platform for unidirectional and bidirectional mitochondrial exchanges. Under-
standing their structure and functionality is an important task expected to generate new anticancer
approaches aimed at interfering with gains of functions (e.g., cancer cell proliferation, migration,
invasion, metastasis and chemoresistance) or damaged mitochondria elimination associated with
mitochondrial transfer.

Keywords: cancer; cancer metabolism; mitochondria; mitochondrial transfer; tunneling nanotubes
(TNT); oxidative phosphorylation (OXPHOS); tricarboxylic acid (TCA) cycle; reactive oxygen species
(ROS); metastasis; chemoresistance

1. Introduction

Cancer is a metabolically heterogeneous disease. In particular, the balance between the
rates of glycolysis (i.e., the conversion of glucose to lactate), the tricarboxylic (TCA) cycle
and oxidative phosphorylation (OXPHOS) can be altered to match biomass production
and energy needs. These metabolic changes are the result of multiple factors including
genetic mutations, alterations of the tumor microenvironment (e.g., tumor oxygenation,
extracellular pH, substrate availability) and interactions between adjacent cells/cell types.

Paradoxically, regardless if cells commit to OXPHOS or glycolysis as a primary mode
of energy production, both pathways account for mitochondrial damage. Through the
production of mitochondrial reactive oxygen species (mtROS) as a natural byproduct of
OXPHOS, oxidative cancers can self-damage their mitochondrial DNA (mtDNA), mito-
chondrial membranes and component parts [1]. Conversely, even though glycolysis does
not directly produce ROS, anaerobic glycolysis has also been shown to generate mtROS due
to a partial oxidation of O2 to superoxide instead of water [2]. Hypoxia-inducible factor-1
(HIF-1), a key biomarker and regulator of glycolysis, is directly activated by ROS [3]. More-
over, anticancer therapies, such as alkylating chemotherapy and radiotherapy, also damage
mtDNA through an oxidative/oxidative-like process [4,5]. In addition to superoxide, en-
dogenously produced H2O2 can inflict further mitochondrial damage in its participation in
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the Fenton reaction, whereby cellular accumulation of Fe2+ catalyzes the production of the
hydroxyl radical •OH, a highly toxic ROS molecule with no natural scavenger [6]. Inside
mitochondria, cytochrome c can potentiate this reaction by releasing free Fe2+ [7].

Since mtDNA encodes subunits of complexes of the electron transport chain (ETC), its
integrity is correlated with OXPHOS efficiency. Cells can prevent mitochondrial oxidative
damage through antioxidant enzymes belonging to the glutathione peroxidase (GPx),
thioredoxin reductase, peroxiredoxin reductase, superoxide dismutase (SOD) and catalase
(CAT) families [8,9]. Imbalances between oxidative stress and antioxidant defense can
thus lead to increased mtDNA damage, creating single nucleotide polymorphisms (SNPs),
insertions or deletions (indels). These mutations can be classified as homoplasmic when
present in all mtDNA copies or heteroplasmic when present in only part of the copies [10].

mtDNA, already fragile in nature due to a lack of histones to protect from insults,
can accumulate damage in a self-sustaining cycle: mtROS inflict mtDNA damage, which
in turn produces less efficient mitochondria, which ultimately produce more mtROS. To
protect cells against harm, mitochondrial integrity is stringently managed via mitophagy
(the autophagic destruction of mitochondria) and mitochondrial biogenesis (the creation of
new mitochondria) [9]. The onset of mitophagy is triggered by structural damages that
disrupt mitochondrial function, while initiation of mitochondrial biogenesis is triggered
by context-specific cellular demand. If mtDNA damage prevention and repair fail, cells
can exchange copies of mtDNA using mitochondrial transfer, thus reintegrating functional
mtDNA copies to restore mitochondrial duties. This is the topic of the present review.

2. Mechanisms of Mitochondrial Transfer

Mitochondrial transfer involves the incorporation of either mitochondrial genes or
mitochondria themselves into a recipient cell. This phenomenon can lead to significant
changes in the bioenergetic state of the host and/or to alterations related to cell differentia-
tion, inflammatory processes, cell survival or even drug resistance. Mitochondrial transfer
relies on the communication between a donor and a recipient cell and can be regulated by
several structures, such as extracellular vesicles (EVs), tunneling nanotubes (TNTs) and
gap junctions (GJ), among others [11]. Table 1 displays all studies involving mitochondrial
transfer in cancer over the last 10 years. To note, mtDNA can persist, and the effects of
transferred mitochondria can be active for at least 45 cell passages in vitro (135 days) [12].
Others demonstrated the maintenance of acquired phenotypes over at least 21 days [13].

2.1. Tunneling Nanotubes

The initial observations about the existence of structures termed “tunneling nanotubes”
(TNTs) were made by Rustom et al. in 2004 [14]. TNTs were described as de novo formed
structures between pairs of cells or complex cellular networks used as a way of transporting
cellular components and signals. Before this discovery, similar structures with identical
functional roles were already observed including cilia, filipodia and cytonemes [15–19].

2.1.1. Formation of Tunneling Nanotubes

Since there are many different types of TNTs and TNT-like structures described in the
literature (see references of Table 1) and due to the lack of specific TNT-markers, there is
still some debate about the various types of TNTs [20].
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Table 1. Mitochondrial transfer involving cancer cells (2011–2021).

Cells Mechanism of
Mitochondrial Transfer Mitochondrial Traffic Functional Consequences in

Recipient Cells Type of Study Reference

Rat PC12 phaeochromocytoma cells
untreated ± UV-damage

TNTs— Membrane
protrusions (MPs)

Bidirectional between healthy cells
Unidirectional from healthy to

UV-damaged cells

Rescue of UV-damaged from
apoptosis In vitro [21]

Human stromal cells (endothelial and
mesenchymal stem cells [MSCs]) and
human ovarian and breast cancer cells

TNTs
Bidirectional

(preference for endothelial to
cancer cells)

Chemoresistance In vitro [22]

Human mitochondria-deficient (ρ0)
143B ρ0 osteosarcoma cells and MSCs Suggested TNTs Unidirectional from MSCs to 143B

ρ0, but not to 143B cells
Restoration of mitochondrial

functions In vitro [23]

Human laryngeal squamous cell
carcinoma (LSCC) TNTs Not clarified No documented

consequences
In vitro
In tissue [24]

Human mesothelioma and benign
mesothelial cell lines TNTs

Bidirectional between malignant or
between normal, not existing

between malignant and normal.

No documented
consequences

In vitro
In tissue [25]

Human MSCs and cancer cell lines

TNTs
(artificial transfer and uptake

by cancer cells in a not
detailed way)

Bidirectional between MSCs and
cancer cells, among MSCs but not

among cancer cells.
Artificial unidirectional from MSCs

to cancer cell lines

Increased OXPHOS and ATP
production.

Increase invasion and
proliferation.

In vitro [26]

B16 ρ0 mouse metastatic melanoma
and 4T1 ρ0 mouse metastatic breast

cancer cells
Not clarified

Not clarified—acquisition of
mtDNA from the

microenvironment

Stepwise recovery of
respiration and
tumorigenicity

In vivo [27]

Human 143B ρ0 osteosarcoma cells
and human Wharton’s jelly MSCs

(WJMSCs)
Not clarified Unidirectional from WJMSCs to

143B ρ0

Restoration of respiratory
complexes and function of

cancer cells
In vitro [28]

Human acute myelogenous leukemia
(AML) cell lines, umbilical cord blood

(CB) and MS-5 stromal cell line

Not clarified.
Endocytosis has been

suggested

Unidirectional from stromal cells to
AML cells

Improved ATP production by
AML cells

Increased chemoresistance
potential of AML cells

In vitro
In vivo [29]
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Table 1. Cont.

Cells Mechanism of
Mitochondrial Transfer Mitochondrial Traffic Functional Consequences in

Recipient Cells Type of Study Reference

Human MCF-7 and MDA-MB-231
breast adenocarcinoma cell lines and

homoplasmic 143B osteosarcoma cells
with wild-type mtDNA

Not clarified Unidirectional from wild-type
mtDNA cells to breast cancer cells

Inhibition of cell proliferation,
induction of apoptosis and
increased drug sensitivity

In vitro
In vivo [30]

Human MCF-12A mammary epithelial
cell line, human MCF-7 and

MDA-MB-231 breast cancer cell lines
and drug-resistant NCI/ADR-Res

cancer cell line

Artificial transfer.
Mechanisms of uptake not

clarified.
Endocytosis suggested

Unidirectional from untransformed
MCF-12A to malignant MCF-7,

MDA-MB-231 and
NCI/ADR-Res cells

Suppression of MCF-7 and
NCI/ADR-Res

cell proliferation.
Increased drug sensitivity of

MCF-7 cells.

In vitro [31]

Human AML blasts and bone marrow
stromal cells (BMSCs), healthy

hematopoietic stem cells
TNTs

Unidirectional from BMSCs to
AML blasts but not to healthy

hematopoietic stem cells

Increased basal and
maximum mitochondrial

respiration and ATP
production in AML blasts

In vitro
In vivo [32]

Human highly malignant T24
urothelial carcinoma cells and

non-malignant RT4 urinary papillary
urothelial cells

TNTs Unidirectional from malignant to
non-malignant cells

Enhanced non-malignant
cell invasiveness

In vitro
In vivo [33]

Primary human multiple myeloma
cells and cell lines, BMSCs TNTs Bidirectional

Increased ATP production
and proliferation of multiple

myeloma cells

In vitro
In vivo [34]

Human MSCs and acute lymphoblastic
leukemia (ALL) cells TNTs Unidirectional from MSCs to

ALL cells
Chemoprotection from
ROS-induced therapy In vitroIn vivo [35]

Human MSCs, Jurkat cells and
T-ALL cells TNTs

Bidirectional, but mostly from
Jurkat cells to MSCs and from

T-ALL cells to MSCs

Chemoresistance of Jurkat
and T-ALL cells In vitro [36]
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Table 1. Cont.

Cells Mechanism of
Mitochondrial Transfer Mitochondrial Traffic Functional Consequences in

Recipient Cells Type of Study Reference

Human 1321N1 astrocytoma cells,
THP-1 monocytic leukemia cells and

SH-SY5Y neuroblastoma cells
TNTs Not clarified

α-synuclein aggregates as
mitochondria transfer

through TNTs
In vitro [37]

Human tumor activated stromal cells
(TASCs) and glioblastoma cells TNTs, EVs and cannibalism Unidirectional from TASCs to

primary glioblastoma cells

Chemoresistance,
radioresistance, increased

proliferation in
glioblastoma cells

In vitro [38]

Human PC3 prostate cancer cells and
cancer-associated fibroblasts (CAFs) TNTs Unidirectional from CAFs to PC3

cancer cells

Increased migratory and
metastatic abilities of prostate

cancer cells
In vitro [39]

2D and 3D primary glioblastoma
(GBM) stem cells TNTs Not clarified

Differential mitochondria
transferred after

irradiation regimen
In vitro [40]
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Two main mechanisms for the formation of TNTs have been discussed [20,24,41]
(Figure 1A–D). The first mechanism is highly dependent upon cell mobility and occurs
when cells are spatially proximal to each other and then diverge [42–44]. The movement
of cells in opposite directions may lead to TNT rupture establishing close-ended or GJ
connections. This process can also be temporally regulated, as a sustained intercellular
contact for several minutes is needed for TNT formation [43]. The second mechanism occurs
by the extension and fusion of membrane protrusions (MPs) containing actin filaments
from the donor cell to the cell membrane of the target cell and does not rely on cell mobility
or close contact [14,45]. The connection formed between cells can be open-ended through
membrane fusion or GJ formation, or close-ended where the cargo needs to cross donor
and recipient cell plasma membranes [24,33].

Figure 1. Mechanisms of formation of TNT and detail of intercellular mitochondria transfer. (A) TNTs can be formed by cell
dislodgment, when cells are close together and move apart, creating TNTs that can be either open-ended or close-ended.
(B,C) TNTs can occur by the extension of membrane protrusion(s) from one cell (B) or from both cells (C), and can be
open-ended or close-ended. (D) Damage-inducing events can trigger the transfer of healthy mitochondria from healthy
cells to damaged cells.

The mechanism of MP and TNT formation is largely associated with the interaction
between a complex of proteins, including leukocyte specific transcript 1 (LST1), M-sec,
Ras-related protein A (RalA) and the exocyst complex [45–47]. Schiller et al. [47] proposed
a model for the formation of TNTs where LST1 recruits RalA to the plasma membrane
and promotes its interaction with the exocyst complex, inducing actin polymerization and
membrane complementation. In this model, M-sec acts as an inducer of TNT formation by
interacting with LST1 and RalA.

Although molecular mechanisms driving TNT formation have been preliminarily
elucidated using non-malignant models [48], more recent studies have also addressed this
concept in cancer models. In a mesothelioma model, fascin, which is associated with initia-
tion of cellular protrusions, distant metastasis and poor prognosis in advanced tumors [49],
was observed over the length of TNTs. In addition, ezrin and zonula occludens-1 (ZO-1),
which are involved in the organization of the actin cytoskeleton, were found at the site of
TNT extrusion. Furthermore, E-cadherin, which is downregulated in invasive cancer cells
and is an early independent marker of tumor progression, was also found to be minimally
expressed during TNT formation [30]. Most recently, α-synuclein, a protein associated
with Parkinson’s disease progression, was discovered to bind to migrating mitochondria in
TNTs [37]. Aside from markers of cytoskeletal dynamics and rearrangement, the activation
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of the Akt-mTOR axis also triggers F-actin polymerization and TNT development [45]. In
a highly malignant urothelial T24 model, an increase in the number of TNTs correlated
with an upregulation of Akt and mTOR signaling compared to non-malignant urothelial
RT4 cells, providing further evidence that this pathway is needed for TNT formation [33].
Finally, the expression of CD38, an immune cell marker regulating cell adhesion and signal
transduction, was found to be correlated with TNT formation in a multiple myeloma model
whereby increased CD38 expression facilitates mitochondrial transfer from bone marrow
stromal cells (BMSCs) to primary human multiple myeloma cells [34]. CD38 expression
blockade inhibited mitochondrial transfer, reduced tumor volume, and increased overall
mouse survival.

Recent progress has made great strides surrounding the mechanisms underlying
TNT propagation. Although the initial stimulus triggering TNT formation remains to be
elucidated, cell stress, cell fate determination and changes in the microenvironment are all
hypothesized to play central roles [20].

2.1.2. Microtubules in Tunneling Nanotubes

In general, actin polymerization is paramount for TNT formation, as compounds dis-
rupting actin functions damage TNT integrity [48,50,51]. However, some TNTs also contain
microtubules and have been shown to be thicker in size [40,51]. The existence of TNTs with
or without microtubules suggests that these structures have different biochemical roles.
For example, co-culture of healthy and UV-damaged PC12 rat phaeochromocytoma cells
showed that apoptotic signals were passed from damaged cells to heathy cells through thin-
ner TNTs than TNTs used to carry mitochondria in the same cells [21]. It was also reported
that thinner TNTs are responsible for the short-distance transport of mitochondria, while
thicker microtubule-containing TNTs are necessary for longer-distance transport [21,52].
Although categorization of TNTs as “thinner” or “thicker” is suggested by some authors, it
should also be noted that recent findings show that thicker TNTs can be composed by a
group of several individual TNTs [53].

Studies in neuronal cells have identified a calcium-sensitive adaptor protein, mito-
chondrial Rho GTPAse 1 (Miro1), that, along with a group of accessory proteins Miro2,
trafficking kinesin protein 1 (TRAK1), TRAK2 and myosin 19 (Myo19), facilitates mito-
chondrial movement through microtubules [13,54,55]. Furthermore, engineering MSCs to
overexpress Miro1 increased their capacity as mitochondrial donors to epithelial cells, with
enhanced therapeutic efficacy [47]. Conversely, in vitro models of leukemia, neuroblas-
toma and astrocytoma revealed that, although α-synuclein was necessary for the export of
mitochondria through TNTs, Miro1 knockdown had no effect on either the density of mito-
chondria or the interaction between α-synuclein and mitochondria within TNTs [37]. The
importance of microtubule mitochondrial transfer was also demonstrated in studies with
acute lymphoblastic leukemia (ALL) cells, as agents that disrupted microtubule formation
interrupted the process of cell death protection induced by mitochondria transfer [35].

2.1.3. Tunneling Nanotube Trafficking

Although the process of mitochondrial transfer through TNTs is thought to be from
donor to recipient cell, this is not always the case. Trafficking within TNTs can vary
according to cell type, disease state and activation state (Table 1). For example, vesicles
containing mitochondria are transported unidirectionally between neuronal cells [14] but
bidirectionally between macrophages [51]. In some cases, mitochondrial transfer within
TNTs can be a bidirectional process, but it is mainly unidirectional from healthy to damaged
cells [21,50]. In studies performed with mesothelioma and benign mesothelial cell lines,
there was an exchange of cytosolic components between mesothelioma cell lines or between
benign mesothelial cell lines, but no evidence of exchange or TNT formation between
malignant and benign cell populations [25]. In another study, physiological transfer of
mitochondria occurred among MSCs and between MSCs and cancer cell lines, but not
among cancer cells [26]. Furthermore, mitochondrial transfer occurred from bone marrow
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stromal cells (BMSCs) to acute myelogenous leukemia (AML) cells, but not to healthy
hematopoietic cells [32]. Contrary to this, unidirectional transport was observed from
malignant to non-malignant urothelial cell lines [33].

Interestingly, even when mitochondrial transport is bidirectional, the benefits that
recipient cells receive may differ. For example, bidirectional mitochondrial transfer occurs
between MSCs and vascular smooth muscle cells (VSMCs), but increased proliferation
was only observed in MSCs [56]. Furthermore, both AML and ALL cells depend on
mitochondrial transfer to reduce metabolic stress; while ALL cells export mitochondria to
MSCs to reduce intracellular ROS, AML cells import mitochondria from MSCs to offset
increased OXPHOS demand [36]. Together, these studies highlight the complex phenomena
surrounding mitochondrial trafficking and directional transfer as a process that is cell- and
context-specific.

2.2. Gap Junctions

Connexins are GJ proteins that facilitate the exchange of small molecules (less than
1 kD in size) between neighboring cells. As well as playing an important role in electrical
and metabolic coupling between cells, many members of the connexin family have also
been regarded as tumor suppressor genes [57]. In an in vivo model of LPS-treated lung
disease, BMSCs were found to transfer mitochondria in microvesicles through GJ protein
connexin 43 (Cx43) to nearby lung epithelium [58]. The authors noted that Cx43 was
essential for mitochondrial transfer, as cells expressing dysfunctional Cx43 were not able to
participate in this phenomenon.

2.3. Cell Fusion

Mitochondrial transfer can occur either by partial cell fusion via TNT formation or by
complete cell fusion. For example, transfer of mitochondria was described upon complete
fusion between MSCs and ischemic cardiomyoblasts [59]. However, mitochondria were
also noted to be transferred via the formation of TNTs between these two cell types.
Similarly, primary glioblastoma cells were found to take up mitochondria by engulfing
tumor-activated stromal cells (TASCs), thereby sequestering TASC cellular components for
themselves [38].

2.4. Artificial Mechanisms of Mitochondrial Transfer

Although most studies involving mitochondrial transfer are based on the physiological
release and uptake of mitochondria, studies have also demonstrated that mitochondria
can be transferred through artificial means. MitoCeption, a new tool designed to better
understand artificially implanted mitochondrial dynamics, has been created to artificially
transfer isolated mitochondria from MSCs to cancer cell lines [26]. This method can be
a valuable tool to understand the effects of transferred mitochondria into recipient cells
independently of other factors.

Another method of artificial isolated mitochondrial transfer employs a Pep-1-mediated
delivery system [60,61]. Pep-1 is a member of the cell-penetrating peptide family that can
deliver biologically active peptides and proteins into cells via interaction with cell mem-
branes. The feasibility of mitochondrial transplantation using this technique has been
demonstrated to rescue mitochondrial functions in mitochondrial diseases, including my-
oclonic epilepsy with ragged-red fibers (MERRF) [60,61]. The same method was further
utilized in human breast adenocarcinoma cell lines MCF-7 and MDA-MB-231 [30]. Al-
though the same cell types can take up mitochondria without the need of carriers [31],
other diseased cells have lower spontaneous intake due to cytoskeletal disruption and can
thus benefit from this method [12,62].
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3. Metabolic and Phenotypic Consequences of Mitochondrial Transfer
3.1. Restoration of Basic Mitochondrial Functions in Cancer Cells

Mitochondrial transfer can have several consequences in recipient cells. Initial stud-
ies of mitochondrial transfer were performed in cells devoid of mitochondrial DNA by
treatment with ethidium bromide (ρ0 cells). This resulted in the recovery of recipient cell
mitochondrial activities due to the acquisition of whole mitochondria from donor cells. In
2006, Spees et al. [63] reported a decrease in extracellular lactate, decreased ROS, increased
extracellular ATP, increased membrane potential and increased oxygen consumption after
mitochondrial transfer between A549 ρ0 human adenocarcinoma cells and co-cultured
MSCs or human skin fibroblasts, indicative of a complete restoration of mitochondrial activ-
ities. Similarly, 143B ρ0 osteosarcoma cells exhibited recovered mitochondrial functions via
increased intracellular ATP and an increased oxygen consumption rate after co-culture with
MSCs [23]. Using the same osteosarcoma model, an additional study described the uptake
of mitochondria from Wharton’s jelly MSCs (WJMSCs) and the subsequent restoration of
mitochondrial complexes and their associated functions [28]. To our knowledge, no study
reported functional consequences for donor cells.

3.2. Cancer Cell Survival and Proliferation

Mitochondrial transfer has also been documented to affect recipient cell proliferation
and survival. Accordingly, Elliot et al. [31] documented that the transfer of isolated
mitochondria from normal breast epithelium MCF-12A to MCF-7 and MDA-MB-231 breast
cancer cells and adriamycin-resistant NCI/ADR-Res ovarian cancer cells resulted in a
decrease in proliferation of MCF-7 and NCI/ADR-Res cells and increased the sensitivity of
MCF-7 cells to doxorubicin, paclitaxel and carboplatin. Assisted methods of mitochondrial
transfer from healthy cells via a Pep-1-mediated mechanism further demonstrated impaired
in vitro viability of MCF-7 breast cancer cells and in vivo suppression of tumorigenicity [30].
Interestingly, cell viability was unchanged after mitochondrial transfer in the non-malignant
MCF-12A human breast cell line.

Although these studies present promising therapeutic outcomes, others have doc-
umented contradictory phenomena after mitochondrial transfer. For example, Caicedo
et al. [26] noted that the transfer of mitochondria from MSCs to cancer cells led to enhanced
mitochondrial functions (increased OXPHOS and ATP production), which led to increased
proliferation and invasion phenotypes of these cells. Likewise, Marlein et al. [34] observed
that mitochondrial transfer from BMSCs to primary myeloma cells led to an increase in
their ATP production and proliferation rate both in vitro and in vivo. Wang and Gerdes [21]
also observed a decrease in apoptosis in UV-stressed PC12 phaeochromocytoma cells after
mitochondrial transfer when cultured with healthy cells, indicative of an increase in cancer
cell survival.

3.3. Tumorigenesis and Tumor Progression

Building upon controlled mitochondrial transfer experiments, a systems approach to
mitochondrial transfer has also been utilized to define key characteristics surrounding the
tumor microenvironment and tumor development. In the mitochondria-deficient B16 ρ0
metastatic mouse melanoma cell line and 4T1 ρ0 mouse mammary cancer cell line, cancer
cells were found to acquire mtDNA from cells in the tumor microenvironment, which re-
sulted in the recovery of their mitochondrial respiration [27]. This effect was compounded
in circulating cancer cells when compared to primary tumors, suggesting an adaptive
response to progressively acquire mtDNA from the tumor microenvironment as part of
cancer cell invasiveness. In a follow-up study, the same authors demonstrated that tumor
formation was directly dependent upon the recovery of mitochondrial respiration [63].
The latter demonstration that the transfer of intact mitochondria from cancer-associated
fibroblasts to PC3 human prostate cancer cells [39] and from highly metastatic to weakly
metastatic mouse Lewis lung carcinoma cancer cells [64] also transferred metastatic ca-
pabilities indicates that mitochondria play a key role in cancer metastasis. Accordingly,
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either highly active TCA cycling or electron transport chain (ETC) bottlenecking were
shown to promote cancer migration, invasion and metastasis through mtROS activating
the transforming growth factor β (TGFβ) pathway [65].

Furthermore, in an AML model, cancer cells acquired mitochondria from stromal
cells in the tumor microenvironment, thus improving their metabolic function through
an increased production of ATP [29]. Finally, in a patient-derived organoid model using
glioblastoma stem cells, mitochondrial transfer occurred between cells in both 2D and 3D
cultures, indicating that this phenomenon also occurs in human brain tumors [40].

3.4. Chemoresistance

Several recent studies in cancer biology have documented the acquisition of chemore-
sistance after mitochondrial transfer. The first experiment to document this phenomenon
was in 2013, when Pasquier et al. [22] observed that MCF-7 cancer cells acquiring mitochon-
dria from epithelial cells gained resistance to doxorubicin. Since then, more recent studies
have further explored the induction of chemoresistance after mitochondrial transfer. In
Jurkat and ALL cells as donor cells and MSCs as recipient cells, mitochondrial transfer was
shown to induce MSC-dependent chemoresistance to cytarabine and methotrexate through
a reduction of ROS levels [36]. Likewise, mitochondrial transfer from MSCs to ALL cells
induced chemoprotection from ROS-inducing cytarabine and daunorubicin therapies [35],
confirming that the transfer of mitochondria from one cell type to another can generate
chemoresistance in recipient cells.

According to these studies, ROS appear to be a central chemoresistance checkpoint
after mitochondrial transfer. However, ROS can also stimulate mitochondrial transfer
itself. Indeed, Marlein et al. [32] demonstrated that AML cells can increase their own
ROS production by activating NADP(H) oxidase NOX2, which stimulated a mitochon-
drial transfer from BMSCs to AML cells both in vitro and in vivo. Conversely, NOX2
knockdown in AML cells reduced superoxide production, which resulted in decreased
cellular uptake of mitochondria by AML cells and a reduced basal and maximal mitochon-
drial respiration. These results were replicated in vivo, indicating a pro-tumoral role of
NOX2-driven mitochondrial transfer in AML [32]. Recently, a ROS-overload mediated
mitochondrial transfer mechanism has been questioned. In a model using TASCs and
primary glioblastoma cells [38], co-cultured cells showed a significant decrease in primary
glioblastoma ROS levels compared to monocultures, as well as a significant increase in
glycolysis. The authors concomitantly observed an unidirectional mitochondrial transfer
from TASCs to primary glioblastoma cells. Therefore, identifying the precise nature of ROS,
their subcellular origin and their local concentration is now needed to understand their
roles in mitochondrial transfer.

4. Conclusions and Therapeutic Perspectives

This comprehensive review addressed intercellular mitochondrial transfer in cancer.
It illustrated that cancer cells can acquire mitochondria from neighboring cells not only to
repopulate an intact mitochondrial pool, but also to acquire phenotypic characteristics that
represent gain of functions for tumors such as an increased rate of proliferation, enhanced
migrative, invasive and metastatic capabilities and resistance to chemotherapies. Stemness
could potentially be included to the list, as (cancer) stem cell mitochondrial metabolism
most often differs from that of differentiated (cancer) cells [66]. While mtDNA encodes
only 13 mitochondrial proteins in addition to 22 transfer RNAs and 2 ribosomal RNAs,
SNPs, mutations, deletions and/or epigenetic changes (methylation, non-coding RNAs)
could convey these traits long-term [67]. Conversely, gain of function mutations could fade
away depending on the half-life of specific mitochondrial components that would directly
or indirectly depend on the nuclear DNA expression of donor cells. To help elucidate
these phenomena, as well as to increase knowledge about the persistence or resolution of
heteroplasmy, studies examining mitochondrial kinetics would be required.
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This review also showed that cancer cells can transfer mitochondria to nonmalignant
cells, which can be viewed as an additional mechanism to mitophagy for the clearance of
damaged mitochondria. Little is known about their fate in the recipient cells. It is also not
known if mitochondria acquired from different cell populations can exhibit differential
effects in recipient cancer cells. To date, only one study [22] showed a common pheno-
type, chemoresistance, acquired after mitochondrial transfer from two different donor
populations (MSCs and endothelial cells), suggesting that phenotypic acquisition may be
independent of donor cell origins if the received mitochondria are healthy. To adequately
address this question, further studies are needed where donor mitochondria from sev-
eral cell types would be transferred to the same host cells under the same treatment and
culture conditions.

This review also provides indications for future anticancer applications. Considering
that several studies correlate mitochondrial transfer with chemoresistance [22,30,32,35,36]
and with cancer cell recovery after treatment [23,28,63], a potential approach to prevent
acquired chemoresistance would be to evaluate inhibition of mitochondrial transfer as an
adjuvant treatment. Before full understanding of the process and identification of precise,
druggable targets, this could be achieved indirectly by the use of taxanes or Vinca alkaloids
that have the potential to partially inhibit mitochondrial transfer by inhibiting microtubule
polymerization. It could also be noteworthy to investigate whether these treatments could
restrict metastatic dissemination in an in vivo mouse setting where mitochondrial transfer
was associated with a gain in migration and/or invasion [39,64].

M-sec, a TNT marker and regulator of TNT formation [45], has been proposed as a
targetable inhibitor of mitochondrial transfer. While M-sec catalytic sites remain unknown,
currently marketed TNF-α inhibitors (including those prescribed for auto-immune diseases
such as rheumatoid arthritis) may indirectly reduce TNT formation, since M-sec is directly
TNF-α inducible [68].

GJ proteins, such as Cx43, have been found to participate in mitochondrial transfer [58],
but their ubiquitous expression in almost every tissue type in the body renders them
unsuitable as a pharmacological target. Interestingly, Cx43 single point mutations causing
alterations of specific phosphorylation sites have been reported [69], but it remains to
be elucidated if TNT-specific phosphorylation sites on Cx43 exist. If so, kinases and/or
phosphatases responsible for specific phosphorylation patterns may exhibit therapeutic
promises once discovered.

Mitochondrial fission has never been studied in correlation with TNTs. Mitochondrial
fission is a necessary step for mitophagy because smaller, non-elongated mitochondria
are easier to be incorporated into autophagosomes. Fission may similarly be necessary
for mitochondrial transfer, hypothetically easing mitochondrial migration along TNTs. If
this hypothesis were true, mitochondrial fission inhibition would simultaneously target
mitophagy and mitochondrial transfer, two promising anticancer approaches for which
there is no current selective therapy.

Author Contributions: Conceptualization, L.X.Z., C.S.-A., P.S.; writing—original draft preparation,
L.X.Z., C.S.-A., P.S.; writing—reviewing and editing, J.D.R., P.S.; supervision, P.S.; project administra-
tion, P.S.; funding acquisition, P.S. All authors critically read, edited, and endorsed the content of
the manuscript. L.X.Z. and C.S.-A. are co-first authors as they contributed equally to the work. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by European Union’s Horizon 2020 research innovation
program under the Marie Skłodowska-Curie grant agreements No 722605 TRANSMIT and No
860245 THERADNET, the Fondation Belge contre le Cancer (FBC, Fundamental Research Grant #FAF-
F/2018/1282), the Belgian Fonds National de la Recherche Scientifique (F.R.S.-FNRS), the Belgian
Télévie and the Louvain Foundation. L.X.Z. and C.S.-A. are PhD Fellows of Marie Skłodowska-Curie
grant No 722605 TRANSMIT. J.D.R. is a PhD Fellow of Marie Skłodowska-Curie grant No 860245
THERADNET. P.S. is a F.R.S.-FNRS Research Director. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the
decision to publish the results.



Int. J. Mol. Sci. 2021, 22, 3245 12 of 14

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Davies, K.J. Oxidative stress: The paradox of aerobic life. Biochem. Soc. Symp. 1995, 61, 1–31. [CrossRef] [PubMed]
2. Chandel, N.S.; McClintock, D.S.; Feliciano, C.E.; Wood, T.M.; Melendez, J.A.; Rodriguez, A.M.; Schumacker, P.T. Reactive oxygen

species generated at mitochondrial complex III stabilize hypoxia-inducible factor-1alpha during hypoxia: A mechanism of O2
sensing. J. Biol. Chem. 2000, 275, 25130–25138. [CrossRef] [PubMed]

3. Movafagh, S.; Crook, S.; Vo, K. Regulation of hypoxia-inducible factor-1a by reactive oxygen species: New developments in an
old debate. J. Cell Biochem. 2015, 116, 696–703. [CrossRef] [PubMed]

4. Galluzzi, L.; Senovilla, L.; Vitale, I.; Michels, J.; Martins, I.; Kepp, O.; Castedo, M.; Kroemer, G. Molecular mechanisms of cisplatin
resistance. Oncogene 2012, 31, 1869–1883. [CrossRef] [PubMed]

5. Ogawa, Y.; Kobayashi, T.; Nishioka, A.; Kariya, S.; Hamasato, S.; Seguchi, H.; Yoshida, S. Radiation-induced reactive oxygen
species formation prior to oxidative DNA damage in human peripheral T cells. Int. J. Mol. Med. 2003, 11, 149–152. [CrossRef]

6. Torti, S.V.; Torti, F.M. Ironing out cancer. Cancer Res. 2011, 71, 1511–1514. [CrossRef]
7. Kim, N.H.; Jeong, M.S.; Choi, S.Y.; Kang, J.H. Oxidative modification of cytochrome c by hydrogen peroxide. Mol. Cells 2006, 22,

220–227. [PubMed]
8. Payen, V.L.; Zampieri, L.X.; Porporato, P.E.; Sonveaux, P. Pro- and antitumor effects of mitochondrial reactive oxygen species.

Cancer Metastasis Rev. 2019, 38, 189–203. [CrossRef]
9. Grasso, D.; Zampieri, L.X.; Capeloa, T.; Van de Velde, J.A.; Sonveaux, P. Mitochondria in cancer. Cell Stress 2020, 4, 114–146.

[CrossRef] [PubMed]
10. Gasparre, G.; Porcelli, A.M.; Lenaz, G.; Romeo, G. Relevance of mitochondrial genetics and metabolism in cancer development.

Cold Spring Harb. Perspect. Biol. 2013, 5, a011411. [CrossRef]
11. Torralba, D.; Baixauli, F.; Sanchez-Madrid, F. Mitochondria know no boundaries: Mechanisms and functions of intercellular

mitochondrial transfer. Front. Cell Dev. Biol. 2016, 4, 107. [CrossRef]
12. Liu, C.S.; Chang, J.C.; Kuo, S.J.; Liu, K.H.; Lin, T.T.; Cheng, W.L.; Chuang, S.F. Delivering healthy mitochondria for the therapy of

mitochondrial diseases and beyond. Int. J. Biochem. Cell Biol. 2014, 53, 141–146. [CrossRef] [PubMed]
13. Quintero, O.A.; DiVito, M.M.; Adikes, R.C.; Kortan, M.B.; Case, L.B.; Lier, A.J.; Panaretos, N.S.; Slater, S.Q.; Rengarajan, M.; Feliu,

M.; et al. Human Myo19 is a novel myosin that associates with mitochondria. Curr. Biol. 2009, 19, 2008–2013. [CrossRef]
14. Rustom, A.; Saffrich, R.; Markovic, I.; Walther, P.; Gerdes, H.H. Nanotubular highways for intercellular organelle transport.

Science 2004, 303, 1007–1010. [CrossRef]
15. Delage, E.; Cervantes, D.C.; Penard, E.; Schmitt, C.; Syan, S.; Disanza, A.; Scita, G.; Zurzolo, C. Differential identity of filopodia

and tunneling nanotubes revealed by the opposite functions of actin regulatory complexes. Sci. Rep. 2016, 6, 39632. [CrossRef]
16. Buszczak, M.; Inaba, M.; Yamashita, Y.M. Signaling by cellular protrusions: Keeping the conversation private. Trends Cell Biol.

2016, 26, 526–534. [CrossRef]
17. Gupta, N.; DeFranco, A.L. Visualizing lipid raft dynamics and early signaling events during antigen receptor-mediated B-

lymphocyte activation. Mol. Biol. Cell 2003, 14, 432–444. [CrossRef]
18. Galkina, S.I.; Sud’ina, G.F.; Ullrich, V. Inhibition of neutrophil spreading during adhesion to fibronectin reveals formation of long

tubulovesicular cell extensions (cytonemes). Exp. Cell Res. 2001, 266, 222–228. [CrossRef] [PubMed]
19. Kornberg, T. Pictures in cell biology. Cytonemes. Trends Cell Biol. 1999, 9, 434. [CrossRef]
20. Korenkova, O.; Pepe, A.; Zurzolo, C. Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?

Cell Stress 2020, 4, 30–43. [CrossRef]
21. Wang, X.; Gerdes, H.H. Transfer of mitochondria via tunneling nanotubes rescues apoptotic PC12 cells. Cell Death Differ. 2015, 22,

1181–1191. [CrossRef]
22. Pasquier, J.; Guerrouahen, B.S.; Al Thawadi, H.; Ghiabi, P.; Maleki, M.; Abu-Kaoud, N.; Jacob, A.; Mirshahi, M.; Galas, L.;

Rafii, S.; et al. Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates
chemoresistance. J. Transl. Med. 2013, 11, 94. [CrossRef]

23. Cho, Y.M.; Kim, J.H.; Kim, M.; Park, S.J.; Koh, S.H.; Ahn, H.S.; Kang, G.H.; Lee, J.B.; Park, K.S.; Lee, H.K. Mesenchymal stem cells
transfer mitochondria to the cells with virtually no mitochondrial function but not with pathogenic mtDNA mutations. PLoS
ONE 2012, 7, e32778. [CrossRef]

24. Antanaviciute, I.; Rysevaite, K.; Liutkevicius, V.; Marandykina, A.; Rimkute, L.; Sveikatiene, R.; Uloza, V.; Skeberdis, V.A.
Long-distance communication between laryngeal carcinoma cells. PLoS ONE 2014, 9, e99196. [CrossRef] [PubMed]

25. Lou, E.; Fujisawa, S.; Morozov, A.; Barlas, A.; Romin, Y.; Dogan, Y.; Gholami, S.; Moreira, A.L.; Manova-Todorova, K.; Moore,
M.A. Tunneling nanotubes provide a unique conduit for intercellular transfer of cellular contents in human malignant pleural
mesothelioma. PLoS ONE 2012, 7, e33093. [CrossRef] [PubMed]

http://doi.org/10.1042/bss0610001
http://www.ncbi.nlm.nih.gov/pubmed/8660387
http://doi.org/10.1074/jbc.M001914200
http://www.ncbi.nlm.nih.gov/pubmed/10833514
http://doi.org/10.1002/jcb.25074
http://www.ncbi.nlm.nih.gov/pubmed/25546605
http://doi.org/10.1038/onc.2011.384
http://www.ncbi.nlm.nih.gov/pubmed/21892204
http://doi.org/10.3892/ijmm.11.2.149
http://doi.org/10.1158/0008-5472.CAN-10-3614
http://www.ncbi.nlm.nih.gov/pubmed/17085975
http://doi.org/10.1007/s10555-019-09789-2
http://doi.org/10.15698/cst2020.06.221
http://www.ncbi.nlm.nih.gov/pubmed/32548570
http://doi.org/10.1101/cshperspect.a011411
http://doi.org/10.3389/fcell.2016.00107
http://doi.org/10.1016/j.biocel.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24842105
http://doi.org/10.1016/j.cub.2009.10.026
http://doi.org/10.1126/science.1093133
http://doi.org/10.1038/srep39632
http://doi.org/10.1016/j.tcb.2016.03.003
http://doi.org/10.1091/mbc.02-05-0078
http://doi.org/10.1006/excr.2001.5227
http://www.ncbi.nlm.nih.gov/pubmed/11399050
http://doi.org/10.1016/S0962-8924(99)01653-0
http://doi.org/10.15698/cst2020.02.212
http://doi.org/10.1038/cdd.2014.211
http://doi.org/10.1186/1479-5876-11-94
http://doi.org/10.1371/journal.pone.0032778
http://doi.org/10.1371/journal.pone.0099196
http://www.ncbi.nlm.nih.gov/pubmed/24945745
http://doi.org/10.1371/journal.pone.0033093
http://www.ncbi.nlm.nih.gov/pubmed/22427958


Int. J. Mol. Sci. 2021, 22, 3245 13 of 14

26. Caicedo, A.; Fritz, V.; Brondello, J.M.; Ayala, M.; Dennemont, I.; Abdellaoui, N.; de Fraipont, F.; Moisan, A.; Prouteau, C.A.;
Boukhaddaoui, H.; et al. MitoCeption as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on
cancer cell metabolism and function. Sci. Rep. 2015, 5, 9073. [CrossRef]

27. Tan, A.S.; Baty, J.W.; Dong, L.F.; Bezawork-Geleta, A.; Endaya, B.; Goodwin, J.; Bajzikova, M.; Kovarova, J.; Peterka, M.; Yan,
B.; et al. Mitochondrial genome acquisition restores respiratory function and tumorigenic potential of cancer cells without
mitochondrial DNA. Cell Metab. 2015, 21, 81–94. [CrossRef] [PubMed]

28. Lin, H.Y.; Liou, C.W.; Chen, S.D.; Hsu, T.Y.; Chuang, J.H.; Wang, P.W.; Huang, S.T.; Tiao, M.M.; Chen, J.B.; Lin, T.K.; et al.
Mitochondrial transfer from Wharton’s jelly-derived mesenchymal stem cells to mitochondria-defective cells recaptures impaired
mitochondrial function. Mitochondrion 2015, 22, 31–44. [CrossRef]

29. Moschoi, R.; Imbert, V.; Nebout, M.; Chiche, J.; Mary, D.; Prebet, T.; Saland, E.; Castellano, R.; Pouyet, L.; Collette, Y.; et al.
Protective mitochondrial transfer from bone marrow stromal cells to acute myeloid leukemic cells during chemotherapy. Blood
2016, 128, 253–264. [CrossRef]

30. Chang, J.C.; Chang, H.S.; Wu, Y.C.; Cheng, W.L.; Lin, T.T.; Chang, H.J.; Kuo, S.J.; Chen, S.T.; Liu, C.S. Mitochondrial transplantation
regulates antitumour activity, chemoresistance and mitochondrial dynamics in breast cancer. J. Exp. Clin. Cancer Res. 2019, 38,
30. [CrossRef]

31. Elliott, R.L.; Jiang, X.P.; Head, J.F. Mitochondria organelle transplantation: Introduction of normal epithelial mitochondria
into human cancer cells inhibits proliferation and increases drug sensitivity. Breast Cancer Res. Treat. 2012, 136, 347–354.
[CrossRef] [PubMed]

32. Marlein, C.R.; Zaitseva, L.; Piddock, R.E.; Robinson, S.D.; Edwards, D.R.; Shafat, M.S.; Zhou, Z.; Lawes, M.; Bowles, K.M.;
Rushworth, S.A. NADPH oxidase-2 derived superoxide drives mitochondrial transfer from bone marrow stromal cells to leukemic
blasts. Blood 2017, 130, 1649–1660. [CrossRef] [PubMed]

33. Lu, J.; Zheng, X.; Li, F.; Yu, Y.; Chen, Z.; Liu, Z.; Wang, Z.; Xu, H.; Yang, W. Tunneling nanotubes promote intercellular
mitochondria transfer followed by increased invasiveness in bladder cancer cells. Oncotarget 2017, 8, 15539–15552. [CrossRef]

34. Marlein, C.R.; Piddock, R.E.; Mistry, J.J.; Zaitseva, L.; Hellmich, C.; Horton, R.H.; Zhou, Z.; Auger, M.J.; Bowles, K.M.; Rushworth,
S.A. CD38-driven mitochondrial trafficking promotes bioenergetic plasticity in multiple myeloma. Cancer Res. 2019, 79, 2285–2297.
[CrossRef] [PubMed]

35. Burt, R.; Dey, A.; Aref, S.; Aguiar, M.; Akarca, A.; Bailey, K.; Day, W.; Hooper, S.; Kirkwood, A.; Kirschner, K.; et al. Activated
stromal cells transfer mitochondria to rescue acute lymphoblastic leukemia cells from oxidative stress. Blood 2019, 134, 1415–1429.
[CrossRef] [PubMed]

36. Wang, J.; Liu, X.; Qiu, Y.; Shi, Y.; Cai, J.; Wang, B.; Wei, X.; Ke, Q.; Sui, X.; Wang, Y.; et al. Cell adhesion-mediated mitochondria
transfer contributes to mesenchymal stem cell-induced chemoresistance on T cell acute lymphoblastic leukemia cells. J. Hematol.
Oncol 2018, 11, 11. [CrossRef] [PubMed]

37. Valdinocci, D.; Kovarova, J.; Neuzil, J.; Pountney, D.L. Alpha-synuclein aggregates associated with mitochondria in tunnelling
nanotubes. Neurotox Res. 2020. Online ahead of print. [CrossRef] [PubMed]

38. Salaud, C.; Alvarez-Arenas, A.; Geraldo, F.; Belmonte-Beitia, J.; Calvo, G.F.; Gratas, C.; Pecqueur, C.; Garnier, D.; Perez-Garcia, V.;
Vallette, F.M.; et al. Mitochondria transfer from tumor-activated stromal cells (TASC) to primary glioblastoma cells. Biochem.
Biophys. Res. Commun. 2020, 533, 139–147. [CrossRef]

39. Ippolito, L.; Morandi, A.; Taddei, M.L.; Parri, M.; Comito, G.; Iscaro, A.; Raspollini, M.R.; Magherini, F.; Rapizzi, E.; Masquelier,
J.; et al. Cancer-associated fibroblasts promote prostate cancer malignancy via metabolic rewiring and mitochondrial transfer.
Oncogene 2019, 38, 5339–5355. [CrossRef]

40. Pinto, G.; Saenz-de-Santa-Maria, I.; Chastagner, P.; Perthame, E.; Delmas, C.; Toulas, C.; Moyal-Jonathan-Cohen, E.; Brou, C.;
Zurzolo, C. Patient-derived glioblastoma stem cells transfer mitochondria through tunneling nanotubes in tumor organoids.
Biochem. J. 2020, 478, 21–39. [CrossRef]

41. Davis, D.M.; Sowinski, S. Membrane nanotubes: Dynamic long-distance connections between animal cells. Nat. Rev. Mol. Cell
Biol. 2008, 9, 431–436. [CrossRef]

42. Onfelt, B.; Nedvetzki, S.; Yanagi, K.; Davis, D.M. Cutting edge: Membrane nanotubes connect immune cells. J. Immunol. 2004,
173, 1511–1513. [CrossRef]

43. Sowinski, S.; Jolly, C.; Berninghausen, O.; Purbhoo, M.A.; Chauveau, A.; Kohler, K.; Oddos, S.; Eissmann, P.; Brodsky, F.M.;
Hopkins, C.; et al. Membrane nanotubes physically connect T cells over long distances presenting a novel route for HIV-1
transmission. Nat. Cell Biol. 2008, 10, 211–219. [CrossRef] [PubMed]

44. Sherer, N.M.; Lehmann, M.J.; Jimenez-Soto, L.F.; Horensavitz, C.; Pypaert, M.; Mothes, W. Retroviruses can establish filopodial
bridges for efficient cell-to-cell transmission. Nat. Cell Biol. 2007, 9, 310–315. [CrossRef]

45. Hase, K.; Kimura, S.; Takatsu, H.; Ohmae, M.; Kawano, S.; Kitamura, H.; Ito, M.; Watarai, H.; Hazelett, C.C.; Yeaman, C.; et al.
M-Sec promotes membrane nanotube formation by interacting with Ral and the exocyst complex. Nat. Cell Biol. 2009, 11,
1427–1432. [CrossRef]

46. Ahmad, T.; Mukherjee, S.; Pattnaik, B.; Kumar, M.; Singh, S.; Kumar, M.; Rehman, R.; Tiwari, B.K.; Jha, K.A.; Barhanpurkar, A.P.;
et al. Miro1 regulates intercellular mitochondrial transport & enhances mesenchymal stem cell rescue efficacy. EMBO J. 2014, 33,
994–1010. [CrossRef] [PubMed]

http://doi.org/10.1038/srep09073
http://doi.org/10.1016/j.cmet.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25565207
http://doi.org/10.1016/j.mito.2015.02.006
http://doi.org/10.1182/blood-2015-07-655860
http://doi.org/10.1186/s13046-019-1028-z
http://doi.org/10.1007/s10549-012-2283-2
http://www.ncbi.nlm.nih.gov/pubmed/23080556
http://doi.org/10.1182/blood-2017-03-772939
http://www.ncbi.nlm.nih.gov/pubmed/28733324
http://doi.org/10.18632/oncotarget.14695
http://doi.org/10.1158/0008-5472.CAN-18-0773
http://www.ncbi.nlm.nih.gov/pubmed/30622116
http://doi.org/10.1182/blood.2019001398
http://www.ncbi.nlm.nih.gov/pubmed/31501154
http://doi.org/10.1186/s13045-018-0554-z
http://www.ncbi.nlm.nih.gov/pubmed/29357914
http://doi.org/10.1007/s12640-020-00285-y
http://www.ncbi.nlm.nih.gov/pubmed/32926337
http://doi.org/10.1016/j.bbrc.2020.08.101
http://doi.org/10.1038/s41388-019-0805-7
http://doi.org/10.1042/BCJ20200710
http://doi.org/10.1038/nrm2399
http://doi.org/10.4049/jimmunol.173.3.1511
http://doi.org/10.1038/ncb1682
http://www.ncbi.nlm.nih.gov/pubmed/18193035
http://doi.org/10.1038/ncb1544
http://doi.org/10.1038/ncb1990
http://doi.org/10.1002/embj.201386030
http://www.ncbi.nlm.nih.gov/pubmed/24431222


Int. J. Mol. Sci. 2021, 22, 3245 14 of 14

47. Schiller, C.; Diakopoulos, K.N.; Rohwedder, I.; Kremmer, E.; von Toerne, C.; Ueffing, M.; Weidle, U.H.; Ohno, H.; Weiss, E.H. LST1
promotes the assembly of a molecular machinery responsible for tunneling nanotube formation. J. Cell Sci. 2013, 126, 767–777.
[CrossRef] [PubMed]

48. Hayakawa, K.; Esposito, E.; Wang, X.; Terasaki, Y.; Liu, Y.; Xing, C.; Ji, X.; Lo, E.H. Transfer of mitochondria from astrocytes to
neurons after stroke. Nature 2016, 535, 551–555. [CrossRef] [PubMed]

49. Darnel, A.D.; Behmoaram, E.; Vollmer, R.T.; Corcos, J.; Bijian, K.; Sircar, K.; Su, J.; Jiao, J.; Alaoui-Jamali, M.A.; Bismar, T.A. Fascin
regulates prostate cancer cell invasion and is associated with metastasis and biochemical failure in prostate cancer. Clin. Cancer
Res. 2009, 15, 1376–1383. [CrossRef]

50. Liu, K.; Ji, K.; Guo, L.; Wu, W.; Lu, H.; Shan, P.; Yan, C. Mesenchymal stem cells rescue injured endothelial cells in an in vitro
ischemia-reperfusion model via tunneling nanotube like structure-mediated mitochondrial transfer. Microvasc. Res. 2014, 92,
10–18. [CrossRef] [PubMed]

51. Onfelt, B.; Nedvetzki, S.; Benninger, R.K.; Purbhoo, M.A.; Sowinski, S.; Hume, A.N.; Seabra, M.C.; Neil, M.A.; French, P.M.; Davis,
D.M. Structurally distinct membrane nanotubes between human macrophages support long-distance vesicular traffic or surfing
of bacteria. J. Immunol. 2006, 177, 8476–8483. [CrossRef]

52. MacAskill, A.F.; Kittler, J.T. Control of mitochondrial transport and localization in neurons. Trends Cell Biol. 2010, 20,
102–112. [CrossRef]

53. Sartori-Rupp, A.; Cordero Cervantes, D.; Pepe, A.; Gousset, K.; Delage, E.; Corroyer-Dulmont, S.; Schmitt, C.; Krijnse-Locker,
J.; Zurzolo, C. Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells. Nat. Commun. 2019, 10,
342. [CrossRef]

54. Chang, K.T.; Niescier, R.F.; Min, K.T. Mitochondrial matrix Ca2+ as an intrinsic signal regulating mitochondrial motility in axons.
Proc. Natl. Acad. Sci. USA 2011, 108, 15456–15461. [CrossRef] [PubMed]

55. Brickley, K.; Stephenson, F.A. Trafficking kinesin protein (TRAK)-mediated transport of mitochondria in axons of hippocampal
neurons. J. Biol. Chem. 2011, 286, 18079–18092. [CrossRef] [PubMed]

56. Vallabhaneni, K.C.; Haller, H.; Dumler, I. Vascular smooth muscle cells initiate proliferation of mesenchymal stem cells by
mitochondrial transfer via tunneling nanotubes. Stem. Cells Dev. 2012, 21, 3104–3113. [CrossRef]

57. McLachlan, E.; Shao, Q.; Wang, H.L.; Langlois, S.; Laird, D.W. Connexins act as tumor suppressors in three-dimensional mammary
cell organoids by regulating differentiation and angiogenesis. Cancer Res. 2006, 66, 9886–9894. [CrossRef]

58. Islam, M.N.; Das, S.R.; Emin, M.T.; Wei, M.; Sun, L.; Westphalen, K.; Rowlands, D.J.; Quadri, S.K.; Bhattacharya, S.; Bhattacharya,
J. Mitochondrial transfer from bone-marrow-derived stromal cells to pulmonary alveoli protects against acute lung injury. Nat.
Med. 2012, 18, 759–765. [CrossRef] [PubMed]

59. Ma, Z.; Yang, H.; Liu, H.; Xu, M.; Runyan, R.B.; Eisenberg, C.A.; Markwald, R.R.; Borg, T.K.; Gao, B.Z. Mesenchymal stem
cell-cardiomyocyte interactions under defined contact modes on laser-patterned biochips. PLoS ONE 2013, 8, e56554. [CrossRef]

60. Chang, J.C.; Liu, K.H.; Li, Y.C.; Kou, S.J.; Wei, Y.H.; Chuang, C.S.; Hsieh, M.; Liu, C.S. Functional recovery of human cells
harbouring the mitochondrial DNA mutation MERRF A8344G via peptide-mediated mitochondrial delivery. Neurosignals 2013,
21, 160–173. [CrossRef] [PubMed]

61. Chang, J.C.; Liu, K.H.; Chuang, C.S.; Su, H.L.; Wei, Y.H.; Kuo, S.J.; Liu, C.S. Treatment of human cells derived from MERRF
syndrome by peptide-mediated mitochondrial delivery. Cytotherapy 2013, 15, 1580–1596. [CrossRef]

62. Chang, J.C.; Hoel, F.; Liu, K.H.; Wei, Y.H.; Cheng, F.C.; Kuo, S.J.; Tronstad, K.J.; Liu, C.S. Peptide-mediated delivery of donor
mitochondria improves mitochondrial function and cell viability in human cybrid cells with the MELAS A3243G mutation. Sci.
Rep. 2017, 7, 10710. [CrossRef] [PubMed]

63. Spees, J.L.; Olson, S.D.; Whitney, M.J.; Prockop, D.J. Mitochondrial transfer between cells can rescue aerobic respiration. Proc.
Natl. Acad. Sci. USA 2006, 103, 1283–1288. [CrossRef] [PubMed]

64. Ishikawa, K.; Takenaga, K.; Akimoto, M.; Koshikawa, N.; Yamaguchi, A.; Imanishi, H.; Nakada, K.; Honma, Y.; Hayashi, J. ROS-
generating mitochondrial DNA mutations can regulate tumor cell metastasis. Science 2008, 320, 661–664. [CrossRef] [PubMed]

65. Porporato, P.E.; Payen, V.L.; Perez-Escuredo, J.; De Saedeleer, C.J.; Danhier, P.; Copetti, T.; Dhup, S.; Tardy, M.; Vazeille, T.; Bouzin,
C.; et al. A mitochondrial switch promotes tumor metastasis. Cell Rep. 2014, 8, 754–766. [CrossRef]

66. Snyder, V.; Reed-Newman, T.C.; Arnold, L.; Thomas, S.M.; Anant, S. Cancer stem cell metabolism and potential therapeutic
targets. Front. Oncol. 2018, 8, 203. [CrossRef] [PubMed]

67. Cavalcante, G.C.; Magalhaes, L.; Ribeiro-Dos-Santos, A.; Vidal, A.F. Mitochondrial epigenetics: Non-coding RNAs as a novel
layer of complexity. Int. J. Mol. Sci. 2020, 21, 1838. [CrossRef]

68. Sarma, V.; Wolf, F.W.; Marks, R.M.; Shows, T.B.; Dixit, V.M. Cloning of a novel tumor necrosis factor-alpha-inducible primary
response gene that is differentially expressed in development and capillary tube-like formation in vitro. J. Immunol. 1992,
148, 3302–3312.

69. Kelly, J.J.; Esseltine, J.L.; Shao, Q.; Jabs, E.W.; Sampson, J.; Auranen, M.; Bai, D.; Laird, D.W. Specific functional pathologies of
Cx43 mutations associated with oculodentodigital dysplasia. Mol. Biol. Cell 2016, 27, 2172–2185. [CrossRef]

http://doi.org/10.1242/jcs.114033
http://www.ncbi.nlm.nih.gov/pubmed/23239025
http://doi.org/10.1038/nature18928
http://www.ncbi.nlm.nih.gov/pubmed/27466127
http://doi.org/10.1158/1078-0432.CCR-08-1789
http://doi.org/10.1016/j.mvr.2014.01.008
http://www.ncbi.nlm.nih.gov/pubmed/24486322
http://doi.org/10.4049/jimmunol.177.12.8476
http://doi.org/10.1016/j.tcb.2009.11.002
http://doi.org/10.1038/s41467-018-08178-7
http://doi.org/10.1073/pnas.1106862108
http://www.ncbi.nlm.nih.gov/pubmed/21876166
http://doi.org/10.1074/jbc.M111.236018
http://www.ncbi.nlm.nih.gov/pubmed/21454691
http://doi.org/10.1089/scd.2011.0691
http://doi.org/10.1158/0008-5472.CAN-05-4302
http://doi.org/10.1038/nm.2736
http://www.ncbi.nlm.nih.gov/pubmed/22504485
http://doi.org/10.1371/journal.pone.0056554
http://doi.org/10.1159/000341981
http://www.ncbi.nlm.nih.gov/pubmed/23006856
http://doi.org/10.1016/j.jcyt.2013.06.008
http://doi.org/10.1038/s41598-017-10870-5
http://www.ncbi.nlm.nih.gov/pubmed/28878349
http://doi.org/10.1073/pnas.0510511103
http://www.ncbi.nlm.nih.gov/pubmed/16432190
http://doi.org/10.1126/science.1156906
http://www.ncbi.nlm.nih.gov/pubmed/18388260
http://doi.org/10.1016/j.celrep.2014.06.043
http://doi.org/10.3389/fonc.2018.00203
http://www.ncbi.nlm.nih.gov/pubmed/29922594
http://doi.org/10.3390/ijms21051838
http://doi.org/10.1091/mbc.E16-01-0062

	Introduction 
	Mechanisms of Mitochondrial Transfer 
	Tunneling Nanotubes 
	Formation of Tunneling Nanotubes 
	Microtubules in Tunneling Nanotubes 
	Tunneling Nanotube Trafficking 

	Gap Junctions 
	Cell Fusion 
	Artificial Mechanisms of Mitochondrial Transfer 

	Metabolic and Phenotypic Consequences of Mitochondrial Transfer 
	Restoration of Basic Mitochondrial Functions in Cancer Cells 
	Cancer Cell Survival and Proliferation 
	Tumorigenesis and Tumor Progression 
	Chemoresistance 

	Conclusions and Therapeutic Perspectives 
	References

