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Nerve-to-cancer transfer of mitochondria 
during cancer metastasis

Gregory Hoover1,2, Shila Gilbert1,2, Olivia Curley1,2, Clémence Obellianne3, Mike T. Lin4, 
William Hixson1,2, Terry W. Pierce2, Joel F. Andrews1,2, Mikhail F. Alexeyev4, Yi Ding5, Ping Bu5, 
Fariba Behbod6, Daniel Medina7, Jeffrey T. Chang8, Gustavo Ayala5 ✉ & Simon Grelet1,2 ✉

The nervous system has a pivotal role in cancer biology, and pathological 
investigations have linked intratumoural nerve density to metastasis1. However, the 
precise impact of cancer-associated neurons and the communication channels at  
the nerve–cancer interface remain poorly understood. Previous cancer denervation 
models in rodents and humans have highlighted robust cancer dependency on nerves, 
but the underlying mechanisms that drive nerve-mediated cancer aggressivity remain 
unknown2,3. Here we show that cancer-associated neurons enhance cancer metabolic 
plasticity by transferring mitochondria to cancer cells. Breast cancer denervation and 
nerve–cancer coculture models confirmed that neurons significantly improve tumour 
energetics. Neurons cocultured with cancer cells undergo metabolic reprogramming, 
resulting in increased mitochondrial mass and subsequent transfer of mitochondria 
to adjacent cancer cells. To precisely track the fate of recipient cells, we developed 
MitoTRACER, a reporter of cell-to-cell mitochondrial transfer that permanently labels 
recipient cancer cells and their progeny. Lineage tracing and fate mapping of cancer 
cells acquiring neuronal mitochondria in primary tumours revealed their selective 
enrichment at metastatic sites following dissemination. Collectively, our data highlight 
the enhanced metastatic capabilities of cancer cells that receive mitochondria from 
neurons in primary tumours, shedding new light on how the nervous system supports 
cancer metabolism and metastatic dissemination.

Cancer plasticity has a pivotal role in cancer heterogeneity and 
the emergence of adaptive phenotypes4. Although cancer cells 
often rely on glycolysis for energy, numerous studies indicate that 
they adapt their metabolism, including oxidative phosphorylation 
(OXPHOS), to changing environments. The metabolic plasticity of 
cancer cells is becoming increasingly recognized as essential for 
cancer progression by enabling cancer cells to efficiently navigate 
through the metastatic cascade5,6. Studies on cancer metabolic 
plasticity have primarily focused on cell-autonomous mechanisms, 
in which cells modify their metabolic program and perform meta-
bolic rewiring by regulating metabolic enzymes and adapting alter-
native substrates. The non-autonomous mechanisms of metabolic 
plasticity are less well understood and can involve complex interac-
tions within the cancer microenvironment7. For instance, stromal 
cells, including fibroblasts and immune cells, can share a variety 
of metabolites, growth factors and cytokines, contributing to the 
metabolic reprogramming of cancer8. Overall, non-cell-autonomous 
mechanisms of the cancer cells’ metabolic plasticity are still unclear 
and may represent promising targets for preventing metastatic  
dissemination.

Many cancers are innervated, and in recent years, cancer neurobi-
ology has garnered considerable attention1. Studies scrutinizing the 
impact of the nervous system in various cancers have established a 
critical role of cancer-infiltrating neurons in controlling cancer aggres-
sivity, including supporting cancer cell metabolism through direct 
metabolic interactions1,9. Pathological analyses in patients with cancer 
consistently associated cancer innervation with negative clinical out-
comes, and targeted ablation of intratumoural nerves can suppress 
cancer growth in a tissue-specific manner1,10–12. The neuronal compo-
nent of the cancer microenvironment can arise from the recruitment 
of pre-existing nerves through perineural invasion or the de novo 
generation of nerves within the cancer stroma through cancer neuro-
genesis13,14. Nerve withdrawal in human prostate cancer demonstrated 
impaired tumour growth and metabolism, and metabolomic analysis 
of denervated cancers across rodent and human species revealed dis-
rupted metabolic efficiency that is characterized by their downregu-
lated mitochondrial metabolism and transition of the cancer cells into a 
more glycolysis-dependent production of energy2. Overall, converging 
evidence indicates that denervated cancer actively suffers from nerve 
withdrawal, with a predominant effect on their energetic metabolism1,15. 
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These studies demonstrated the cancer metabolic dependency on 
nerves and suggested the existence of metabolic support mechanisms 
acting at the nerve–cancer interface. However, their nature remains 
unknown, and characterizing these mechanisms, which represent a 
critical gap in the understanding of the metabolic support provided 
by nerves to cancer cells, is the focus of this study.

Here we demonstrate the metabolic dependency of breast cancer 
cells on nerves. Using orthogonal in vitro and in vivo methods, we 
observed the prevalence of transfers of mitochondria between neurons 
and cancer cells. To trace the fate of the recipient cells, we developed 
MitoTRACER, a genetic reporter that permanently marks cancer cells 
receiving mitochondria from donor cells. Our approach revealed that 
neuron-derived mitochondria enhance cancer cell metabolic capacity, 
stemness and resistance to metastatic stressors. Fate mapping of the 
recipient cells in vivo has shown their increased metastatic capacities. 
In the human context, multispectral imaging with machine-learning 
deconvolution showed increased mitochondrial mass in metastatic 
cells, and perineural invasion was associated with higher mitochon-
drial content in cancer cells near nerves. Finally, cancer chemically 
denervated with botulinum neurotoxin type A (BoNT/A) confirmed 
reduced mitochondrial load in cancer cells. These findings highlight 
nerve-driven metabolic support as essential to cancer metabolic plas-
ticity and metastatic potential.

Nerve withdrawal impairs tumour bioenergetics
Previous studies on the effects of BoNT/A-mediated prostate dener-
vation conducted in humans and rats uncovered the cancer depend-
ency on nerves and the metabolic reprogramming of prostate cancer 
cells after nerve withdrawal2. Similarly, breast cancer denervation 
resulted in a marked decrease in cancer growth15. However, the impact 
of cancer-infiltrating nerves in breast cancer metabolism has not been 
explored. We investigated the consequences of nerve withdrawal in 
breast cancer using two complementary mouse models. We first 
adapted a BoNT/A-mediated denervation protocol to the 4T1 model 
of triple-negative breast cancer (TNBC; Fig. 1a,b) and to a human ductal 
carcinoma in situ xenograft model16 (Extended Data Fig. 1a–d). In both 
settings, transcriptomic profiling of cancer cells from control and 
denervated tumours revealed distinct expression signatures fol-
lowing denervation (Fig. 1b and Extended Data Fig. 1a,b), and Gene 
Ontology analyses have underscored the prevalent downregulation 
of metabolic processes (Extended Data Fig. 1b–d and Supplementary 
Tables 1–3). Gene set enrichment analysis of the ductal carcinoma in situ 
model identified the tricarboxylic acid cycle as the most suppressed 
pathway overall (Extended Data Fig. 1c and Supplementary Table 2). 
Histopathological examination of this model has shown a reduction 
in the incidence of invasive lesions from 55% in control mice to 12% in 
denervated mice (Extended Data Fig. 1e), underscoring the functional 
importance of innervation for breast cancer progression.

Cancer boosts neuronal mitochondria
To explore in more detail the mechanisms associated with cancer meta-
bolic dependencies on nerves in breast cancer progression, we devel-
oped an in vitro nerve–cancer coculture. We mixed the 4T1 aggressive 
mouse breast carcinoma cells with neuronal stem cells (NSCs) from 
the mouse subventricular zone (SVZ) (Extended Data Fig. 2a–d), as 
they have been proved to be a source of cancer innervation14. After 
stimulation by 4T1 cancer cells, SVZ-NSCs rapidly undergo differentia-
tion, evidenced by their morphological transition from round, neural 
progenitor cells to more elongated cells with neurite extensions and 
forming close contact with the cancer cell (Fig. 1c and Extended Data 
Fig. 2e). SVZ-NSCs can differentiate into neurons, astrocytes or oligo-
dendrocyte glial cells. Using our coculture model, we confirmed the 
neuronal commitment of NSCs, as shown by microscopy through the 

expression of the neuronal marker tubulin β3 (TUBB3) (Extended Data 
Fig. 2f). Absolute quantification by flow cytometry showed that more 
than 90% of progenitor cells differentiated into TUBB3+ and MAP2+ neu-
rons but remained negative for the glial cell markers O4 and ALDH1L1 
(Extended Data Fig. 2g–i). SVZ-NSCs also exhibited neuronal functional 
characteristics, including calcium pulsatile activity (Extended Data 
Fig. 2j and Supplementary Video 2) and the ability to generate action 
potentials in response to depolarizing current injection, with an action 
potential threshold averaging −46 mV ± 5 mV as observed through 
whole-cell electrophysiology recordings (Extended Data Fig. 2k,l).

After establishing the biological relevance of the nerve–cancer cocul-
ture in vitro, we next confirmed that the cancer’s metabolic dependency 
on nerves, observed in mouse xenografts, could also be replicated 
in a more simplistic in vitro model. Cancer cells in monoculture or 
cultivated in the presence of neurons were isolated before their meta-
bolic analysis. In comparison to those cultivated alone, the cancer cells 
isolated from the nerve–cancer coculture exhibited upregulated mito-
chondrial respiration (Fig. 1d), characterized by significant increases in 
their basal and maximal mitochondrial respiration as well as enhanced 
spare respiratory capacities (Extended Data Fig. 3a). This reflects the 
establishment of the nerve–cancer metabolic dependencies in the 
coculture model in vitro.

As previously described, cancer-induced neuronal progenitor dif-
ferentiation is integral to the nerve–cancer cross-talk established dur-
ing cancer innervation1. For instance, we and others have previously 
demonstrated how the cancer-driven expression of axon guidance 
molecules such as semaphorin 4F controls the cancer-induced neuronal 
precursor differentiation into the cancer stroma and increases intra-
tumoural nerve density and cancer aggressivity17–19. Physiologically, 
differentiating neuronal progenitors must undergo a metabolic shift 
to increase their mitochondrial metabolism and meet their specific 
energetic demands during physiological differentiation20 (Extended 
Data Fig. 3b,c). We examined whether similar reprogramming also 
occurs during cancer-driven neuronal differentiation and confirmed 
a robust increase in the mitochondrial mass of SVZ-NSCs exposed to 
4T1 cancer cells (Extended Data Fig. 3d), with absolute quantification 
of mitochondrial DNA (mtDNA) showing an increasing mtDNA load 
from about 16 to 226 mtDNA/nuclear DNA copies per neuron after 
their cancer-induced differentiation (Extended Data Fig. 3e). Finally, 
genetic fluorescent labelling of SVZ-NSC mitochondria confirmed 
morphological changes of the SVZ-NSCs exposed to the cancer cells 
and the development of an extended mitochondrial network across 
the nerve–cancer coculture, transitioning from globular structures in 
NSC monoculture to thin and elongated tubular structures extending 
throughout the NSCs in coculture with breast cancer cells (Extended 
Data Fig. 3f). Such changes represent typical hallmarks of metabolic 
reprogramming, in which maturing neurons transition from glycolytic 
to mitochondrial oxidative metabolism20,21.

Neuron-to-cancer mitochondria transfer
The establishment of close nerve–cancer cross-talk in our in vitro cocul-
tures, the significant increase in neuronal mitochondria abundance 
and the enhancement of mitochondrial metabolism in isolated cancer 
cells following exposure to neuronal cells in coculture suggested that 
metabolism-related collaboration mechanisms initiated at the nerve–
cancer interface. The cell–cell transfer of mitochondria has recently 
become a subject of investigation as it has crucial functions in health 
and disease22–24, and was recently shown to have profound effects on 
cancer progression25,26. Moreover, research has demonstrated that 
astrocytes can provide metabolic support to glioblastoma cells by 
mitochondria transfer in the central nervous system27.

We therefore investigated whether mitochondrial transfer could 
occur within the peripheral nervous system and assessed whether 
breast cancer cells exposed to neurons could acquire neuron-derived 
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mitochondria. To test this hypothesis, we established nerve–cancer 
cocultures by combining central nervous system-derived neurons 
(SVZ-NSCs) or dorsal root ganglia-derived neurons (50B11-DRG) 
with 4T1 breast cancer cells expressing the mCherry fluorophore 
(4T1mCherry+). Neurons were genetically modified to express enhanced 
green fluorescent protein (eGFP)-labelled mitochondria (SVZ-NSCCCO-GFP 
and 50B11-DRGCCO-GFP) (Fig. 1e–h and Supplementary Video 1). Confocal 
microscopy and flow cytometry analysis of the coculture confirmed 
mitochondrial transfer from neurons to cancer cells (Fig. 1e–h and 
Extended Data Fig. 4a) and the formation of tunnelling nanotube-like 
structures, facilitating organelle transfer (Fig. 1g, red arrow), as con-
firmed by three-dimensional (3D) reconstruction (Fig. 1h, white arrows). 
Flow cytometry (Fig. 1f and Extended Data Fig. 4a) showed acquisi-
tion of a double-positive 4T1GFP+/mCherry+ subpopulation of cells in the 
cocultures that reflects the acquisition of eGFP-labelled mitochondria 
into the recipient 4T1mCherry+ cells. Although this population accounts 
for an average of 0.96% of the total cells in the coculture (Fig. 1f), it 
represents only a snapshot of the current mitochondria transfers, 
and the SVZ-NSCs providing the mitochondria represent, on average, 
only 3.06% of the coculture. When normalized to the population of 
eGFP-labelled cells in the coculture, the double-positive (4T1mCherry+/GFP+) 
fraction accounted for an equivalent of 31.4% of the donor population. 
This normalization method was used to standardize the transfer rate 
from donor to recipient cells for different experimental conditions. 
Beyond the direct cell–cell contact-mediated transfer of mitochondria, 
we investigated whether distant mechanisms, such as microvesicles, 
could be involved. Distant coculture using Transwell inserts confirmed 
that cell–cell contact is the primary route of mitochondrial transfer, 
although distant transfers also occurred (Fig. 1i). Inhibition of tunnel-
ling nanotube formation further validated the role of these structures 
in the transfer process without a significant impact on cell viability 
(Fig. 1j and Extended Data Fig. 4b), as previously shown27. Using differ-
ent cell lines, we next tested the capacities of cells with diverse origins 
(50B11-DRG neurons, SVZ neurons, PC12 pheochromocytoma, HT-22 
hippocampal, Neuro2A neuroblastoma, 3T3-L1 pre-adipocytes, mouse 
embryonic fibroblasts, NMuMG normal mouse mammary gland and 4T1 
breast cancer cells) in transferring their mitochondria to cancer cells 
(Fig. 1k). Every tested donor significantly transferred mitochondria to 
the recipient 4T1 cells. Notably, cell lines of neuronal origin exhibited 
higher mitochondrial transfer rates. In addition, we confirmed mito-
chondria transfer in nerve–cancer cocultures using human cancer cell 
lines (Extended Data Fig. 4c).

Transferred mitochondria are functional
We subsequently validated the transfer of neuronal mitochondria to 
cancer cells through an additional orthogonal validation approach. 
We generated rho-zero (ρ0) 4T1 cancer cells lacking mtDNA and cocul-
tured them with rho-plus (ρ+) SVZ-NSCs28 (Fig. 1l). PCR amplification of 
mtDNA from the ρ0 4T1mCherry cells confirmed a complete loss of mtDNA 
and revealed their gradual reacquisition of mtDNA through coculture 
with SVZ-NSCs (Fig. 1m and Extended Data Fig. 4d). The mitochondrial 
morphology was altered in ρ0 cells, with the mitochondria exhibiting 
a globular and fragmented appearance as described previously29. This 
morphology was restored following the mtDNA restoration through 
nerve–cancer coculture (Fig. 1n). ρ0 cells are also phenotypically char-
acterized by the complete loss of OXPHOS capacities and auxotrophy 
for uridine30,31. Therefore, ρ0 cells require uridine complementation to 
grow in culture in vitro. We tested whether transferred mitochondria 
are functional in recipient cells. We grew ρ0 4T1 cells in the presence 
of uridine either alone or in coculture with ρ+ SVZ-NSCs. After 5 days 
of coculture, 4T1mCherry+ cells were sorted by fluorescence-activated 
cell sorting (FACS) and subcultured without uridine. In the absence of 
uridine, ρ0 4T1 cells did not form colonies, but a subset of the ρ0 4T1 
cells enriched from coculture with ρ+ neurons formed viable colonies 
(Fig. 1o), reflecting rescue of uridine synthesis, therefore demonstrating 
the functionality of the transferred mitochondria. The SVZ-NSC-derived 
mitochondria transferred to the ρ0 4T1 cells also rescued their mito-
chondrial respiration and proliferative capacities as observed by 
Seahorse extracellular flux metabolic analysis (Fig. 1p, ρ0 + SVZ) and 
proliferation assays, respectively (Fig. 1q, ρ0 + SVZ).

Transfers are prevalent in vivo
We next tested the occurrence of nerve–cancer transfers of mitochon-
dria in vivo. Clinically, human prostate cancer samples showed an 
increased mitochondrial load in cancer cells associated with perineural 
invasion (Fig. 2a). High-throughput multispectral imaging quanti-
fication based on machine learning32 highlighted that cancer cells 
closer to nerves had a significantly higher mitochondrial load than 
cells farther from nerves (Fig. 2b and Supplementary Tables 4 and 5). 
To assess whether this increased mitochondrial load may result from 
mitochondrial transfer, we analysed prostate tissue from a clinical 
trial (NCT01520441), in which human prostate cancer was chemically 
denervated. Multispectral imaging revealed that cancer cells of the 

Fig. 1 | Cancer metabolic dependency on nerves and intercellular transfer of 
functional mitochondria at the nerve–cancer interface. a,b, Pre-denervation 
breast cancer model using BoNT/A injections in BALB/c mice followed by 
implantation of 4T1mCherry cells. Transcriptomic analysis of 4T1mCherry cells 
revealed a distinct transcriptomic signature and downregulation of metabolic 
processes. SSC-H, side scatter height; RNA-seq, RNA sequencing. c, Confocal 
micrograph of SVZ-NSCsGFP mixed with 4T1mCherry cells. White arrows show the 
establishment of neuron–cancer contacts. Scale bar, 50 μm. d, 4T1 cells FACS-
isolated from coculture (left) showed increased OXPHOS capacities (Seahorse 
assay; mean ± s.e.m; representative profile (n = 3); right). O, oligomycin;  
F, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; R + A, rotenone  
and antimycin A; OCR, oxygen consumption rate. e,f, Time-lapse confocal 
microscopy (e) and flow cytometry (f) highlighted mitochondrial transfer  
from SVZ-NSCsCCO-GFP to 4T1mCherry cells (n = 6 independent cocultures). Scale bar, 
10 μm. The white arrows show transferred mitochondria. g,h, 3D reconstruction 
shows transfer through tunnelling nanotubes between peripheral nervous 
system-derived 50B11-DRGCCO-GFP cells and 4T1mCherry cells. Red arrow shows the 
tunnelling nanotube structure, and white arrows show transferred mitochondria. 
Scale bars, 20 μm. i, Quantification of direct cell–cell contact (23.04%) versus 
distant (0.59%) transfers using Transwell inserts. Normalized transfer rate is 
calculated as the percentage of 4T1mCherry+/GFP+ cells among the eGFP+ cells in  
the coculture. Mean ± s.d., Student’s two-tailed unpaired t-test; ****P < 0.0001 

(n = 6 independent cocultures). Ctrl, control. j, Cytochalasin B (Cyto B) reduces 
mitochondrial transfer. DMSO, dimethylsulfoxide. Mean ± s.d., Student’s  
two-tailed unpaired t-test, ***P = 0.001 (n = 3 independent cocultures).  
k, Mitochondrial transfer rates vary with donor cells from different origins. 
MEF, mouse embryonic fibroblast. Mean ± s.d. (n = 5 independent cocultures). 
l, 4T1mCherry cells rendered devoid of mtDNA (ρ0) were cocultured with ρ+ SVZ-
NSCsGFP and isolated by FACS at various times to monitor the transfers. mUNG1, 
Y147A mutant of uracil-N-glycosylase. m, PCR of mtDNA content in FACS-sorted 
ρ0 4T1mCherry cells showed progressive reacquisition of mtDNA. Expression of 
GFP and mCherry confirmed the purity of the 4T1 cells. Nuclear DNA (nDNA) 
was used as the loading control. n, MitoTracker microscopy imaging of  
ρ+ 4T1, ρ0 4T1 and ρ0 4T1 cells FACS-sorted from coculture shows rescue in their 
mitochondrial morphology. o, Reacquisition of SVZ-derived mtDNA in ρ0 4T1 
cells restores uridine-independent growth. p,q, FACS-isolated ρ0 4T1 cells 
rescued by mitochondrial transfer regained OXPHOS (p; Seahorse assay, 
mean ± s.e.m.; representative profile (n = 3)) and proliferative capacities 
(q; direct cell counting, mean ± s.d., n = 6 independent cultures); two-way 
analysis of variance (ANOVA), ****P < 0.0001; NS, not significant. a, Created  
in BioRender. S. Grelet (2025) https://biorender.com/0j8zovf. d, Created in 
BioRender. S. Grelet (2025) https://biorender.com/oxxilqq. i, Created in 
BioRender. S. Grelet (2025) https://biorender.com/8tdz09x. l, Created in 
BioRender. S. Grelet (2025) https://biorender.com/pm5yh64.

https://clinicaltrials.gov/ct2/show/NCT01520441
https://biorender.com/0j8zovf
https://biorender.com/oxxilqq
https://biorender.com/8tdz09x
https://biorender.com/pm5yh64
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BoNT/A-denervated side of the prostate had a lower mitochondrial load 
than the saline-injected side, supporting the hypothesis that nerves 
promote mitochondrial load in cancer cells, with mitochondrial trans-
fer as a contributing factor (Fig. 2c and Supplementary Tables 6 and 7).

Using a BALB/c mouse xenograft model, we evaluated mito-
chondrial transfer from mouse host neurons to 4T1 breast cancer 
cells in vivo (Fig. 2d). We designed a lentiviral construct encoding 
a neuron-specific, Syn1-GFP-OMP25, mitochondria-anchored eGFP 
reporter to label the mitochondria of host mammary fat pad neurons 
(Fig. 2e and Extended Data Fig. 5a–c). After genetic modification of 
the mouse DRG innervating the lower mammary fat pads, 4T1mCherry+ 
cancer cells were injected into the corresponding fat pads, and flow 

cytometry analysis of the primary cancer showed a subpopulation 
of cancer cells exhibiting the green signal of eGFP, consistent with 
mitochondrial transfer from mouse neurons to cancer cells in situ 
(Fig. 2e). We developed a similar lentiviral construct as a control, in 
which eGFP was targeted to the nucleus (GFP-NLS); this construct was 
non-transferable and showed no signal transfer between mouse nerves 
and 4T1mCherry+ cells (Fig. 2e).

We further assessed mitochondrial transfer by analysing mtDNA 
heteroplasmy arising from a mtDNA polymorphism identified between 
the mouse host and cancer cells, as identified by Sanger sequenc-
ing (Fig. 2f), with this analysis serving as an additional independent 
approach. 4T1mCherry+ cells from cancer xenografts were FACS-sorted 
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(perineural; n = 72, 40,007 cells) compared to distant cancer cells (distant; 
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values. Two-sided Welch’s t-test, ***P < 0.001. c, BoNT/A-mediated denervation 
reduces mitochondrial load in human prostate cancer cells (paired analysis: 
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neurons innervating the mammary gland were labelled with lentivirus (LV) to 
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transfer analysis to detect host-derived mitochondrial transfer. e, Neuronal 
mitochondria were labelled using lentiviruses expressing either nuclear-
localized (GFP-NLS, non-transferable) or mitochondria-localized (GFP-OMP25, 
transferable) eGFP under the synaptin1 (Syn1) promoter. Flow cytometry of 
cancer cells identified eGFP+ subpopulations, indicating neuronal mitochondrial 
transfer between mouse host neurons and cancer xenografts. f, Sanger 
sequencing enabled the detection of mtDNA polymorphisms between host 
BALB/c cell and 4T1 cancer cell mtDNA. g, Oxford Nanopore sequencing analysis 
of mtDNA heteroplasmy in FACS-isolated cancer cells demonstrated host- 
to-cancer mitochondrial transfer. BoNT/A-mediated pre-denervation at the 
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and analysed for their mtDNA content through Nanopore sequencing, 
which confirmed the overall acquisition of mouse-derived mtDNA 
by cancer cells (Fig. 2g). The neuronal origin of these transfers was 
further validated through BoNT/A-mediated chemical denervation, 
which demonstrated that neurons accounted for approximately 35% 
of the total mitochondrial transfers between host neurons and cancer 
cells (Fig. 2g).

Permanent labelling of recipient cells
As the previous results established the biological relevance of nerve- 
to-cancer mitochondrial transfer in vitro and in vivo, and suggested 
its clinical relevance, it was important to investigate the effects of 
mitochondrial transfer on cancer cell biology. However, the ρ0 4T1 cell 
model (Fig. 1l–q) was limited in biological relevance for studying the 
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functional consequences of mitochondrial transfer in recipient cells. 
In addition, the mitochondrial-bound methods used in vitro (Fig. 1e–k) 
and in vivo (Fig. 2d,e) were limited to mitochondrial transfer at the time 
of analysis and could not evaluate previous transfers. Furthermore, after 
an eGFP-labelled mitochondrion entered a recipient cell, the eGFP signal 
faded quickly because the recipient cells did not express the mitochon-
drial genetic reporter. Therefore, these methods do not allow for distin-
guishing between cells in the same culture that received mitochondria 
versus those that did not, nor do they enable lineage tracing of recipient 

cells and their progeny. To address this limitation, we designed a new 
genetic reporter strategy known as MitoTRACER to permanently label 
the recipient cancer cells after mitochondrial transfer from neurons and 
distinguish them from cells that did not receive mitochondria.

In the MitoTRACER method, the recipient cells constitutively 
express a red (DsRed-Express2) fluorophore (hereafter referred to 
as red cells) until they receive mitochondria from the donor cells, 
which triggers the removal of the red fluorescence expression and 
activates the permanent expression of the eGFP green fluorophore 
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in these cells (hereafter referred to as green cells; Fig. 3a). In brief, 
the SVZ-NSCMitoTRACER donor cells were genetically labelled with a 
mitochondrial-anchored Cre recombinase, and recipient 4T1 can-
cer cells were equipped with a loxP-DsRed-Express2-Stop-loxP-eGFP 
switch (Fig. 3b). The addition of a specific tobacco etch virus pro-
tease (TEVp) proteolytic cleavage site to the donor construct was 
required for the release of the mitochondria-bound Cre recombi-
nase and its nuclear translocation into the recipient cells (Fig. 3c and 
Extended Data Fig. 6a). In the MitoTRACER coculture, following the 
transfer of nerve-derived mitochondria to the recipient cancer cell, 
the Cre recombinase triggers the red-to-green switch of the recipient 
cells, as observed by using time-lapse fluorescence microscopy and 
flow cytometry analyses of the nerve–cancer coculture (Fig. 3d,e). 
Time-lapse microscopy of the MitoTRACER coculture revealed the 
development of a green signal in recipient cells following the establish-
ment of tunnelling nanotube connections, further supporting the role 
of these structures in mitochondrial transfer (Extended Data Fig. 6b 
and Supplementary Video 3). The use of various donor cell types, 
such as SVZ (Supplementary Video 4), mouse embryonic fibroblasts 
(Supplementary Video 5) and 3T3-L1 pre-adipocytes (Supplementary 
Video 6), demonstrated successful mitochondrial tracking through 
time-lapse imaging.

No unintended signal activation was observed in recipient cells until 
donor cells were introduced into the coculture. Dose–response (Fig. 3f) 
and time-course (Fig. 3g) analyses of the coculture demonstrated the 
sensitivity of the MitoTRACER approach in capturing the dynamics 
of mitochondrial transfer and its cumulative capability. Subcellular 
fractionation of MitoTRACER expression confirmed that nearly all 
of the construct is anchored to mitochondrial organelles (Fig. 3h,i). 
Finally, MitoTRACER coculture with recipient cells lacking TEV protease 
showed no signal, indicating that no unintended self-cleavage and 
further transfer through non-mitochondrial routes, such as secretory 
pathways, occurred (Fig. 3j). Together, these findings demonstrate the 
efficacy of this system in allowing real-time observation of mitochon-
drial transfer to recipient cells and its permanent nature, enabling 
lineage tracing of recipient cells.

Functional imprint on recipient cells
We used MitoTRACER to examine the biological impact of the nerve–
cancer transfer of mitochondria in the recipient cancer cells. We also 
examined their fate during cancer progression, both in vitro and 
in vivo. From the MitoTRACER coculture, we FACS-isolated cells that 
have received mitochondria from the neurons (4T1MitoTRACERGreen) and 
those that have not (4T1MitoTRACERRed). Separate subcultures of the red 

versus green cells obtained from the MitoTRACER coculture revealed 
distinct growth patterns. Green cells having received mitochondria 
had a higher propensity for anchorage-independent growth patterns 
and exhibited the development of spheres throughout the culture 
(Fig. 4a). Anchorage-independent growth capacities of cancer cells 
are associated with their stemness potential and are usually tied to 
specific metabolic profiles driven by mitochondrial metabolism33–35. 
We confirmed the increased stemness of the recipient cancer cells 
by a mammosphere formation assay (Fig. 4b). Metabolic profiling of 
mitochondrial metabolism of the recipient cells indicated enhanced 
respiratory capacities of the green recipient cancer cells compared 
to red cells exposed to the neurons but not having received mito-
chondria and to parental 4T1 cells that were not exposed to neurons 
(Fig. 4c,d). Energetic mapping of the red versus green cells indicated 
a shift towards a more energetic status, corresponding to increases 
in both the oxygen consumption rate and the extracellular acidifi-
cation rate (Fig. 4e), and this metabolic shift was associated with a 
significant increase in basal and maximal respiration capacities of 
the cancer cells, increased coupling and increased ATP production 
(Fig. 4d,f). Analysis of the functional outcomes of mitochondrial trans-
fer revealed improved redox balance in the recipient (green) cancer 
cells, as indicated by their higher levels of reduced glutathione (GSH) 
(Fig. 4g). This increase translated into an improved GSH to oxidized 
glutathione (GSSG) ratio (Fig. 4h), a key marker of cellular redox sta-
tus36. We next confirmed that enhanced redox balance was associ-
ated with an increased capacity of recipient cancer cells to withstand 
oxidative stress (Fig. 4i) at physiological doses (9–75 µM) and greater 
resistance to shear stress (Fig. 4j).

Together, metabolic plasticity, improved redox balance and increased 
oxidative and shear stress resistance are hallmarks of metastatic cancer 
cells37–39. We therefore investigated whether mitochondrial transfer 
could enhance metastatic behaviours in cancer cells. In vitro analysis 
of the recipient cancer cells’ invasive potential revealed no increase in 
intrinsic invasiveness (Fig. 4k). However, in vivo xenografts with recipi-
ent cells demonstrated significantly higher metastatic potential than 
their ‘non-recipient’ counterparts (Fig. 4l,m), suggesting that mito-
chondrial transfer may contribute to the metastatic cascade beyond 
the invasion process.

Pathological analysis of human breast cancer samples further 
underscored the role of mitochondria in tumour dissemination, with 
metastatic cells exhibiting a significant increase in mitochondrial load 
(Fig. 4n,o and Supplementary Tables 8 and 9). Together, our findings 
clearly suggest that mitochondrial transfer from neurons to cancer 
cells may enhance metastatic behaviour by strengthening the resil-
ience of cells against metastatic stressors, such as oxidative and shear 

Fig. 4 | Neuron-to-cancer mitochondrial transfer enhances cancer OXPHOS, 
stemness and resistance to metastatic stressors. a, 4T1 recipient (green) 
cells sorted after MitoTRACER coculture showed spontaneous sphere formation 
capacities. Scale bar, 500 μm. b, Mammosphere formation assay confirmed 
increased stemness potential in green cells (***P = 0.0005, n = 8 independent 
cultures). Student’s unpaired two-tailed t-test. c,d, Recipient green cells show 
enhanced mitochondrial OXPHOS capacities. CC, coculture. Representative 
profile (n = 3); mean ± s.e.m., parental: n = 11, red: n = 13, green: n = 12 cell 
cultures; Student’s unpaired two-tailed t-test, *P = 0.037, ***P < 0.001, 
****P < 0.0001. e, Energy map shows a more aerobic and energetic phenotype  
in green cells compared to the red counterpart (mean ± s.d. n = 24). ECAR, 
extracellular acidification rate. f, Luminescence-based assay of total cellular 
ATP content showed significantly higher levels in green cells (**P = 0.0044, n = 3 
independent cultures). RLU, relative light units normalized per cell. Mean ± s.d., 
Student’s two-tailed paired t-test. g,h, Green cells exhibited increased GSH 
(***P = 0.0002, n = 6 independent cultures) and overall improved GSH/GSSG 
ratios (**P = 0.0028 (g), **P < 0.01 (h), n = 6 independent cultures). Mean ± s.d., 
Student’s two-tailed paired t-test. FC, fold change. i,j, Green cells exhibited 
higher tolerance to H2O2-induced oxidative stress (i; mean ± s.d., Student’s  

two-tailed paired t-test, NS, not significant; two-way ANOVA, P = 0.0007) and 
greater resistance to shear stress ( j; two-way ANOVA, P < 0.001). Representative 
profile (n = 3). k, Modified Boyden chamber assay revealed no change in intrinsic 
invasion capacity between green and red cells in vitro (NS, not significant; 
Student’s two-tailed t-test, n = 3 independent cultures). l, In vivo, metastatic 
progression was enhanced in green versus red cells in mouse mammary fat pad 
xenografts, as observed by increased liver metastasis (mean ± s.d.; Student’s 
two-tailed unpaired t-test, *P = 0.01997, n = 8 mice). m, Haematoxylin and eosin 
liver sections showed metastatic lesions, and Ki67 immunostaining confirmed 
the cancerous character of the lesions. Scale bar, 4 mm. n,o, Multispectral 
imaging in human breast cancer and matched metastatic sites revealed 
increased mitochondrial content at metastatic versus primary sites. 
Representative image from patient breast cancer samples (n) and matching 
metastasis and mitochondrial score quantification curve in the samples  
set (o). The line shows the median, the box boundaries show the 25th and  
75th percentiles, and the whiskers show the minimum and maximum values 
(two-sided Welch’s t-test, ***P < 0.001; n = 8 patients). k,l, Created in BioRender. 
S. Grelet (2025) https://biorender.com/35rzyib.
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stress, thereby augmenting their metastatic potential through adap-
tive mechanisms.

Recipient cell fate during metastasis
The observed differences in mitochondrial load between primary 
and metastatic cancer suggested that mitochondria-recipient cancer 

cells in primary tumours may possess enhanced metastatic potential. 
The metastatic cascade is inefficient, with cancer cells encountering 
multiple stressors that impede their successful dissemination and 
growth at secondary sites40. Metabolic reprogramming and plastic-
ity have emerged as crucial adaptive mechanisms for the successful 
metastatic dissemination of cancer cells5,41–43. Thus, we reasoned that 
neuron-derived mitochondria confer enhanced metabolic adaptability 
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C57BL/6 mice showed significant mitochondrial transfer enrichment in brain 
metastases (mean ± s.d.,  ANOVA, P = 0.0009; Student’s one-tailed paired t-test, 
brain: **P = 0.0017; n = 8 mice). Top panel shows distribution of red and green 
cells. b, Created in BioRender. S. Grelet (2025) https://biorender.com/culfgzj. 
d, Created in BioRender. S. Grelet (2025) https://biorender.com/2w7o7rr.
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and resilience, enabling recipient cancer cells to better spread and ulti-
mately survive and proliferate at distant sites. To test this hypothesis, 
we performed lineage tracing to follow the fate of primary cancer cells 
receiving mitochondria from nerves.

We developed a preclinical model of the nerve–cancer transfer 
of mitochondria (Fig. 5). We combined the MitoTRACER coculture 
approach with the 4T1 mammary fat pad xenograft model that can 
fully recapitulate the breast cancer progression steps and metasta-
sis of TNBC44,45. Mixed-cell spheroids of the MitoTRACER coculture 
(Fig. 5a) were transplanted into mammary fat pads. When the xeno-
graft reached appropriate size, cancer cells were collected from the 
primary tumour and both lung and brain tissues, which are prevalent 
metastatic sites in TNBC. The cells were then analysed by flow cytom-
etry to probe the ratio between 4T1Red+ versus 4T1Green+ cells (Fig. 5b). 
We observed the development of an average of about 5.4% 4T1GFP+ cells 
within the primary tumour. This proportion was significantly enriched 
in both lung and brain tissues to reach 27.3% and 46.0% of the total 
cancer cells in those sites, respectively (Fig. 5c). This demonstrates 
that cells that acquired mitochondria from the SVZ-NSCs within the 
primary tumour, or their progeny, are more likely to form distant 
metastases successfully. To extend the observations with implanted 
mixed-cell spheroids to a model of host-mediated neuronal mito-
chondrial transfer, we genetically modified mouse DRG in vivo using 
a lentivirus encoding a MitoTRACER construct driven by the synaptin1 
promoter (LV-CRE-OMP25) or its non-transferable, nuclear-targeted 
variant (LV-CRE-NLS; Fig. 5d). At 10 days after lentiviral transduc-
tion, SWITCH-TEVp-expressing recipient cells were injected into the 
mammary fat pad, and tumours were subsequently excised to assess 
eGFP fluorophore expression, indicative of mouse-derived neuronal 
mitochondrial transfer into cancer cells (Fig. 5e). We observed only 
1.6% eGFP+ cells in the primary tumour, which was less than the 5.4% 
observed with the mixed-cell spheroids, probably owing to the lower 
nerve density in the tumour in situ, when compared to the spheroid 
model. Lineage tracing reproduced by labelling the endogenous nerve 
of the house mouse using lentiviruses injected into the DRG area also 
demonstrated a marked enrichment of eGFP+ recipient cells in meta-
static sites, with significant increases in the brain and liver compared 
to the primary tumour (Fig. 5f).

We tested whether nerve-mediated mitochondrial transfer may 
affect distant metastasis in another cancer progression model using 
the B16-F10 melanoma xenograft. The observations about transferred 
mitochondria in primary and metastatic tumours were similar in the 
melanoma and breast cancer models, but the rate of mitochondrial 
transfer was lower in the melanoma than in the 4T1 breast cancer model. 
Furthermore, the melanoma model showed no significant enrichment 
of green eGFP+ cells in the lungs or liver but marked enrichment in the 
brain, corroborating findings from the breast cancer model and provid-
ing evidence that neuronal mitochondrial transfer may promote brain 
metastases with various cancer types (Fig. 5g).

Discussion
The nerve–cancer interplay was initially discovered in prostate cancer, 
in which cancer cells can promote cancer innervation by expressing 
axon guidance molecules, such as semaphorins, promoting neuronal 
progenitor differentiation in the cancer stroma and the establishment 
of the nerve–cancer interface17,46–48. Initial observations in prostate 
cancer have shown how the aberrant expression of semaphorin 4F by 
cancer cells promotes increased prostate nerve density and cancer 
aggressiveness18,49. Later studies supported the relevance of sema-
phorin 4F in other biological contexts such as gastric cancer19 and 
breast cancer17, in which cancer cell plasticity triggers the expression 
of semaphorin 4F to promote cancer innervation and metastasis50. Our 
previous studies demonstrated how cancer innervation and cancer 
cell plasticity are intimately linked17,50, and although progress has been 

made in understanding the mechanisms leading to cancer-mediated 
neuronal differentiation and the establishment of the nerve–cancer 
interface, the mechanisms and functional effects of neurons on breast 
cancer progression and metastatic potential remain incompletely 
understood. Our study demonstrates how cancer-induced neuron 
differentiation leads to marked neuronal metabolic reprogramming 
with clear functional consequences. We show that cancer-associated 
neurons are a significant source of mitochondria transferred to the 
cancer cell to induce their metabolic reprogramming and increase 
stemness potential.

Pathological analysis and animal denervation models, including 
the breast carcinoma denervation model presented herein, have 
consistently associated cancer nerve density with cancer invasion 
and metastasis51–54. Metabolic plasticity and stemness potential are 
essential hallmarks of cancer metastasis55. To test whether the nerve–
cancer transfers of mitochondria relate to the development of distant 
metastasis, we developed the MitoTRACER genetic reporter capa-
ble of permanently marking recipient cells. We used this approach 
to create a preclinical model of nerve–cancer transfer of mitochon-
dria in vivo. The fate mapping experiment revealed enrichment of 
mitochondria-recipient cancer cells or their progeny at metastatic 
tumour sites relative to the primary tumour, reflecting their increased 
capacities to achieve the metastatic colonization steps successfully. 
Although the exact molecular mechanisms remain unclear, our study 
shows that cancer cells acquiring mitochondria from neurons gain 
adaptive advantages, enabling resilience against metastatic stressors 
such as oxidative39 and shear stress37,38,56, which are well-known key bar-
riers to metastasis. From a probabilistic point of view, cancer cells that 
energetically outperform others have a greater probability of moving 
and seeding. It is probably a selection process by which the incorpora-
tion of these neuronal mitochondria into the cancer cells provides an 
increased capacity to survive the metastatic process.

We noted selective enrichment of mitochondria-recipient cancer 
cells in brain metastases in both breast cancer and melanoma models. 
This suggests that mitochondrial acquisition from neurons may prime 
cancer cells to adapt more effectively to the brain’s unique microenvi-
ronment. Previous research supports this idea, as brain-metastatic can-
cer cells must metabolically adapt to survive in the brain’s nutrient-poor 
environment57 due to the high energy demands of neurons58.

Neuronal mitochondria are renowned for their highly efficient 
metabolic potential, which contributes to the superior metabolic effi-
ciency of neurons compared to epithelial cells59. Therefore, cancer cell 
acquisition of neuron-derived mitochondria may provide them with 
an adequate metabolic arsenal to survive and successfully proliferate 
in the brain environment. Our findings also suggest that neurons may 
be particularly effective donors of mitochondria, probably owing to 
their abundant mitochondrial content and the establishment of strong 
contacts at the nerve–cancer interface. Further studies are needed to 
clarify whether the impact of neuronal mitochondria is primarily due 
to their intrinsic metabolic efficiency or simply their highest transfer 
frequency.

Collectively, our findings provide a compelling metabolic explana-
tion for the observed dependency between cancer cells and nerves, 
potentially extending to broader contexts. These results advocate for 
more in-depth studies into underlying mechanisms and therapeutic 
strategies targeting nerve–cancer mitochondrial transfers to prevent 
metastatic disease.
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