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Abstract
Cancer metastasis, defined as the spread of cancer cells to distant organs, 
accounts for most cancer-related death. Migration is one of many factors 
implicated in this phenomenon. Mechanisms controlling directional cancer 
invasion are not fully understood. Endogenous electric fields (EFs) have 
been demonstrated to be an important guidance cue controlling directional 
cell migration. Indeed, many types of cancer cells migrate directionally in 
an EF. Understanding the electrical control of directional cancer cell mi-
gration will help develop novel approaches to prevent cancer metastasis.
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Introduction 
For multiple types of cancer, the major cause of death is the 
development of metastatic diseases[1]. Metastasis is a multistep 
process where cancer cells invade surrounding tissues and blood 
vessels, and establish secondary tumors in distant organs[2]. In 
detail, these steps include local invasion, intravasation, sur-
vival in the circulation, extravasations, and colonization. The 
mechanisms of metastasis are not fully understood. Various 
environmental factors, including cytokines and growth factors 
from autocrine and paracrine sources, have been demonstrated 
to stimulate cancer cell migration by creating chemo tactic sig-
nals[3].Aside from those commonly known chemical guidance, 
the endogenous electric fields (EFs) has also been proved to be 
an important directional cue for directional cell migration.

Possible endogenous EFs at sites of cancer invasion
	 Endogenous EFs was initially discovered more than 
150 years ago from a cut in his own finger by Du Bois-Rey-
mond. Polarized epithelia transport ions directionally and main-
tain trans-epithelial potentials (TEP).The TEPs are present in 
many types of epithelia, including respiratory, gastrointestinal, 
urinary, and bile duct systems, and in prostate, breast, cerebral 
cavities, retina, and ocular lens[4-14].When a wound occurs, it 
breaks the barrier and instantly short-circuits the TEP, and then 
generates wound EFs. This wound-induced electrical signal was 
as large as 42-150 mV/mm, detected by micro needle arrays and 
Bio-Electric Imager®[15, 16]. Furthermore, it could last for many 
hours and regulate different cell behaviors within 500μm to 

1mm from the wound edge until re epithelialization occurs[17]. 
During the last decade, EFs has been proved to be an overriding 
signal than other directional cues in guiding cell migration in 
wound healing [18].
	 In most tumor cells, the membrane potential is depolar-
ized, thus causing a voltage drop between the cancerous and nor-
mal tissue[19]. To become migratory, the first barrier that tumor 
cells must overcome is their epithelial basement membrane[20]. 
When tumor cells form invadopodia and cross the basement 
membrane, it is likely a “wound” occurs at the epithelial mem-
brane, thus may generate endogenous EFs. Actually, at the tissue 
surface of cancerous and normal tissues, potential gradients can 
be measured and used clinically to diagnose early-onset breast 
cancer [21]. Also, as demonstrated earlier in other studies, epithe-
lial cells in certain areas of the breast cancer divide more rapidly 
than cells in normal areas, which results in significantly great-
er electro potential difference on the skin surface over invasive 
cancer than benign regions[22]. The endogenous EFs at sites of 
cancer invasion might play an important role in directing migra-
tion direction of cancer cells.

EFs direct migration of multiple types of cancer cells
As stated above, cell migration is a key element in tumor pro-
gression. Understanding whether naturally occurring or applied 
electrical signals can control migration of tumor cells might of-
fer novel strategies to prevent cancer metastasis. Indeed, studies 
in the last decade have demonstrated that EFs guide directional 
migration of multiple types of cancer cells, including lung can-
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cer cells, breast cancer cells, prostate cancer cells, fibro sarcoma 
cells and so on [22-25]. Interestingly, some types of cancer cells 
migrate to the cathode in an EF, while others to the anode, indi-
cating that electrotaxis of different cancer cells can be character-
istically different in specific disease models.
	 Tumor cell electrotaxis also correlates with metastatic 
potential. For example, the highly metastatic rat breast cancer 
cell line MTLn3 showed a robust anodal galvanotactic response, 
whereas non-metastatic MTC cells responded three times less 
to an electric field of the same strength[22]. For two sub clones 
of CL1 lung adeno carcinoma cells, the highly invasive CL 1-5 
cells are anodally electro tactic while the low invasive CL 1-0 
cells are non-electro tactic[23]. Similarly, Djamgoz et al have 
shown different galvanotactic responses of two prostate can-
cer cell lines. The highly metastatic MAT-lyLU cells migrated 
directionally to the cathode, while the weakly metastatic AT-2 
cells responded poorly to an EF of the same strength[26]. Thus, 
the ability of cancer cells to respond to an EF could potentially 
reflect its metastasis potential.
	 EFs may also be an important tool to control collective 
cancer invasion. Growing evidence indicates that collective cell 
migration plays a part in cancer invasion. In histo pathological 
sections of several types of epithelial cancers, the primary tumor 
is surrounded by secondary cancer cells in the form of clusters, 
chains or sheets[27]. Also, many types of epithelial cancers, breast 
cancer and colorectal carcinoma, for example, exhibit collective 
invasion in cultures[27,28]. Previously, we have shown that EFs 
guide directional migration of large epithelial sheets. More im-
portantly, collectively cells respond better to EFs than cells in 
isolation, which depends on E-cadherin-mediated cell-cell adhe-
sion[29]. Of note, intact cell-cell junctions as well as the expres-
sion of E-cadherins and other adhesion molecules were found in 
histo pathological sections of multiple types of epithelial can-
cers[30], thus indicating that EFs may guide collective invasion of 
cancer cells. 
	 How electric fields guide directional migration of can-
cer cells? Up to now, several mechanisms have been suggested 
to be involved in electrotaxis of different types of cancer. EFs 
control directional migration of prostate cancer cells through 
modulation of voltage-gated sodium channels[31]. Pu et al report-
ed that electric signals enhanced breast cancer cell migration 
through the ErbB-signalling pathway[22]. Still, activation of ERK 
and reorganization of the cytoskeleton play a part in electrotaxis 
of fibrosarcoma cells[25].

Future perspectives
	 The importance of electrical control of cancer invasion 
has aroused increasing attention in recent years, yet there’s still 
a lot that needs to study. Firstly, in vivo models testing the effect 
of either application of external EFs or modulation of endoge-
nous EFs on cancer invasion are urgently needed. As discussed 
above, most cancer cell lines tested so far respond to EFs in vi-
tro, yet there’s little evidence that they actually follow the direc-
tion of EFs to migrate and metastasize in vivo. Secondly, besides 
controlling migration direction, EFs may affect other aspects of 
cancer biology. Growth of blood vessels is essential to cancer 
growth, while EFs have been proved to be a significant direc-
tional cue for angiogenesis, and migration of endothelial cells 
and endothelial progenitor cells[32,33]. Thus, EFs may control both 
the migration direction of cancer cells and the growth direction 

of local blood vessels. Thirdly, further studies on mechanisms by 
which EFs control directional cancer invasion are still needed. 
As stated above, several signaling pathways play a role in direc-
tional migration of cancer cells in an EF. Are there any other sig-
naling pathways involved in cancer cell electrotaxis? Do these 
mechanisms exist in vivo? Could they be potential therapeutic 
targets to inhibit cancer invasion? 
	 In summary, EFs is increasingly recognized as a signif-
icant directional cue that drives directional cancer invasion. Un-
derstanding the common rules of electrical control of directional 
cancer migration will lead to the development of strategies that 
inhibit or prevent cancer invasion or metastasis.
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