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          H
ow does membrane voltage control 

cellular proliferation? This is a key 

but poorly understood step in under-

standing how dysregulation of the 

electrical balance in a cell can lead to 

uncontrolled proliferation and, even-

tually, to tumor development. Although the 

phenomenon is well established ( 1– 3), the 

underlying mechanisms have been unclear. 

On page 873 of this issue, Zhou et al. ( 4) 

show that persistent changes in the resting 

membrane potential (the voltage across the 

membrane of a cell), caused by the uncon-

trolled expression of ion channels, can cause 

negatively charged lipid in the inner mem-

brane leaflet to cluster and attract the sig-

naling protein K-Ras, enhancing its ability to 

promote cell proliferation.

Ion channels control the rapid movement 

of ions across cellular membranes ( 5). They 

are best known as the gatekeepers of excit-

atory cellular processes such as neuronal 

firing, muscle contraction, and heartbeat. 

They also control ion homeostasis and set 

the membrane potential of all resting or 

non-excitable cells. Less well understood is 

their role in regulating cell division (mito-

sis). It has been known for nearly 40 years 

that cells undergoing mitosis are more de-

polarized—less negatively charged on the 

inside—than their quiescent counterparts 

( 6– 8) and that, as cells transition through 

the different states of the cell division cycle, 

their membrane voltage changes ( 9) in con-

cert with the expression of many different 

ion channels ( 3). Furthermore, overexpres-

sion of K+, Na+, Ca2+, and Cl— channels has 

been observed in numerous tumors ( 2), and 

their pharmacological inhibition can restore 

normal proliferative behavior ( 2,  10).

In addition to their role in tumorigenesis, 

ion channels are also involved in other as-

pects of cancer biology such as cell adhesion, 

cell volume regulation, programmed cell 

death (apoptosis), and angiogenesis ( 1,  8). It 

is therefore not surprising that ion channels 

are viewed as highly promising targets for 

cancer treatment, especially given the great 

variety of readily available compounds that 

specifically target various channel types and 

can serve as scaffolds for the development 

of anticancer drugs ( 10). However, efforts 

in these directions have been stymied by a 

poor understanding of the cellular signaling 

pathways that are affected by channel over-

expression and by the ensuing alterations in 

the resting membrane potential.

Zhou et al. investigated whether changes 

in membrane potential might alter the lat-

eral spatiotemporal distribution of charged 

lipids in the membrane, which in turn 

might affect the distribution of membrane-

bound signaling proteins, such as the 

Ras family of guanosine triphosphatases 

(GTPases). The human genes encoding 

H-, N-, and K-Ras are among the most com-

monly occurring mutated oncogenes. Mu-

tations that constitutively activate K-Ras 

are found in nearly 25% of all human tu-

mors ( 11). Positively charged residues in the 

C termini of Ras proteins interact with neg-

atively charged lipids that sequester these 

proteins into spatially localized assemblies 

called nanoclusters. Such aggregation is 

essential for K-Ras–induced activation of 

the RAF–mitogen-activated protein kinase 

(MAPK) cascade ( 12).

Using an elegant combination of electron 

microscopy, electrophysiological record-

ings, and fluorescence imaging, Zhou et al. 

show that membrane depolarization specif-

ically and reversibly promotes clustering of 

two types of negatively charged lipids, phos-

phatidylserine and phosphatidylinositol 

4,5-bisphosphate (PIP
2
). Upon depolariza-

tion, nanoclustering of phosphatidylserine 

and K-Ras increased with closely matching 
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nism by which salicylic acid regulates the 

root microbiome. By constructing a synthetic 

microbial community in an artificial soil, Le-

beis et al. found that salicylic acid produced 

by the plant had either a direct negative or 

direct positive effect on the growth of a sub-

set of bacteria in the root microbiome. In 

one case, salicylic acid directly inhibited the 

growth of some microbes, whereas in two 

other cases, the hormone served as a metab-

olite for bacteria. This finding is consistent 

with previous work showing that direct ap-

plication of plant hormones to soil can affect 

microbial community composition ( 7). Thus, 

by using a synthetic microbial community, 

Lebeis et al. reveal that the role of salicylic 

acid in structuring the plant root microbi-

ome might be intertwined with its function 

in plant physiology and as a microbial ca-

tabolite. Future work using similar reduc-

tionist approaches will hopefully elucidate 

the basic mechanisms that shape the rhizo-

sphere and endophytic microbiome. Indeed, 

defined synthetic microbial communities 

have helped reveal mechanisms that shape 

the animal gut microbiome ( 8,  9).

During plant domestication, humans have 

selected for traits related to plant improve-

ment for food, fiber, and fuel. However, we 

have not consciously selected for plant asso-

ciations with a beneficial microbiome. Leb-

eis et al. have shown that both hyper- and 

hypoimmune plants have altered root micro-

biome communities, indicating that select-

ing for plant disease resistance traits (or the 

accidental loss of resistance traits through 

inbreeding) might change the plant micro-

biome blueprint. The importance of micro-

bial community structure on host health 

is largely unknown. However, even minor 

changes in abundance of certain bacteria 

can have a major effect on plant defenses 

and physiology, with only minimal effects 

on the overall structure of the microbiome 

( 10,  11). Understanding the factors that con-

tribute to a healthful microbial community 

may allow for conscious selection of micro-

biomes for improvement of crop yields and 

increased crop resilience in the face of biotic 

and abiotic stresses.          ■
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spatiotemporal and voltage dependencies. 

This activated the RAF-MAPK cascade, 

thereby promoting cell proliferation (see 

the figure). By contrast, hyperpolarizing po-

tentials had the opposite effect of reducing 

phosphatidylserine and K-Ras clustering 

and decreasing RAF-MAPK signaling.

The study provides a long-awaited 

mechanism by which membrane voltage 

directly affects the cell division cycle, a 

breakthrough that should pave the way 

for developing strategies that silence onco-

genic pathways. It also, perhaps, offers an 

accessible tuning  knob—in the form of ion 

channel activity—that can be manipulated 

to influence cell signaling. Interestingly, the 

observed effects are highly specific in that 

only the distribution of phosphatidylserine 

and PIP
2
 is affected by membrane voltage, 

whereas that of other anionic lipids, such 

as phosphatidic acid or phosphatidylino-

sitol 3,4,5-trisphosphate (PIP
3
), are unaf-

fected. Similarly, K-Ras, unlike H- or N-Ras, 

responds to changes in phosphatidylserine 

distribution. The high selectivity of these 

effects among different Ras isoforms and 

similarly charged lipids could allow for the 

development of specifically targeted thera-

pies. However, the molecular bases under-

lying the specificity of these effects remain 

unclear, and other unidentified proteins 

might be involved in these processes.

The results of Zhou et al. also raise the 

question of how the depolarization-induced 

lipid rearrangements affect signaling in 

excitable cells (neurons) that undergo re-

peated depolarization. It is possible that the 

millisecond time scale of an action poten-

tial is too fast to induce substantial lateral 

rearrangement of anionic lipids; the fastest 

rearrangement detected by Zhou et al. (us-

ing electron microscopy) in nonexcitable 

cells is 30 s, nearly four orders of magnitude 

slower than observed in excitable “firing” 

cells (those exhibiting bursts of repetitive 

and rapid changes in electrical potential). 

However, it may be that under particular 

conditions, such as during firing, there may 

not be enough time for lipids to reorganize 

back to a state that restores membrane po-

tential to its baseline level. Over time, these 

small increments in clustering could accu-

mulate, leading to a progressive activation 

of the MAPK pathway. If this were the case, 

it could represent a novel mechanism by 

which long-lasting effects of repeated firing 

could occur in excitable cells.        ■   
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Potential and proliferation. In a normal, nonproliferating cell, the resting membrane potential (V
m

 ≈ –50 mV) is 

set by ion channel activity. Phosphatidylserine lipids are in small clusters that localize with K-Ras, which leads to 

low activation of the RAF-MAPK pathway. Channel overexpression depolarizes the cell (V
m

 ≈ –10 mV), increasing the 

clustering of phosphatidylserine and K-Ras. This promotes RAF-MAPK signaling uncontrolled cell proliferation.

          H
epatitis C virus (HCV) infection is 

a blood-borne disease that infects 

~185 million people (~3% of the 

world’s population) worldwide ( 1). 

It can result in severe liver disease 

and is the leading cause of liver can-

cer in many countries. Although directly 

acting antivirals (DAAs) that target the 

viral life cycle have created enormous op-

timism about controlling HCV infection, 

achieving that goal remains a substantial 

challenge. Both acute and chronic infec-

tions are largely asymptomatic, infection 

incidence is rising in the United States ( 2), 

and comprehensive screening programs are 

rare in the most highly endemic regions of 

the world. As a result, less than 5% of the 

world’s HCV-infected population, and only 

50% of the United States’ HCV-infected 

population, are aware that they are infected 

( 3,  4) (see the figure). Most of these indi-

viduals will not receive treatment and will 

remain at risk for transmitting the infection 

to others. Successful control of HCV infec-

tion will most likely require a combination 

of mass global screening to identify those 

with infection, treatment, and prevention. 

Prophylactic HCV vaccination would also 

go a long way to reducing harm for unin-

fected people who are at risk.

Even if everyone with HCV infection 

were identified and rising infection inci-

dence reversed, treatment as the primary 

means to eradicate HCV disease still would 

be challenging. One reason is the prohibi-

tive cost of DAAs for most countries with 

moderate to high HCV prevalence. HCV 

transmission occurs through receipt of 

contaminated blood and poor needle hy-

giene in many parts of the world. Nations 

lacking the financial resources and health 

care infrastructure to ensure safety of the 

blood supply or medical supplies likely can-
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