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duction is caused by a failure of KRPs to 

inhibit CDKA;1. As expected, plants defec-

tive in RBR1 also showed supernumerary 

female meiocytes, a phenotype that was 

not previously reported (7). A decrease of 

CDKA;1 activity in the rbr1 mutant did 

not reduce the number of abnormal meio-

cytes, demonstrating that the defect does 

not depend on cell proliferation. Rather, 

the defect is caused by failure of a mecha-

nism that restricts cell differentiation be-

fore meiosis. Strikingly, this mechanism is 

driven by the action of RBR1 as a direct 

repressor of the gene WUSCHEL (WUS).  

WUS encodes a homeobox transcription 

factor that is crucial for specifying stem 

cells in the shoot apical meristem (8). WUS 

plays a role in ovule development, but its 

role in promoting meiocyte differentiation 

has not been clear (9, 10). WUS protein lo-

calization is restricted to epidermal cells of 

the ovule by the action of RBR1 and CDK 

inhibitors, confirming that its regulation is 

also important for the specification of the 

female germ line. 

RBR1 controls context-dependent sig-

naling pathways by interacting with di-

verse binding partners, giving rise to a 

large collection of cell lineages and cell 

identities that are crucial for the plant life 

cycle. Does the RBR1-WUS circuit interact 

with RNA-dependent DNA methylation 

and chromatin to avoid gametogenesis in 

somatic cells (11, 12)? Although RBR1 is re-

quired for regulating chromatin remodel-

ing late during gametogenesis (13), it is not 

clear how plant Rb proteins could epige-

netically connect environmental response, 

cell cycle progression, and internal differ-

entiation signals. 

The findings of Zhao et al. provide a pre-

viously unknown link between stem cell 

and germ cell differentiation through the 

extended aura that surrounds Rb and ho-

meobox proteins.  These proteins are indeed 

among the most versatile regulators for con-

trolling animal and plant development.        j
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Extracting the contents 
of living cells
Alumina “nanostraws” enable longitudinal 
intracellular monitoring of live cells

By Stuart G. Higgins1,2 and 

Molly M. Stevens1,2,3

B
eing able to monitor cells at different 

times is key to tracking fundamental 

cellular processes such as differentia-

tion and cellular senescence, as well 

as disease progression and the effec-

tiveness of drugs. However, most ap-

proaches are destructive and involve lysing 

the cells. Different time points can be stud-

ied by using parallel cell cultures, but the 

inferred changes could also be the result of 

cell heterogeneity (1, 2). Techniques for ex-

tracting small quantities of the cytosol for 

long-term tracking of a single cell’s response 

must manipulate picoliter-scale volumes, 

maintain high cell viability, and give an ac-

curate reflection of the cell’s multiple biolog-

ical components, as well as avoid influencing 

the ongoing development of the cell (see the 

figure) (1, 3). Cao et al. approached this prob-

lem by culturing cells on top of a random 

arrangement of hollow cylinders, which they 

call nanostraws (2). These 150-nm-diameter 

alumina tubes can sample 5 to 10% of pro-

teins, messenger RNA (mRNA), and small 

molecules from the cells but only reduce cell 

viability by ~5%. Their approach allows in-

tracellular sampling and characterization at 

multiple time points from the same cells to 

track changes.

In Cao et al.’s technique, the cells are 

electroporated as they sit on top of the 

nanostraws. This process locally opens the 

cell membrane so that the intercellular 

contents can diffuse passively through the 

nanostraws into an adjacent buffer. Model-

ing a cell volume on the order of ~1 pl, the 

authors estimate that 7% of analytes diffuse 

into the buffer. The buffer can be analyzed 

by using either fluorescence (when studying 

cells modified to express green fluorescent 

protein), enzymatic assays, or polymerase 

chain reaction (PCR). Their study culminates 

by comparing the mRNA expression in hu-

man-induced pluripotent stem cell–derived 

cardiomyocytes from their nanostraw ex-

traction method to an analysis of lysed cells. 

Of the 44 mRNA sequences identified, only 

seven were underdetected as compared with 

the lysed-cell control. These mRNAs were 

relatively larger molecules, which suggests 

that slower diffusion rates could be responsi-

ble for their absence. Subcellular localization 

of mRNA within the cell may also play a role 

in their detection efficiency. 

Despite this discrepancy, Cao et al. dem-

onstrate a valid approach to live intracel-

lular sampling, for which only a handful of 

techniques currently exist. Those alterna-

tives, in which a portion of the cell contents 

is collected, as opposed to the introduction 

of a target-specific marker, include the use 

of glass nanopipettes (4), fluid force mi-

croscopy (1), and the use of carbon nano-

tube probes (5). 

Glass micropipettes are commonly used 

to manipulate larger cells, but their rela-

tively large dimensions (0.5 to 5 µm) can 

result in cellular damage (3). An alternative 

is the nanopipette, which uses a quartz capil-

lary with a 100-nm-diameter opening to ex-

tract components (4, 6, 7). Actis et al. used 

nanopipettes in combination with a scan-

ning ion conductance microscope setup to 

extract femtoliter quantities of intracellular 

material. In their approach, a nanopipette 

filled with an organic solvent forms a phase-

interface with the aqueous cell contents. By 

applying a bias across the tip and sample, 

the position of this interface can be shifted, 

resulting in extraction. A key advantage of 

this approach is the precision with which 

they could target organelles within the cell, 

enabling them to assess heterogeneous vari-

ants in RNA and mitochondrial DNA expres-

sion in cultured HeLa cells (4).
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“Nanostraw extraction 
arguably has the 
advantage of offering 
much greater throughput...”
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Fluid force microscopy uses a hollow 

atomic force microscopy tip to controllably 

penetrate the cell membrane and selectively 

withdraw the intracellular contents by ap-

plying a negative pressure to the tip (1, 8). 

Guillaume-Gentil et al. (1) reported success-

fully withdrawing up to 90% of the cytoplas-

mic content of HeLa cells without adversely 

affecting cell viability or behavior over a 

5-day period in comparison with a control, 

although this experiment was an extreme 

case. They could also extract structures from 

both the cytoplasm and nucleus and image 

them with transmission electron microscopy 

and used enzyme assays and PCR to deter-

mine enzyme activity and mRNA presence, 

respectively, in their samples. 

Carbon nanotubes have similarly been 

used for minimally invasive cell monitoring. 

Singhal et al. developed a “carbon nanotube 

endoscope” by attaching a ~50-µm-long 

multiwalled carbon nanotube to the ends 

of glass pipettes (5). They could extract 

fluorescently labeled Ca2+ from the cytosol 

and image this process in situ, although the 

reported attoliter volumes limited further 

extraction and analysis. 

Nanopipettes, fluid force microscopy, and 

carbon nanotube endoscopes all offer high 

levels of control over cell selection and intra-

cellular extraction volume but come at the 

expense of throughput. Nanostraw extrac-

tion arguably has the advantage of offering 

much greater throughput, at the expense of 

not being able to directly choose which cells 

are addressed (many cells are attached to the 

membrane). However, this limitation could 

be overcome with greater control over the 

spatial location of the nanostraws, combined 

with a microfluidic approach for system-

atically processing the extracted buffer. This 

capability is particularly important for cell 

screening applications in which high num-

bers of cells per plate are required.

Many other approaches can assess the in-

tracellular environment, including fluores-

cent markers, quantum dots, nanoparticles, 

fluorescent Förster-resonance energy trans-

fer (FRET) pairs, and thermally sensitive 

fluorescent markers conjugated to specific 

antibodies or RNA strands (3). These ap-

proaches offer high specificity, contrast, and 

resolution, but any given experiment is lim-

ited to identify a small number of prespeci-

fied targets, and care must be taken to avoid 

introducing materials that adversely affect 

the cell environment.

Although intracellular extraction methods 

provide clear advantages, there is still a need 

for further investigations into the impact of 

introducing high-aspect-ratio structures into 

cells. Whether the membrane wraps around 

the protruding structure, or is penetrated by 

it, is still a topic of much discussion (9). For 

nanostraws, membrane penetration is rare 

and depends on the cell adhesion behavior 

(10). In the case of this nanostraw extraction 

technique, electroporation was necessary to 

facilitate any extraction, which suggests that 

membrane penetration was unlikely. The 

lack of penetration is not inherently a limi-

tation but does suggest that if this approach 

is to be applied to dif erent cell lines, care 

must be taken to ensure that the convoluted 

plasma membrane surface, as well as elec-

troporation, do not adversely infl uence the 

cell phenotype. j
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Polycarbonate
membrane

Glass nanopipette
(100-nm diameter)

Hollow atomic force
microscope tip
(Pyramidal tip with
400-nm opening)

Carbon nanotube

(50- to 200-nm diameter)

Hollow

alumina straws

(150-nm diameter)

Nanobiopsy
Volume ~50 femtoliters
DNA, RNA, fuorescent markers
Acquisition time: 5 seconds

Fluid force microscopy
Volume: ~5 picoliters
Proteins, mRNA, fuorescent markers
Acquisition time: 5 minutes

Nanostraw extraction

7% extraction efciency
mRNA, proteins, fuorescent markers
Acquisition time: 2 to 10 minutes

Carbon nanotube endoscopy
Volume: ~attoliters
Ca2+, fuorescent markers,
nanoparticles
Acquisition time: ~1 to 2 minutes

Four ways for removing cell contents
Cao et al. used 150-nm-diameter alumina nanostraws combined with electroporation to extract cellular contents for analysis. This method complements nanobiopsy, 

fluid force microscopy, and carbon nanotube endoscopy.
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