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Abstract

Invading cancer cells extend cell protrusions, which guide cancer-cell migration and invasion, 

eventually leading to metastasis. The formation and activity of cell protrusions involve the 

localization of molecules and organelles at the cell front; however, it is challenging to precisely 

isolate these subcellular structures at the single-cell level for molecular analysis. Here, we describe 

a newly developed microfluidic platform capable of high-throughput isolation of cell protrusions 

at single-cell precision for profiling subcellular gene expression. Using this microfluidic platform, 

we demonstrate the efficient generation of uniform cell-protrusion arrays (more than 5000 cells 

with protrusions) for a series of cell types. We show precise isolation of cell protrusions with high 

purity at single-cell precision for subsequent RNA-Seq analysis, which was further validated by 

RT-qPCR and RNA FISH. Our highly controlled protrusion isolation method opens a new avenue 

for the study of subcellular functional mechanisms and signaling pathways in metastasis.
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Subcellular-localized biomolecules, such as messenger RNA (mRNA) and proteins, are 

significant drivers of biological processes that regulate cellular functions, including 

embryonic development, synaptic interactions, wound healing, and metastasis.[1–3] Cell 

protrusions are dynamic structures that are critical for multiple cellular processes, in 

particular, cancer metastasis.[4, 5] Localized biomolecules at the leading edge of protrusions 

are thought to contribute to the generation and maintenance of cell asymmetry during 

migration and invasion.[5, 6] The study of subcellular gene expression in cell protrusions may 

help further characterize the underlying molecular mechanisms of cancer metastasis and 

may reveal a unique therapeutic approach to prevent tumor progression by controlling the 

cell-protrusion process.
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Several approaches can be utilized to interrogate gene expression in the protrusions of 

migrating cancer cells. Imaging-based methods that directly label target mRNAs using 

complementary oligonucleotide probes conjugated with fluorophores, including fluorescent 

in situ hybridization (FISH),[7] the MS2 system,[8] and padlock probes,[9] allow for the 

visualization and analysis of only a limited number of localized mRNAs. Although 

sequential FISH,[10] multiplexed error-robust FISH,[11] and fluorescent in situ RNA 

sequencing[12] were developed to improve throughput, they are still limited by low 

efficiency and sophisticated image analysis. Global gene-expression analysis of isolated cell 

protrusions has been attempted to identify protrusion-enriched mRNAs using transwell-

based protrusion fractionation,[13, 14] aspiration,[15] or microdissection,[16] combined with 

microarray or RNA sequencing (RNA-Seq). However, due to the technical limitations, the 

above methods often encounter challenges in operation controllability, sample purity, 

isolation precision, and so on. Furthermore, existing single-cell RNA-Seq techniques require 

the quantity of input mRNAs from at least one cell.[17] However, high-throughput isolation 

of a large number of cell protrusions while retaining high purity is still a challenge.

Recent developments in microfluidics allow for high-throughput and precise manipulation at 

the single-cell level, leading to more accurate subcellular isolation.[18–22] Here, we present a 

high-throughput microfluidic platform, called protrusion-generating chip (PG-Chip), an in 

vitro assay to mimic mesenchymal cell migration and isolate highly pure cell protrusions for 

comprehensive subcellular biomolecule profiling. Large-area uniform cell-protrusion arrays 

(more than 5000 cells with protrusions) were generated within the PG-Chips for various cell 

types, including a series of cancer cells, fibroblasts, endothelial cells, and neuronal cells. 

These cell-protrusion arrays allowed for the high-throughput isolation of highly pure cell 

protrusions, ranging from one to thousands, for downstream molecular analysis using laser 

capture microdissection (LCM). As a demonstration, we isolated mRNA from cell 

protrusions and performed RNA-Seq to identify protrusion-localized gene expression 

patterns, which were validated by quantitative real-time polymerase chain reaction (RT-

qPCR) and RNA FISH.

Cytology patterns of cells at the tumor front invading into surrounding tissues often show 

active cell protrusions, which assist the typical mesenchymal mode migration (Figure 1 A).
[5] To design an in vitro assay that provides the mechanical confinements that mimic cancer 

cell migration and thereby allows for the isolation of cell protrusions in high purity, we 

generated the PG-Chip using the cell-printing method (Figure 1 B–D).[23] The PG-Chip 

consists of a polydimethylsiloxane (PDMS) mold placed on a polyethylene naphthalate 

(PEN) membrane that enables infrared (IR) laser capturing and ultraviolet (UV) laser cutting 

(Figure 2 A).[24] Within the PG-Chip, arrayed micro-hooks were designed along one side of 

the flow channels with 3-mm gaps to enable the trapping of single cells (Supporting 

Information, Figure S1 A). We used MDA-MB-231 cells, which are mesenchymal-like 

breast cancer cells, in this study. Accordingly, we designed the width and height of the 

micro-hooks to be 14 μm and 20 μm, respectively, and the width of the flow channels to be 

43 μm. These parameters are designed following the established principle[23, 25] and 

according to the diameter of cells to achieve high loading efficiency. By applying a negative 

pressure (approximately 1 psi) from the outlet, about 10 μL of cell suspensions with a 

concentration of about 5 × 106 cells mL−1 at the inlet flowed into the channels, and single 
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cells were trapped by the micro-hooks, forming single-cell arrays (Figure 2 B and 

Supporting Information, Movie S1). A large-area single-cell array could be routinely 

prepared with approximately 97 % loading efficiency (Figure 2 C and Supporting 

Information, Figure S1 B).

One critical aspect of mesenchymal-like tumor-cell migration is the asymmetrical extension 

of cell protrusions toward the leading front. Similar to this process, the trapped single cells 

in the PG-Chip migrated by extending cell protrusions to both the left and right sides of the 

micro-hooks in the confined spaces (Supporting Information, Movie S2), leading to the 

formation of a uniform cell-protrusion array after incubation for 6 hours (Figure 2 D). 

Importantly, we found that the cytophilic coating of PEN membranes and the distances 

between adjacent micro-hooks significantly affected the generation of uniform cell-

protrusion arrays. As shown in Figure S2 A, cells on the PEN membranes coated with 

extracellular matrix proteins, including basement membrane extract (BME), poly-L-lysine 

(PLL), and fibronectin (FN), extended distinct protrusions. Among them, FN-coated PEN 

membranes had the best performance. The distances between adjacent micro-hooks also 

influenced the generation of cell protrusions. Short distances, such as 50 μm, did not allow 

enough space for the cells to extend distinct protrusions. After the distances were increased 

to 100–200 μm, most of the trapped cells (approximately 94 %) extended distinct cell 

protrusions and formed uniform cell-protrusion arrays (Figure 2 E,F and Supporting 

Information, Figure S2 B). About 5000 cells with uniform cell protrusions accumulated in 

one chip (Supporting Information, Figure S3). Consistent with published literature,[26] the 

cell protrusions were composed of cytoskeletal components, including F-actin and tubulin 

(Supporting Information, Figure S4).

Further to MDA-MB-231 breast cancer cells, the protrusions of other cancer and non-cancer 

cell types are essential in numerous biological processes. Therefore, the generation of 

uniform protrusion arrays for use with many cell types is crucial for the global study of 

protrusion-localized functional molecules. Using the PG-Chip, we generated single-cell 

arrays (Supporting Information, Figure S5) and cell-protrusion arrays (Figure 2 G–L) with 

high efficiency for a variety of cell types, including SUM159 breast cancer cells (Figure 2 

G), F27 melanoma (F27mel) cells (Figure 2 H), U2OS osteosarcoma cells (Figure 2 I), NIH 

3T3 fibroblast cells (Figure 2 J), HEMC-1 endothelial cells (Figure 2 K), and 661W 

photoreceptor cells (Figure 2 L). Owing to the genotype and phenotype of each cell type, 

they show the various capability to generate cell protrusions. For example, SUM159 cells, 

which are less invasive than MDA-MB-231 cells, show shorter cell lengths, indicating the 

ability of cell protrusion generation relevant to cell migration and invasion. Therefore, such 

uniform cell-protrusion arrays provide an opportunity for the in vitro study of protrusion-

based molecular mechanisms in metastasis, angiogenesis, wound healing, and other 

biological processes, demonstrating the versatility and broad utility of the PG-Chip.

High-throughput isolation of cell protrusions with high purity presents a great challenge, 

using current methods, for the subsequent molecular analysis of protrusion-localized 

biomolecules. This challenge could be overcome by the combined utilization of our PG-

Chip and the LCM technique, which has been widely used to isolate single cells with high 

purity via direct microscopic visualization.[27] This strategy allowed us to specifically select 
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and isolate cell protrusions with single-cell precision (Figure 3 A). To prevent cross-

contamination of the cytosol during the LCM process, we fixed the cell-protrusion arrays 

before isolation. As shown in Figure S6A and Movie S3 in the Supporting Information, the 

selected cell protrusions were automatically captured by an IR laser, cut with high efficiency 

and accuracy by a UV laser, and collected on the surface of the LCM cap; meanwhile, cell 

bodies were left on the PEN membranes.

To verify the purity of the isolated cell protrusions, we labeled F-actin with phalloidin and 

nuclei with Hoechst and the nuclear marker histone deacetylase 1 (HDAC1). We observed 

that only cell protrusions were isolated, and all nuclei remained on the PEN membranes, 

demonstrating the high purity of the isolated cell protrusions (Figure 3 B and Supporting 

Information, Figure S6B). Importantly, LCM isolation of cell protrusions was controllable, 

and any number of cell protrusions, ranging from one to hundreds, at single-cell precision 

were successfully isolated in a high-throughput manner (Figure 3 C). This is currently 

impossible to achieve using other existing methods. Therefore, our system provides a robust 

and highly selective way to isolate highly pure cell protrusions from uniform cell-protrusion 

arrays in a high-throughput manner, superior to existing sampling-based methods for 

protrusion isolation.

Cell protrusions isolated using our novel method could be used to globally profile functional 

molecules (for example, microRNAs, mRNA, mitochondrial DNA (mtDNA), proteins, and 

even organelles) in the protrusions using advanced analytical techniques including RNA-Seq 

or mass spectrometry.[28] As a demonstration, we assessed the gene-expression patterns in 

the protrusions of MDA-MB-231 cells. Although we could isolate a single protrusion, 

existing commercial single-cell RNA-Seq techniques require the amount of mRNA from at 

least one cell and to achieve this amount of input RNA, hundreds of cell protrusions may be 

required.

To investigate how many cell protrusions would be needed to fulfil the requirement for a 

standard single-cell RNA-Seq protocol, we isolated several samples, containing 

approximately 20, 100, 200, or 600 cell protrusions, for mRNA extraction. Of note, isolation 

of intact mRNAs from fixed single cells was still challenging due to the high rate of rapid 

mRNA degradation during the experimental protocol. To obtain high-quality protrusion-

localized mRNAs (Supporting Information, Figure S7), we employed a recently reported 

method, which was developed for mRNA purification and transcriptomic profiling of fixed 

single cells.[29] The extracted mRNAs were then amplified using the Smart-Seq2 protocol,
[30] and the subsequently generated complementary DNAs (cDNAs) were evaluated using a 

Bioanalyzer. Representative traces (Figure 4 A) illustrated the successful isolation of high-

quality mRNA from the isolated cell protrusions. For samples containing only 20 cell 

protrusions, we detected signals; however, they could not satisfy the criteria for a standard 

single-cell RNA-Seq protocol.

We then performed RNA-Seq with equal amounts of mRNA from cell protrusions and cell 

bodies to identify enriched mRNA species in cell protrusions. We used a different number of 

cell protrusions as a starting material to perform RNA-Seq. Our results show that the use of 

600 protrusions consistently allowed for the detection of more than 8000 genes (Figure 4 B, 
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for reliably detected genes with transcripts per million (TPM) > 1). Less than 4000 genes 

were detected from samples containing 20 cell protrusions. We speculate that such a 

difference can be attributed to the bias and limited sensitivity of PCR, which leads to the loss 

of transcripts with low copy numbers in these samples. The correlations between different 

protrusion samples containing 600 cell protrusions were quite high using Pearson correlation 

coefficients (ranging from 0.84–0.89) (Figure 4 C), indicating the high reproducibility of our 

method. Furthermore, we found many genes enriched in the cell body (Figure 4 D). This is 

consistent with the fact that the cell bodies contain nuclei and other organelles that are 

enriched in mRNA molecules.

To determine whether spatial control of gene expression occurs in cell protrusions, we 

analyzed protrusion-enriched mRNAs by combining results from two R packages commonly 

used for differential gene-expression analysis (limma and samr) and identified 439 genes 

with at least two-fold increased expression in protrusions (Data file S1 in the Supporting 

Information). To validate the RNA-Seq results, we carried out RT-qPCR to quantify several 

protrusion-enriched mRNAs identified by RNA-Seq, including CENPB, RAB13, ZEB1, 

ANP32B, CORO1A, and PINK1, using ACTB (β-Actin) as a reference gene and ARPC3, a 

non-enriched gene, as a control. Consistent with the RNA-Seq results, we observed 

protrusion-localized enrichment of CENPB (2.3-fold), RAB13 (8.1-fold), ZEB1 (1.6-fold), 

ANP32B (2.0-fold), CORO1A (4.6-fold), and PINK1 (1.7-fold, Figure 4 E). We then 

performed FISH to image the subcellular localization of specific mRNAs. As shown in 

Figure 4 F and Figure S8 in the Supporting Information, RAB13 transcripts are prominently 

localized at the leading edges of cell protrusions, and PINK1 transcripts are also present in 

the cell protrusions, consistent with our RNA-Seq and RT-qPCR results.

In summary, we developed a microfluidic platform capable of the high-throughput 

generation and precise isolation of hundreds of highly pure cell protrusions for profiling the 

gene expression in protrusions of migrating cancer cells. Compared with the existing 

approaches, our microfluidics-based approach has several advantages. First, the PG-Chip is 

high-throughput, with the ability to array thousands of cells in one run. It precisely aligns the 

cell bodies and protrusions of various cell types (for example, cancer cells, fibroblasts, 

endothelial cells, and neuronal cells). This level of uniformity cannot be achieved by any 

other current method. Second, up to thousands of cell protrusions can be precisely and 

rapidly isolated with high purity, which is essential for subsequent functional analysis of 

microRNAs, mRNAs, proteins, and even organelles, amongst others. Finally, we isolated 

protrusion-localized mRNAs and performed RNA-Seq to profile subcellular gene 

expression. The analysis and validation of the RNA-Seq data reveal consistency among 

independent samples, indicating that our method is an accurate and reproducible way to 

profile subcellular gene expression. Our results indicate that the comprehensive analysis of 

other protrusion-localized molecules, even from single protrusions, is highly possible with 

the application of appropriate advanced analytical techniques. We believe that this 

microfluidic platform has promising potential for the comprehensive understanding of cell-

protrusion-related signaling during various physiological processes.

Zhang et al. Page 6

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Overview of the microfluidic platform for molecular analysis of cell protrusions. A) 

Schematic illustration of invasive cells in a migrating tumor front. B) The generation of 

uniform cell-protrusion arrays in microfluidic chips, which provide an in vitro model for 

cancer cell migration. C,D) After removing the microfluidic mold and fixing, selected cell 

protrusions are cut using LCM at single-cell precision, collected on the surface of LCM 

caps, and lysed for biomolecular analysis.
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Figure 2. 
PG-Chip for the generation of uniform cell-protrusion arrays. A) A typical PG-Chip 

consisted of a PDMS microfluidic mold and a PEN membrane slide. Scale bar, 1 cm. Red 

dye was injected to visualize the channel networks. Insert image shows the morphology of 

the micro-hook (Scale bar, 10 mm). B) A representative image and C) loading efficiency of 

the generated array of single MDA-MB-231/GFP cells using the PG-Chip. Scale bar, 100 

μm. D) Uniform cell-protrusion arrays after incubation of the single-cell arrays within the 

PG-Chip for 6 h. Scale bar, 100 μm. E) Bar graph illustrating the percentage of cells with 

and without protrusions. Data are expressed as mean standard deviation (SD) F) Analysis of 

the cell lengths before and after incubation. Whiskers illustrate the range. G–L) Images of 

uniform cell-protrusion arrays, quantification of the percentage of cells with and without 

protrusions, and lengths of G) SUM159 breast cancer cells, H) F27 melanoma cells, I) 

U2OS osteosarcoma cells, J) NIH 3T3 fibroblast cells, K) HEMC-1 endothelial cells, and L) 

661W photoreceptor cells after incubation. Data is expressed as mean SD. Whiskers indicate 

the range. Scale bars, 100 μm.
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Figure 3. 
Precise isolation of cell protrusions at single-cell precision using LCM. A) Representative 

images of isolated cell protrusions (upper panel) and corresponding cell bodies remaining on 

the PEN membranes (lower panel), indicating the high purity of the collected cell 

protrusions. Actin was stained with Alexa Fluor 488-Phalloidin, and nuclei were stained 

with Hoechst. B) High-throughput isolation of cell protrusions, ranging from a single 

protrusion to hundreds, in one run. Scale bars, 100 μm.
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Figure 4. 
Profiling gene-expression patterns in cell protrusions by RNA-Seq. A) Bioanalyzer traces of 

amplified cDNA from mRNAs that are enriched in cell protrusions. Samples with various 

numbers of cell protrusions were analyzed. B) Quantification of the number of genes 

detected in various cell-protrusion samples. C,D) Gene-expression correlation C) between 

cell-protrusion samples and D) between protrusion samples and cell-body samples with 

Pearson correlation coefficients (r). E) Validation of protrusion-localized genes by RT-qPCR 

analyses. The RNA localization ratios were calculated as the relative expression level in the 
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protrusions fraction compared with the cell-body fraction and were normalized to ACTB. 

Data are expressed as mean SD. F) Validation of protrusion-localized genes by FISH. White 

arrows indicate the RAB13 mRNAs in cell protrusions. Scale bar, 50 μm.

Zhang et al. Page 13

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

