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Single cell analysis of mechanical
properties and EMT-related gene
expression profiles in cancer fingers

Heng Zou,1,3,5 Zihan Yang,1,2,5 Yuen-San Chan,1,3,5 Sung-king Au Yeung,1,2 Md Kowsar Alam,1,4 Tongxu Si,1,2

Tao Xu,1,3 and Mengsu Yang1,2,3,6,*

SUMMARY

Collective cell migration is associated with cancer metastasis. Cancer fingers are
formed when groups of migrating cancer cells follow the leader cells in the front.
Epithelial to mesenchymal transition (EMT) is a critical process of cancer metas-
tasis. However, the role of EMT in cancer finger formation remains unclear. In
this work, we investigated the EMT-associated mechanical properties and gene
expression at single-cell levels in non-small lung cancer fingers. We found that
leader cells were more elastic and less sticky than follower cells. Spatial EMT-
related gene expression profiling in cancer fingers revealed cellular heterogene-
ity. Particularly, SNAIL and VIM were found to be two key genes that positively
correlated with leader cell phenotypes and controlled cancer finger formation.
Silencing either SNAIL or VIM, decreased cancer cell elasticity, cancer finger for-
mation and migration, and increased adhesiveness. These findings indicated that
SNAIL and VIM are two driver genes for cancer finger formation.

INTRODUCTION

Collective cancer cell migration and invasion, in which cancer cells invade cohesively as a multicellular unit,

is a fundamental step in tumor progression (Friedl et al., 2012). A previous study based on a conventional

cancer progression model proposed that tumor metastasis arose from single tumor cells, which became

the foundation for epithelial-mesenchymal transition (EMT) and migratory cancer stem cells models (Irène

Baccelli, 2012). Challenging the single cell metastasis model, experimental and clinical observations

demonstrated that tumor cells could also migrate collectively during tumor metastasis (Cheung et al.,

2016; Khalil and Friedl, 2010). Multiple genetically distinct tumor cell clones were found to be involved

in tumor metastasis, such as breast, pancreas, and small cell carcinoma in the mouse model (Aceto

et al., 2014; Maddipati and Stanger, 2015; McFadden et al., 2014), and in human metastatic prostate cancer

patients (Gundem et al., 2015), shows the collective migration could involve multiple cell types with distinct

properties. In sum, these observations provide accumulating evidence that collective cell migration con-

tributes to metastasis.

Cellular heterogeneity was found in collective cancer cell migration and associated with the ability of can-

cer cell metastatic potential, leading to different therapeutic responses (Almendro et al., 2013; Fidler,

2003). Recent research showed that a small group of cancer cells led to collective cancer cell migration

in the form of finger shape called ‘‘cancer finger’’ at the leading edge of the cluster trailed by follower cells

from behind (Mayor and Etienne-Manneville, 2016). During migration, leader cells explored the tumor

microenvironment and generated the migration and invasion path for follower cells (Gaggioli et al.,

2007; Haeger et al., 2014). Unlike other normal epithelial cancer cells, the front of leader cells engaged

with tissue substrate, and the other sides of leader cells contacted with the neighbor cancer cells. When

groups of cancer cells migrate, themechanotransduction between cells is going through integrins and cad-

herin-based cell-cell junctions (Weber et al., 2011). On the other hand, extracellular signals such as chemo-

kines and growth factor signaling were received by the leader cells and transferred through the other

cancer cells by intercellular communication in the group-like gap junction (Odenthal et al., 2016).

Collective migration, a critical process for tumor metastasis, is a result of incomplete epithelial-mesen-

chymal transition (EMT) (Yang et al., 2020). EMT increases actomyosin contractibility and weakens cell-cell
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junction because of lower expression of E-cadherin and desmosome, where mesenchymal-like cancer cells

adopt mostly single cell movement. Nowadays, increasing evidence shows that EMT is a dynamic process

instead of a binary one. Cancer cells can attain co-expression of both mesenchymal and epithelial markers

that contribute to collective migration (Aiello and Kang, 2019; Lambert and Weinberg, 2021; Prieto-Garcı́a

et al., 2017). Although mesenchymal transition has been widely reported to facilitate tumor cell migration,

the process may be incomplete (VilchezMercedes et al., 2021). For example, the H1975 non-small lung can-

cer cell is highly invasive and has stable expression of both epithelial markers and mesenchymal markers

(Jolly et al., 2016). Although cell heterogeneity inside the collective cancer cell migration is well-known

(Summerbell et al., 2020), the heterogeneity of EMT-associated features inside cancer fingers during col-

lective migration remains unclear.

At the physical level, EMT is generally accompanied by changing of cell deformability, which plays a critical

role in the potency of collective cancer migration because of larger volume of cells passing through the

confinements, like dense ECMmatrix and blood capillaries with diameters smaller than tumor cells (Cough-

lin et al., 2013). Generally, nontumorigenic cells are stiffer than malignant cancerous cells (Rebelo et al.,

2013). During EMT, cytoskeleton proteins transform to changes in mechanical properties of the cancer cells

in contraction, stretchability, deformability, which are mesenchymal and viscoelastic parameters. How EMT

signaling and related genes affect the mechanical properties inside the finger-like associated with collec-

tive cancer cells is not well understood.

In this work, we spatially profiled the mechanical properties, such as stiffness and adhesiveness, and bio-

logical properties, like the expression of 53 EMT-related genes in single cell resolution, in cancer fingers

during collective migration. We demonstrated that leader cells exhibited lower stiffness and elasticity

than follower cells in the collective migration. The expression of SNAIL and VIM, two EMT related genes,

were significantly upregulated in leader cells and then decreased spatially from the tip to the rear on three

lung cancer cell lines tested. After inhibiting the above two genes, collective cell fingers were diminished,

and mechanical properties were regulated. In addition, EMT induction by TGF-b treatment led to higher

levels of elasticity and stiffness with reduced migration ability. These findings showed the essential roles

of SNAIL and VIM regulate the biological and mechanical properties in cancer fingers during collective

migration and could act as the potential gene targets for cancer metastasis inhibition.

RESULTS AND DISCUSSION

Morphological characterization of leader cells in finger-like collective cancer cell migration

Lung cancer cells were cultured in Petri-dish for the cancer cell finger formation by using wound healing

assays. A mass of cancer cells directed by several leader cells was observed to migrate unidirectionally

for 24 h (Figure 1A and Video S1). In formed cell fingers, groups of cancer cells were led by one or two can-

cer cells at the tips of cancer cell fingers, which are so-called ‘‘leader cells’’. The leader cells were found in all

three non-small cell lung cancer cell lines, A549 cells, H1299 cells, and adenocarcinoma H1975 cells (Fig-

ure 1B). The displacement results of leader cells in migration assay for 24 h were analyzed. It represents

H1975 cancer cells that formed much longer cancer cell fingers than A549 and H1299 cell lines (Figure 1C).

Then, at single cell level, we observed that leader cells became much more elongated than follower cells

inside the fingers by cell elongation length and width measurement. The aspect ratio of the cancer cells in

the finger decreased gradually from the leader cell to follower cells (Figure 1D) based on the analysis of cell

position ranking (Figure S1). The morphology of cancer leader cells was more elongated than follower cells

with a larger aspect ratio. At time = 0 s, there were no cancer cell fingers, and the aspect ratio of cells re-

mained at round shape with aspect ratio close to 1.0. During the collective cell migration and cancer cell

finger formation, both leader cells and follower cells became elongated than before with the increasing

cancer cell aspect ratio. After 24 h, the aspect ratio of leader cells increased more sharply than follower

Figure 1. The finger-like collective cancer cell migration and cancer cell morphology characterization

(A) finger-like collective cancer cell migration for 24 h.

(B) The finger formation of A549 cells, H1975 cells, and H1299 cells at 24 h time point.

(C)The average finger length of A549 cells, H1975 cells, and H1299 cells after 24 h migration.

(D) The aspect ratio of single cells in cancer cell fingers of A549 cells, H1975 cells, and H1299 cells under confinement and unconfinement.

(E) The leader cell’s morphology changes from 0 h to 24 h.

(F) The follower cell’s morphology changes from 0 h to 24 h (n=3 for each group)
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cells, which indicated that leader cells were more elongated than follower cells (Figures 1E and 1F). Leader

cell morphology changing became more significant compared with follower cells after 12 h migration.

The above results showed that cancer cell fingers were formed during collective migration. For the cancer

cell morphology, both leader cells and follower cells, especially leader cells, were elongated during collec-

tive migration and cancer cell finger formation. Usually, the acquisition of a mesenchymal-like elongated

spindle morphology is associated with the development of the invasive phenotype in carcinomas and

EMT (Kalluri and Weinberg, 2009; Odenwald et al., 2013).

Unique mechanical properties of leader cells in finger-like collective migration

During metastasis, tumor cells invade through the dense peritumoral stroma and intravasate into blood

vessels that impose varying mechanical confinements to cancer cells. These mechanical confinements

impede the collective migration stronger than single cells migration because of the larger volume of cells.

Deformability is one of the critical factors that help cancer cells overcome this confinement. The microflui-

dic chip provides an efficient way to observe collective cell migration under a compressive space on a large

scale in vitro. Based on the microfluidic chip study, we found that the collective cancer migration fingers

(Figure 2A) have longer finger length under the confined space (device confinement height is 6 mm, cancer

cell around 15 mm) than the ones in Petri-dish (Figures 2A, S2, and S3). In vivo leader cells were found to be

the pioneers in tumor metastasis and invasion (Cheung and Ewald, 2014). The results also showed that

physical confinement could stimulate and promote the collective cancer fingers formation.

Cell stiffness is a crucial mechanical property that is closely related to cell motility. Cell stiffness and adhe-

siveness are two important physical factors involved in tumor metastasis (Palmieri et al., 2015). Therefore,

we first investigated the stiffness of the leader cells and follower cells (Figure S4). Atomic force microscope

(AFM) is the most prevalent method used to determine cell stiffness by the quantitative parameter desig-

nated as Young’s modulus, which is regarded as amarker of cell motility, especially in estimating themetas-

tasis of cancer cells (Lekka, 2016). To study the mechanics of cancer cells during metastasis, we first

determined the stiffness of cancer leader cells with an indentation method using an AFM and compared

it with those of follower cells. We selected the cancer cells at the tip of cancer fingers as the leader cell

and randomly picked follower cells behind to measure the Young’s modulus. Notably, in Figure 2B, it

showed that the cancer leader cells had smaller Young’s Modulus values than the follower cells for

A549, H1975, and H1299 cell lines. The results suggested that leader cells were significantly softer than fol-

lower cells. The Young’s modulus of cancer cells in normal condition is also higher than TGFb induced lung

cancer cells in themesenchymal state, indicating that the leader cells may exhibit moremesenchymal prop-

erty than epithelial property (Figure 2C) (Cascione et al., 2019).

We also measured the Young’s modulus of single cells within the cancer cell fingers according to the cell

order based on their distance from the tip. We selected seven to nine cells from each cancer cell finger, and

measured Young’s modulus of each selected cell. We found that cells at the front position had lower

Young’s modulus values than their followers. The stiffness increased along with the cancer cell fingers

from the leader cells to the follower cells for all A549, H1975, and H1299 cells (Figure 2D). In vivo, leader

cells were in the front of the collective cancer cell migration, which were under the bio/chemical factor in-

duction and physical space pressure (Clark and Vignjevic, 2015). The elasticity of cancer leader cells may

provide them with the ability to invade through and survive in the confinement of the tissue and ECM,

and the different cellular deformability with tumorigenic and metastatic potential may be underlined by

the tumor heterogeneity (Swaminathan et al., 2011).

Other than stiffness, we also investigated the adhesiveness of each cancer cell during collective cancer cell

migration by measuring the adhesion force. Studying cell adhesion is to measure how cells stick to and

interact with each other and their environment. Some studies have suggested that the strength with which

cells attach to the surrounding tumor tissue would indicate the likelihood of secondary tumor development

(Fuhrmann et al., 2017). Tumor cells exhibit substantial variability in their adhesive strength. Understanding

adhesive heterogeneity within an invasive population may provide another perspective on collective

migration and finger formation.

In this work, we found that leader cells had lower adhesion force than the one of follower cells, which indicated

that the leader cells were less adhesive than follower cells (Figure 3A). When compared withmesenchymal state
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(TGF-b treated) cells as agroup, cancer cells showsignificantly higher adhesion force (Figure 3B). However,when

wemeasured adhesion force in cancer fingers at single cell level, the adhesion force of each cancer cell does not

show significant differences (Figure 3C). From the above results, we could identify intercellular heterogeneity in

cancer fingers. Leader cells weremore elastic and less adhesive than follower cells, which suggested that leader

cells physically have more mesenchymal features than follower cells.

Spatial EMT related gene expression profiling in cancer cell fingers

The above cell morphology and mechanical properties data indicated that the leader cells were more

mesenchymal-like. To further investigate the EMT state in cancer fingers, we studied EMT related gene ex-

pressions at the single-cell level within the finger section. Individual leader cells and follower cells of the

cancer fingers were picked up by capillary-based vacuum force (Figure 4A and 4B), which enabled the pre-

cise selection at single cell level for spatially mapping of gene expression. Figure 4B showed the result of

how a leader cell was precisely picked up.

Figure 2. The stiffness of cells in cancer cell fingers

(A) cancer cell finger formation in confined and unconfined space with the channel height of 6 and 30mm.

(B) The Young’s Modulus of leader cells and follower cells in cancer fingers.

(C) The Young’s Modulus of normal cancer cells and mesenchymal cells.

(D) The Young’s Modulus of single cells in cancer fingers. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns not significantly, Two-tailed t-test)
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During collective cancer migration, leader cells led the group of cells to go through the extracellular matrix

for tumor invasion while metastatic cancer cells undergo epithelial to mesenchymal transition. However,

the role of EMT in physical properties and migratory behavior of leader cells remains unclear. Therefore,

we then investigated the EMT related gene expression of cancer finger at single cell resolution. By single

cell open array, we analyzed the expression profile of 53 EMT-related genes spatially for 16 single cells

along each cancer cell finger of A549, H1975, and H1299, respectively, with three cancer fingers in total

(Table S1). We found some genes were highly correlated with the spatial location of the cancer within

the fingers. On the other hand, we also picked out spare single cells for each cell line from the Petri dish

and performed an open array. Spare cells and leader cells separate into two different groups according

to hierarchical clustering (Figure S5), which indicates the specialty of the leader cell.

Figure 3. The adhesion force of cancer cell in finger formation

(A) The adhesion force of leader cells and follower cells in cancer fingers.

(B) The adhesion force of cancer cells and mesenchymal state cells.

(C) The adhesion force of single cells in cancer fingers. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns not significantly, Two-tailed t-test)
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Based on the results, we further analyzed the correlation of gene expression and cell location along the

fingers of each cancer cell line. The significant genes in each cell line were shown in Figure 4C. In A549 cells,

ZEB1, SNAI1, and VIM genes were negatively correlated with cancer cell locations, indicating the

decreasing gene expression from leader cells to follower cells. COL5A2 and TIMP1 genes were positively

correlated with cancer cell locations, indicating the increasing gene expression from leader cells to follower

cells. For H1299 cells, SNAI1, VIM, TWIST1, ZEB2, TOP1, TNNB1, NFKB2, ZEB1, and NFKB1 showed nega-

tive correlation, whereas VCAN, ITGB1, CDH2, and NOTCH1 were positively correlated. For H1975 cells,

VIM, SNAI1, SNAI2, and AKT1 genes were negatively correlated, whereas NOTCH1 and TGFB3 showed

positive correlation. Among the significantly correlated genes, there were two common genes, SNAIL

and VIM. Both genes were negatively correlated with cancer cell location in the cancer fingers.

The above results demonstrated that for all the three lung cancer cell lines (A549 cells, H1975 cells, and

H1299 cells), SNAIL and VIM, as two important EMT-related genes, are highly expressed in the leader cells.

In addition, the expression of two genes both decreased from leader cells to follower cells (Figure 5A). The

linear correlation of SNAIL and VIM with cancer cell locations in the cancer fingers were shown in Figure 5B

for all three cancer cell lines. Both genes showed linear negative correlation with the cancer cell location.

Leader cells expressed higher SNAIL and VIM than follower cells. The SNAIL and VIM expression results

were verified by fluorescence immunostaining (Figure 5C). The fluorescence images showed that the leader

cells expressed higher Snail and Vim proteins than the follower cells, showing that leader cells were with

higher SNAIL and VIM gene expression than follower cells and the expressions were cell location

dependent.

SNAIL and VIM are two key EMT-related genes in cancer metastasis. SNAIL family members have been

implicated in various important developmental processes, including neural differentiation, cell fate, and

survival decisions, as well as left-right identity. Expression of SNAIL positively correlates with tumor grade,

recurrence, metastasis, and poor prognosis in various tumors. The expression of SNAIL was found to be a

critical regulator of EMT and closely associated with tumor metastasis (Wang et al., 2013). Many signaling

molecules from tumor microenvironment have been shown to induce Snail expression (Jin et al., 2010). In

addition, Snail-induced EMT accelerates metastasis through induction of immune-suppression (Kudo-

Saito et al., 2009).

Figure 4. EMT-related gene expression profiling of cancer cell fingers in single cell resolution

(A) schematic diagram of single cell picking from finger-like collective cancer migration.

(B) single cell picking by Kuckpick device.

(C) the significant correlation genes for A549, H1299, and H1975 cells
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Meanwhile, VIM is now regarded as a canonical marker of EMT. After EMT, cells become more elongated

andmore dissociative with aggressivemigration ability. The fact that leader cells from the three lung cancer

cell lines had elongated morphology (Figure 1) and increased expression of mesenchymal markers (VIM

and SNAIL) implies that mesenchymal transition is crucial for leader cells. However, we found that leader

cells fromA549 cells still have some CDH1 expression (Figure S6). These results are consistent with previous

findings that incomplete EMT processes can also promote cell migration (Campbell et al., 2019). Moreover,

the H1975 cells have been reported to have a stable hybrid epithelial/mesenchymal state, expressing both

VIM and CDH1 (Jolly et al., 2016). But we found that the CDH1 was not detectable in finger cells fromH1975,

probably because of the loss of CDH1 expression finger cell formation. Previous cancer leader cell analysis

mainly focused on themigration-related proteins, such as RhoA-Rock signaling which involves actin protein

repolarization (Khalil and Friedl, 2010; Yamaguchi et al., 2015). In this work, we investigated the role of can-

cer cell EMT in cancer cell fingers single cell resolution. Our single cell analysis results suggest the hetero-

geneity of cancer cell fingers during collective cancer cell migration. Leader cell formation is regulated by

SNAIL and VIM family genes. Therefore, the commonly upregulated genes SNAIL and VIM could be the

potential target for inhibiting finger-like collective migration.

SNAIL andVIM are two key genes to determine collectivemigration by knockdown validation

To verify our finding, we knocked down the SNAIL and VIM genes on leader cells to investigate whether it

can affect the cancer finger formation. SNAI1, SNAI2, and VIM genes were inhibited by siRNA transfection

in cancer cell migration assay as shown by immunostaining and PCR methods (Figure S7). After genes in-

hibition, we characterized the finger formation during the collective cell migration. The time series images

of collective cell migration were demonstrated in Figure 6A. In the same time frame, the cell migration

without treatment is significantly faster than cells with SNAIL and VIM genes knocked down (Figure 6B).

For A549, H1975, and H1299 cells, the cancer cell morphology was not significantly changed with time (Fig-

ure 6C). Cancer cell migration became substantially slower compared to the normal condition. We

compared the collective cancer cell migration at normal condition, SNAIL inhibition condition and VIM

Figure 5. SNAIL and VIM are upregulated in the leader cells of cancer fingers

(A) The significant expression genes of A549 cells, H1975 cells, and H1299 cells.

(B) The correlation of SNAIL and VIM gene expression in the cancer cell fingers of A549 cells, H1975 cells, and H1299 cells, respectively.

(C) The fluorescence immunostaining of SNAIL and VIM on cancer fingers (leader cell point out in red arrow).
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inhibition condition together. The results showed that after SNAIL and VIM inhibition, the collective cancer

cell migration boundaries were smoother with less finger formation than the normal condition, which indi-

cated the SNAIL and VIM genes played important roles in cancer finger formation (Figure 6D). The cell cycle

of cancer cells showed no significant changes after the inhibition of SNAIL and VIM (Figure S8).

After the inhibition treatment, we also measured the stiffness and adhesiveness of the cancer cells in col-

lective migration. For all A549, H1975, and H1299 cells, the Young’s modulus of cancer cells with VIM inhi-

bition was significantly higher than the negative control, which indicated that cancer cell stiffness increased

significantly after the VIM inhibition (Figure 6E). However, the Young’s modulus of cancer cells with SNAIL

inhibition was no significant difference with negative control for A549 and H1975 cells. Only the H1299 cells’

Young’s modulus was significantly higher than the negative control. Rather than VIM inhibition, the SNAIL

inhibition showed no obvious effect on regulation of cancer cell stiffness. In terms of cancer cell stickiness,

both SNAIL and VIM inhibition increased the adhesion force of cancer cells when compared with normal

conditions (Figure 6F). The results showed that SNAIL and VIM, two cancer genes, can both regulate cancer

cell stickiness.

Thus, for lung cancer cell lines, these findings suggested that SNAIL and VIM genes play an essential role in

collective cancer migration by regulating cancer cell morphology, mechanical properties, and finger for-

mation. They may serve as potential targets for preventing metastasis by inhibiting finger formation.

Conclusions

In this work, we investigated how EMT-associated genes and mechanical properties of single cells affect

cancer fingers during collective migration. Experimentally, the stiffness and adhesiveness suggest that

leader cells are less elastic and sticky than follower cells in cancer fingers. The cancer heterogeneity is

involved in cancer fingers that can be demonstrated by the spatial EMT-related genes profiling. We find

that SNAIL and VIM genes are highly expressed in the leader cells as demonstrated in maps. After the

knockdown of these two genes, cancer cell finger formation was inhibited, and cancer cells stiffness and

adhesiveness increased with the decreasing migration abilities. These findings confirmed that SNAIL

and VIM play an important role in regulating the biological and mechanical properties of cancer fingers,

and indicated that SNAIL and VIM could be potentially used as targets for inhibiting cancer finger forma-

tion and cancer metastasis.

Limitations of the study

The study reveals the difference and relationship between leader and follower cells based on mechanical

andmolecular properties. The current study can only show the relationship on the particular timepoint after

leader cell and follower cell formed. The question of the leader cell formed with the natural potential of the

cell or competition with other cells remains unclear. Picking single cells at different timepoints followed by

the sequencing technique may help screen out the potential gene which causes leader cell formation.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS

Figure 6. The characterization of collective cell migration after SNAIL and VIM genes inhibition

(A) the collective cancer cell migration after SNAIL and VIM gene expression.

(B) cell group migration speed. (n=3 for each group)

(C) the morphology changes of cancer cells in collective cancer migration in terms of aspect ratio.

(D) The cancer cell finger-like collective migration in A549 cells, H1299 cells, and H1975 cells.

(E) Young’s modulus of cancer cells in fingers under different conditions.

(F) The adhesion force of cancer cells in fingers under different conditions. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns not significantly, Two-tailed

t-test).
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B Non-scratching wound healing assay

B AFM instrumentation, imaging, surface stiffness and stickiness analysis

B Cell collection with Kuiqpick from cultures

B Single cell analysis

B SNAIL and VIM inhibitor transfection using lipofectamine

B Microfluidic chip fabrication

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Statistical analysis
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and data should be directed to and will be fulfilled by the

lead contact, Mengsu Yang (bhmyang@cityu.edu.hk).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d This paper does not report original code

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Non-small lung cancer cell lines, A549 cell line, H1975 cell line, H1299 cell line were cultured in DMEM/F12

(1:1, cat# 11039-021, GIBCO�, USA) in the incubator with 5% CO2 at 37 degree (CO2 water-jacketed incu-

bator, Nuaire�, USA). The three cell lines were epithelial adenocarcinoma. The culture mediums were all

supplementary with 10% fetal bovine serum (FBS) and 1% penicillin-Streptomycin (10000 Units/mL of Peni-

cillin and 10000 mg/mL of Streptomycin, Life technologies, USA).

METHOD DETAILS

Non-scratching wound healing assay

Non-scratching wound healing assay was performed in the Ibidi culture insert (Ibidi�, Munich, Germany),

which consists of two cell culture chambers separated by an interval with the width of 500 mm. 70 mL of cell

suspension at a density of 5 3 105 cells/mL and 10% serum medium were seeded in each chamber. After

cell adhesion and growth for 24 hours followed by removal of the insert. Fresh medium containing 2% FBS

were prepared for collective cells migration and finger formation.

AFM instrumentation, imaging, surface stiffness and stickiness analysis

A BioScope Catalyst atomic force microscope (Bruker Nano, Santa Barbara, CA) was used to measure me-

chanical properties of live cells. A conically shaped silicon nitride AFM probe with a spring constant of

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Vimentin cell signalling technology Cat#5741

Snail cell signalling technology Cat#3879

Anti-rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor� 488 Conjugate) cell signalling technology Cat#4412

Alexa Fluor� 647 Phalloidin cell signalling technology Cat#8940

Experimental models: Cell lines

A549 ATCC CCL-185

NCI-H1299 ATCC CRL-5803

NCI-H1975 ATCC CRL-5908

Oligonucleotides

Snail Thermo Fisher Scientific Cat#4392420

Vim Thermo Fisher Scientific Cat#4390824

TaqMan OpenArray Thermo Fisher Scientific Cat#4471125
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0.1 N/m (MLCT, Bruker-nano, Santa Barbara, CA) was used. Young’s modulus and adhesion force were

derived by fitting curves extracted from 10-20 measurement on one single cells with Sneddon model.

Cell collection with Kuiqpick from cultures

Kuiqpick device was used according to themanual for collecting live cells. Single cell was carefully removed

by using a syringe. The collected lung cancer cells were transferred onto a 6-well culture plate containing

complete DMEM culture medium. Cells were maintained in PBS during the collection. Photographs were

taken daily to record the growth and proliferation of cells.

Single cell analysis

Single cells from fingers were isolated by Kuiqpick with 30mm diameter of capillary tube. Cells were lysed,

reverse transcribed and amplified with Single Cell-to-CT qRT-PCR Kit (Invitrogen) and a pool of Taqman-

probe (please see the attachment). The amplified cDNA was then quantified by OpenArray.

SNAIL and VIM inhibitor transfection using lipofectamine

Prepare lipocomplex: add 10.56 ul lipofectamine 2000 to 220 ul OptiMEM and 2.5 ul (50 pmol) of Negative

control/Snail mimics or 5 ul (100 pmol) Negative control/Snail inhibitors to 100 ul OptiMEM. Combine the 2

mixtures and incubate at room temperature for 20-30 minutes. Prepare cancer cell samples with the density

of 5 x 104 cells in 1.76mLOptiMEMmedium. Add 50 ul lipocomplex containing RNAs to each well. Incubate

for 5-6 hours at 37C. Change to complete medium and incubate for 2 more days.

Microfluidic chip fabrication

The confined microfluidic device was fabricated according to the protocol we published previously using

soft lithography technique by molding poly(dimethylsiloxane) (PDMS) (10:1 silicone elastomer with curing

agent, Sylgard 184, Dow Corning�, Midland, MI.) against a master made of printed circuit board

(PCB,75312531.6mm, Kinsten� Pty. Ltd.). The microfluidic device consisted of two layers molded from

the PCB masters etched by ferric trichloride solution (1.56310-3 mol/mL) for different times: the top layer

was etched for 45 minutes for the generation of master with the height of 21 mm, and the bottom layer was

etched for 16 minutes such that the height of the microchannels was about 6 mm, respectively. Inlets and

outlets on the PDMS replica were drilled by circular holes puncher with the diameter of 1.22 mm. Two

PDMS layers were treated by air plasma (Plasma cleaner/sterilizer, PPC-3XG, Harrick�, NY, US) and bonded

together with precise alignment under the microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

For both conventional assays and on-chip analysis, at least triplicated experiments were performed for

each cell line. In each condition, at least 25 cells were measured, and all quantitative data were presented

as means G s.d. Single cell gene analysis was dependent on the t-test significant results.
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