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Metastatic lung cancer remains a leading cause of death worldwide, with its
intricate metastatic cascade posing significant challenges to researchers and
clinicians. Despite substantial progress in understanding this cascade, many
aspects remain elusive. Microfluidic-based vasculature-on-chip models have
emerged as powerful tools in cancer research, enabling the simulation of
specific stages of tumor progression. In this study, we investigate the
extravasation behaviors of A549 lung cancer cell subpopulations, revealing
distinct differences based on their phenotypes. Our results show that
holoclones, which exhibit an epithelial phenotype, do not undergo
extravasation. In contrast, paraclones, characterized by a mesenchymal
phenotype, demonstrate a notable capacity for extravasation. Furthermore, we
observed that paraclones migrate significantly faster than holoclones within the
microfluidic model. Importantly, we found that the depletion of vascular
endothelial growth factor (VEGF) effectively inhibits the extravasation of
paraclones. These findings highlight the utility of microfluidic-based models in
replicating key aspects of the metastatic cascade. The insights gained from this
study underscore the potential of thesemodels to advance precisionmedicine by
facilitating the assessment of patient-specific cancer cell dynamics and drug
responses. This approach could lead to improved strategies for predicting
metastatic risk and tailoring personalized cancer therapies, potentially
involving the sampling of cancer cells from patients during tumor resection or
biopsies.
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1 Introduction

Lung cancer is the leading cause of cancer-associated mortality worldwide, with
non-small cell lung cancer (NSCLC) accounting for 80%–85% of all lung cancers
(World Health Organization (WHO)). The high fatality rate is mainly due to the
advanced stage at which most patients are diagnosed. By this point, the cancer has often
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metastasized, to other parts of the body, such as the bones, brain,
and liver (Tamura et al., 2015; Siegel et al., 2021). Metastasis is an
intricate process in which cancer cells escape from the primary
tumor, intravasate into the bloodstream or lymphatic system, and
ultimately get lodged in small capillaries at distant locations,
where they extravasate to form secondary tumors (Lambert et al.,
2024). Cancer cells evading primary tumors have a remarkable
ability to adapt during the metastatic journey. For instance,
circulating tumor cells (CTCs) can undergo epithelial-to-
mesenchymal transition (EMT), adopt a regenerative
progenitor-like phenotype, enter dormancy, evade immune
surveillance, and interact with organ-specific niches (Celià-
Terrassa and Kang, 2016; Massagué and Ganesh, 2021; Bakir
et al., 2020). In the EMT process, cells shed their epithelial
features and acquire mesenchymal characteristics. The role of
EMT in cancer metastasis has been widely discussed as both
phenotypes, epithelial and mesenchymal, play an essential role
during tumor initiation, stemness, therapy resistance, invasion,
and migration capacities (Roche, 2018; Shibue and Weinberg,
2017; Nieto et al., 2016; Pastushenko and Blanpain, 2019).
Underlying mechanisms of EMT are described to be complex
and based on diverse origins such as genetic mutations,
epigenetic alterations, miRNA, biochemical or mechanical cues
(Kalluri andWeinberg, 2009; Zhao and Lv, 2023; Pan et al., 2021).
This adaptability is demonstrated by the presence of different
subcolonies that derive from the parental NSCLC cell line A549;
holoclones, meroclones, and paraclones. Holoclonal A549 cells
give rise to round packed colonies and exhibit an epithelial and
stem-cell-like phenotype that features the highest tumor
initiation capacity. Paraclonal A549 cells are loosly packed
and exhibit a mesenchymal-like phenotype associated with
increased resistance to therapy and high migration capacity.
Meroclonal cells, however, feature an intermediate phenotype.
Xenograft tumor formation capacity is significantly higher in
holoclonal cells than in paraclonal A549 cells (Tièche
et al., 2019).

In vitro and in vivo methods have been established to better
understand the underlying mechanisms of metastasis and address
the inherent complexities of the metastatic process. Standard in vitro
methods are often simple, fast, and reproducible but mostly limited
to two-dimensional or three-dimensional assays based on
chemotaxis or the Boyden-chamber principle and lack the tumor
microenvironment. In vivo methods allow the crosstalk between
cancer cells and the organisms based on genetically engineered or
transplant model organisms (syngeneic animals, patient- or cell line-
derived xenografts) but are time-consuming, expensive and
associated with ethical concerns (Bouchalova and Bouchal, 2022).
In the past few years, microfluidic-based vascular models, have
successfully replicated specific stages of the metastatic process
(Brooks et al., 2024; Kim et al., 2022) or simulated various
aspects of the tumor microenvironment (Jung et al., 2022), such
as the role of mural cells in tumor vessel permeability (Bichsel et al.,
2017). During the metastasis, only a few CTCs evade the immune
system and withstand the shear stress or anoikis within the
bloodstream (Leone et al., 2018; Mitchell and King, 2013; Han
et al., 2021). Microfluidic-based vascular models can recapitulate the
dynamic multicellular interactions between CTCs and blood vessels,
thus demonstrating their significance in cancer research. These

models are either based on the self-assembly of endothelial cells
and stromal cells or utilized patterned lumen seeded with
endothelial cells (Haase and Kamm, 2017). Organotypic
microfluidic assays have shown that breast cancer cells do not
exhibit extravasation dynamics into the muscle
microenvironment, but do so into bone, through the interplay of
breast cancer cell receptor CXCR2 and the chemokine
CXCL5 secreted by the bone (Bersini et al., 2014; Jeon et al.,
2015). Crippa et al. recreated an early metastatic niche by
perfusion of CTCs together with platelets and neutrophils in a
vascularized 3D microvascular environment, which showed
increased extravasation dynamics due to the upregulation of
EMT markers in the presence of the immune cells. Further, drug
testing with eptifibatide, an integrin β3 inhibitor, reduced the
expression of EMT markers in cancers and decreased cancer cell
adhesion as well as invasion (Crippa et al., 2021). Boussommier-
Calleja et al. reported the monocyte-mediated impact on cancer cell
extravasation showing that undifferentiated monocytes reduce
cancer cell extravasation (Boussommier-Calleja et al., 2019). In
addition, Offeddu et al. demonstrated that tumor and vascular
glycocalyx play a crucial role in tumor cell extravasation,
providing evidence that tumor cells repurpose glycocalyx to
promote adhesive interactions and cancer progression (Offeddu
et al., 2021).

In contrast to earlier studies, the aim of this research is to
evaluate the behavior of lung cancer cell subpopulations with
different phenotypes within a functional microvascular network
(µVN). Specifically, we focus on holoclones and paraclones, two
A549 lung adenocarcinoma cell subpopulations characterized by
epithelial and mesenchymal phenotypes, respectively. By
introducing these cancer cells into a self-assembled
microvasculature network, we aim to assess their extravasation
potential and migration velocities. Additionally, we investigate
the impact of extravasation capacity upon VEGF depletion in the
cell culture, simulating the effects of anti-VEGF therapeutic drugs.
This study is novel in its comprehensive approach to examining the
differential behavior of lung cancer subpopulations in a dynamic
vascular environment, providing valuable insights into their
metastatic capabilities and potential therapeutic responses.

2 Material and methods

2.1 Chip design and fabrication

The design and fabrication of the microvasculature-on-chip
(µVN-on-Chip) were reported earlier (Bichsel et al., 2015).
Briefly, the design includes a 2 mm in diameter circular central
chamber and two adjacent microchannels for cell culture medium
and for cancer cell loading. They are separated by a series of
trapezoidal micropillars aimed at maintaining the hydrogel
within the central chamber by surface tension. The microfluidic
chips were produced by polydimethylsiloxane (PDMS) replica
molding on a SU-8-coated Si wafer. Briefly, PDMS (Sylgard™
184 Elastomer, Dow Corning, Midland, MI, U.S.) was mixed in a
10:1 ratio with the curing agent and cured at 60 °C for at least
6 hours. Prepared chips were treated with oxygen plasma prior to
bonding to glass microscopy slides.
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2.2 Cell culture

Primary human umbilical vein endothelial cells (HUVECs)
were purchased from Gibco (Thermo Fisher Scientific, Waltham,
MA, U.S.) and cultured in endothelial growth medium 2 (Cat.
#CC-3162, Lonza, Basel, Switzerland). RFP-positive primary
human lung microvascular endothelial cells (VeraVecs,
Angiocrine Bioscience, San Diego, CA, U.S.) were cultured in
microvascular endothelial growth medium 2 (Cat. #CC3202,
Lonza, Basel, Switzerland). Normal human lung fibroblasts
(NHLFs) were obtained from Lonza (Basel, Switzerland) and
cultured in Ham’s F-12K (Kaighn’s) cell culture medium (Cat.
#21127022, Thermo Fisher Scientific, Waltham, MA, U.S.)
supplemented with 10% fetal bovine serum (Cat. #F7524,
Sigma-Aldrich, St. Louis, MO, U.S.) and 1% Penicillin/
Streptomycin (Cat. #P4333, Sigma-Aldrich, St. Louis, MO,
U.S.). The NSCLC cell line A549 (CCL-185) was purchased
from the American Type Culture Collection (ATCC, Manassas,
VA, U.S.). The cell lines paraclone and holoclone were obtained
from parental A549 as described previously (Tièche et al., 2019)
and cultured in Dulbecco’s Modified Eagle Medium F12 (DMEM/
F12) Nutrient Mixture Ham (Cat. #21331020, Thermo Fisher
Scientific, Waltham, MA, U.S.) supplemented with 10% fetal
bovine serum (Cat. #F7524, Sigma-Aldrich, St. Louis, MO,
U.S.), 1% Penicillin/Streptomycin (Cat. #P4333, Sigma-Aldrich,
St. Louis, MO, U.S.), and 1 L-glutamine (Cat. #5030024,
Invitrogen, Waltham, MA, U.S.). Subtype-specific colonies were
identified based on their ability to form colonies (holoclones) and
subsequently separated by cloning cylinders to establish
subpopulations. All cells were maintained at 37°C and 5% CO2

in a humidified incubator. Harvesting of cells was performed by
treatment with TrypLE Express Enzyme 1X (Cat. # 12604039,
Thermo Fisher Scientific, Waltham, MA, U.S.), and cell numbers
were determined using a hemocytometer and 0.1% trypan blue for
dead cell exclusion.

2.3 Lentiviral infection of
A549 subpopulations

The lentiviral vectors were produced according to a previously
published protocol with a fewmodifications (Beronja et al., 2010). In
detail, VSV-G pseudotyped lentivirus was produced by transfection
of 293T cells (Invitrogen, Waltham, MA, U.S.) using Lipofectamine
2000, 9 µg packaging plasmid psPAX2 (Cat. #12260, Addgene,
Watertown, MA, U.S.), 0.9 µg envelope plasmid pCAG-VSVG
(Cat. #35616, Addgene, Watertown, MA, U.S.), 9 µg LV-GFP
(Cat. #25999, Addgene, Watertown, MA, U.S.) or LV-RFP (Cat.
#26001, Addgene, Watertown, MA, U.S.) in 225 µL Opti-MEM I
(Cat. #31985062, Thermo Fisher Scientific, Waltham, MA, U.S.)
mixed with 90 µL Opti-MEM containing 54 µL Lipofectamine 2000
(Cat. 11668019, Thermo Fisher Scientific, Waltham, MA, U.S.).
Medium was exchanged after 18 h of incubation. Virus
supernatant was collected 24 h and 48 h later. 500 μL of virus
supernatant was used to transduce A549 subpopulations 8 in the
presence of 8 μg/mL polybrene for 72 h. Cells were then flow-sorted
twice for GFP or RFP-positive populations using BD FACS ARIA I
(BD Biosciences, Franklin Lakes, NY, U.S.).

2.4 FACS

For the analysis by flow cytometry, both A549 subpopulations
were cultured for 7 days. After washing in phosphate-buffered saline
(PBS, Cat. #D8537, Sigma-Aldrich, St. Louis, MO, U.S.), cells were
either cultivated in their standard cell culture medium as described
above or cultivated in microvasculature cell culture medium (EGM2)
for 24 h. Cells were cultivated at 37°C and 5% CO2 in a humidified
incubator and harvested as described previously with few adaptations
(Deng et al., 2022). In detail, for the extracellular staining cells were
washed with PBS, about 500,000 cells were resuspended in 100 µL of
FACS buffer (2% FBS/PBS) supplemented with 20 µL of human
TruStain FcX™ Fc Receptor Binding Inhibitor Functional Grade
Monoclonal Antibody (Cat. #14–9161–73, eBioscience, San Diego,
CA, U.S.) and incubated for 20 min at RT. 1 mL FACS buffer was
added to stop the reaction and cells were washed, followed by
centrifugation at 400 g for 5 min. After discarding the supernatant,
cells were incubated in FACS buffer containing the extracellular
mouse anti-human EpCAM-PE-Cyanine7 (1.5 µL/100 µL) (Cat.
#25–9326–42, eBioscience, San Diego, CA, U.S.), mouse anti-
human CD90-BV421 (3 µL/100 µL) (Cat. #328122, BioLegend, San
Diego, CA, U.S.) and LIVE/DEAD™ Fixable Near-IR Dead Cell Stain
Kit (Cat. #L10119, Thermo Fisher Scientific, Waltham, MA, U.S.) for
30 min on ice (protected from light). Cells were washed in FACS
buffer for 5 min and then centrifuged at 400 g for 5 min at RT. The
cells were resuspended in 0.5 mL of FACS buffer. All samples were
measured on a BD Bioscience LSR2 flow cytometer (BD Biosciences,
Franklin Lakes, NY, U.S.), and 10,000 events were recorded. FlowJo
V10 software (Tree Star, Inc., Ashland, OR, U.S., RRID: SCR_008520)
was used to analyze. fcs files.

2.5 Chip loading and maintenance

Both endothelial cells and lung fibroblasts were resuspended in
2 U/mL thrombin from bovine plasma (Cat. #T4648, Sigma-Aldrich,
St. Louis, MO, U.S.) in EGM2 at a final concentration of 4 × 107 cells/
mL (HUVECs) and 1 × 107 cells/mL (NHLFs), respectively. For co-
culture, HUVECs and NHLFs were mixed with 10 mg/mL
fibrinogen from bovine plasma (Cat. #F8630, Sigma-Aldrich, St.
Louis, MO, U.S.) in PBS(−) (Thermo Fisher Scientific, Waltham,
MA, U.S.), followed by immediate pipetting of the cell suspension
into the central chamber of the chip. After fibrin polymerization,
EGM2 was added to the microchannels as a cell culture medium.
The chips were kept at 37°C and 5% CO2 in the incubator in a closed
Petri dish, together with a wet tissue for humidification and
maintained for 7 days. Medium was exchanged every 24 h. The
EGM2 cell culture medium was supplemented with recombinant
human VEGF (165) IS (Cat. #130–109–381, Miltenyi Biotec,
Bergisch Gladbach, Germany) at 37.5 ng/mL in 0.1% BSA in
PBS, sphingosine-1-phosphate (Cat. #S9666, Sigma-Aldrich, St.
Louis, MO, U.S.) at 250 nM in 95% DMSO/5% HCl (1M), PMA
(Cat. #1585, Sigma-Aldrich, St. Louis, MO, U.S.) at 10 μg/mLDMSO
inMiliQ, rhFGFb (Cat. #100–26, Peprotec, Thermo Fisher Scientific,
Waltham, MA, U.S.) at 37.5 ng/mL in 0.1% BSA in PBS,
recombinant human MCP-1 (Cat. # 11343386, Immunotools,
Friesoythe, Germany) 37.5 ng/mL in 0.1% BSA in PBS, and
recombinant human HGF (Cat. #294-HG-005, Peprotec, Thermo
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Fisher Scientific, Waltham, MA, U.S.) at 37.5 ng/mL in 0.1% BSA in
PBS from day one until day four to enhance vasculogenesis.

2.6 Extravasation assay

To study cancer cell extravasation, A549 subpopulations,
holoclones and paraclones, were added at 2 × 105 cells/mL in
EGM2 on day six to the microchannel and incubated for 24 h as
shown in Figure 1. All reservoirs were emptied before the addition of
70 µL cancer cell suspension in the microvasculature. The resulting
hydrostatic pressure difference across the chip induced a transient
flow that directed the cancer cells to enter the vascular lumen
through vessel openings. Once cancer cells reached the
microvasculature after a few seconds, endothelial growth medium
was added to the opposite reservoirs, resulting in a static and
equilibrated system. The extravasation efficiency was assessed
after confocal imaging of the entire microvasculature network.
Images were reconstructed in 3D to quantify extravasated cancer
cells (Chen et al., 2017).

2.7 VEGF depletion in the µVN-on-chip

A VEGF-free medium (EGM2 w/o VEGF) was used to treat the
microvasculature network after mature network formation on day
five to prevent VEGF from influencing extravasation results.
Mesenchymal-like paraclones were resuspended in EGM2 w/o
VEGF and added on day 6 for the extravasation assay.

2.8 Permeability assay

To characterize the vascular permeability after cancer cell
loading, 70 kDa rhodamine isothiocyanate (RITC) - conjugated

dextran (Cat. #R9379, Sigma-Aldrich, St. Louis, MO, U.S.) was
added to one reservoir at a concentration of 1 mg/mL in PBS
shortly after starting image acquisition. Time-lapse images were
acquired every 10 s for 3 min using the M7000 EVOS microscope
(Thermo Fisher Scientific, Waltham, MA, U.S.). The permeability
coefficient was calculated as previously described (Chrobak et al.,
2006). Seven to ten regions of interest were quantified per
microvasculature network. To remove the confounding factor
of having only local effects on the vascular barrier by cancer cells,
additional experiments with A549 conditioned medium were
performed. Therefore, DMEM/F12+++ was replaced by
EGM2 in the cell culture flasks of A549 subpopulations.
Conditioned medium was collected after 24 h and added to
the µVN-on-chip on day six.

2.9 Immunostaining and image acquisition

For immunofluorescence staining, the microvasculature
network was fixed using paraformaldehyde (PFA; 4% w/v in
PBS) for 15 min, washed 3x with PBS, permeabilized for
10 min with 0.1% Triton X-100 (Cat. #X100, Sigma-Aldrich,
St. Louis, MO, U.S.) and blocked for 1 hour with 2% BSA (Cat.
#A9418, Sigma-Aldrich, St. Louis, MO, U.S.) in PBS. Samples
were incubated for 24 h with a primary polyclonal goat IgG
antibody to the endothelial-specific marker VE-Cadherin (Cat.
#AF938-SP, R&D systems, Minneapolis, MN, U.S.) diluted 1:
200 in 2% BSA in PBS. As secondary antibody, a donkey anti-
Goat IgG conjugated with 546 Alexa Fluor diluted 1:500 (Cat.
#A11056, MolecularProbes, Eugene, OR, U.S.) was added
together with Acti-stain phalloidin 670 (#Cat. PHDN1,
Denver, CO, U.S.) diluted 1:150, and Hoechst 33342 (Cat. #
14533, Sigma-Aldrich, St. Louis, MO, U.S.) diluted 1:1000 in 2%
BSA in PBS and incubated for 24 h at 4°C. Z-stack images were
acquired using the ×4 and ×10 objectives of the Zeiss laser

FIGURE 1
Experimental setup for the cancer cell extravasation-on-chip. Endothelial cells (HUVECs) and stromal cells (NHLFs) are co-cultured in fibrin hydrogel
to form an interconnected and perfusable microvasculature within 6 days in the central chamber of a microfluidic chip. On day 6, A549 subclones,
holoclones or paraclones, are added to the adjacent microchannels of the central chamber. After 24 h cancer cell extravasation is assessed by live-cell
imaging and immunostaining. Created with BioRender.com.
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scanning microscope 710 (Carl Zeiss Microscopy, Thornwood,
NY, U.S.). 3D surface rendering was performed with Imaris
V9.9.1 (Oxford Instruments, Abington, U.K.).

2.10 Time-lapse observation and analysis

For time-lapse observation of the extravasation dynamics of the
A549 subpopulations in the microvasculature network, chips were
imaged every 30–60 min for 12 h with the Nipkow spinning disk
confocal Yokogawa CQ-1 microscope (Yokogawa Denki K.K.,
Musashino, Japan). After image acquisition, GFP-labeled
A549 subpopulations were manually tracked using the open-
source image analysis software FIJI (Schindelin et al., 2012).
Therefore, selected cancer cells were followed within the
vasculature and in the surrounding hydrogel. Obtained results
were analyzed for migration velocity and accumulated distance
using the open-source Chemotaxis and Migration Tool V2.0
(ibidi, Gräfelfing, Germany). Cell migration trajectories from XY
coordinates were performed using R Statistical Software V4.1.2. (R
Core Team 2021). Therefore, obtained XY coordinates were
converted from pixels to micrometers, and the initial position of
each track was subtracted for each track (X = X–first(X), Y =
Y–first(Y)) to start at (0,0) for each track. The R analysis pipeline
included open-source packages including dplyr (Wickham et al.) as
well as ggplot (Wickham, 2016).

2.11 RT-qPCR

To assess the effect of A549 cancer cell conditioned medium
on endothelial gene expression, HUVECs were seeded at a 40 ×
106 cells/mL in a 10 µL fibrin hydrogel droplet on a 96-well plate.
After 3 days in EGM2 cell culture medium, HUVECs were
exposed for 24 h to A549 conditioned medium of holoclones
or paraclones, respectively. Microvasculature droplets were lysed
with TriReagent (Cat. #R2050-1-50, Zymo Research, Irvine, CA,
U.S.) followed by RNA isolation with Direct-zol RNA MicroPrep
(Cat. #R2062, Zymo Research, Irvine, CA, U.S.) and reserve
transcription using the iScript Kit (Cat. # 1708891 BioRAD,
Hercules, CA, U.S.). Quantitative PCR was performed in
duplicates with Sensifast SYBR low ROX kit (Cat. #BIO94005,
Labgene Scientific, Châtel-Saint-Denis, CH) using QuantStudio 3
(ThermoFisher Scientific, Waltham, MA, U.S.). For analysis,
ACTB, GAPDH, and HPRT1 were used as housekeeping genes.
Obtained mean ΔCq values were used to calculate the relative
gene expression levels of VE-cadherin using the 2−ΔΔCq method
(Livak and Schmittgen, 2001). Primers are listed in
Supplementary Table S1.

2.12 Statistical analysis

Statistical analyses were performed in GraphPad Prism, v.10.0.3
(GraphPad Software Inc., San Diego, CA, U.S.) using statistical tests
indicated in the figure legends. Normality of the data was checked by
a Shapiro-Wilk test. For all experiments, p < 0.05 was considered
statistically significant. Values are reported as mean±SD.

2.13 Language editing assistance

The grammar and spelling of the manuscript were checked by
ChatGPT, v3.5 (ChatGPT, OpenAI Inc, CA, United States) to ensure
clarity and correctness without affecting the scientific content.

3 Results

3.1 A549 holoclones and paraclones
maintained their phenotype in endothelial
growth medium

First, we assessed whether the subtype-specific characteristics of
A549 subpopulations are influenced by differences in culture
conditions, in particular the physiological medium used to
growth the microvasculature. In detail, the cultures of both
A549 subpopulations, holoclones and paraclones, exhibited the
subtype-specific cellular morphology previously described (Tièche
et al., 2019) as observed by phase contrast microscopy (Figure 2A).
Epithelial-like holoclones formed round colonies with distinct
borders of small, packed cells, whereas mesenchymal-like
paraclones were elongated without distinct colony formation. As
A549 subpopulations present phenotypic plasticity over time
(Tièche et al., 2019), both A549 subpopulations were analyzed by
flow cytometry. This assessment was conducted following a 24-h
exposure to standard cell culture medium (DMEM/F12 with
supplements) or endothelial growth medium (EGM2), the
medium used for culture A549 subpopulations during expansion
or testing in µVN-on-chip, respectively. Gating strategies illustrated
in Figure 2B were used to interrogate GFP-positive cells for the
epithelial and mesenchymal markers EpCAM and CD90,
respectively. GFP+ A549 holoclones and paraclones showed no
discernible alteration in their characteristic expression profiles
when cultured in standard cell culture medium compared to the
endothelial growth medium. GFP+ holoclones consistently displayed
the characteristic EpCAM+/CD90- phenotype. Three
subpopulations were identified within GFP+ holoclones, each
exhibiting consistent EpCAM+/CD90- patterns (Supplementary
Figure S1). In contrast, GFP+ paraclones demonstrated a
contrasting profile with EpCAM−/CD90+. These findings
underscore the suitability of our experimental setting used in our
µVN-on-chip system to explore the extravasation properties of
phenotype-specific cancer cells.

3.2 A549 subpopulations showed distinct
extravasation dynamics

To study the extravasation dynamics of cancer cells,
A549 subpopulations were introduced separately into a
perfusable and functional microvasculature, created by self-
assembly of primary HUVECs or primary human lung
microvascular endothelial cells and NHLFs in the central
chamber of the µVN-on-chip (Zeinali et al., 2018). Vessel
openings between the micropillars were demonstrated by
permeability assay with 70 kDa RITC Dextran (Supplementary
Video S1). This setup enabled cancer cells to migrate across the
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microvasculature using their intrinsic migration capacities. The
extravasation dynamics of the cancer cells were assessed after 24h
by confocal microscopy based on immunostaining (Figure 3).
A549 holoclones remained confined within the microvasculature,
whereas A549 paraclones crossed the endothelial barrier and
migrated into the surrounding fibrin hydrogel (Figure 3A;
Supplementary Table S2). The orthogonal views (Figure 3B)
illustrated that A549 holoclones attach to the endothelial lining
of the microvasculature without extravasating. In contrast,
paraclones were found in the extracellular matrix. A 3D surface

rendering clearly showed the difference (Figure 3C). It should be
mentioned that the low number of holoclones found in the
microvasculature was not due to a difference in cell loading
concentration but rather a result of the washing steps during the
immunostaining procedure that removed most of them. It is worth
noting that the extravasation dynamics of both A549 subpopulations
were similar in an organotypic lung microvasculature created with
human lung microvascular cells and human lung fibroblasts
compared to a microvasculature based on HUVECs and human
lung fibroblasts (Supplementary Figure S3).

FIGURE 2
Morphological and FACS analysis of A549 subclones. (A) A549 holoclones and paraclones are shown by phase contrast microscopy. Scale bar:
100 µm. (B) Analysis by flow cytometry in standard cell culture medium (DMEM/F12 with supplements) andmicrovasculature cell culturemedium (EGM2)
show no differences in their expression phenotype. GFP positive holoclones and paraclones feature EpCAM+/CD90-and EpCAM-/CD90+, respectively.

Frontiers in Bioengineering and Biotechnology frontiersin.org06

Schmid et al. 10.3389/fbioe.2024.1457884

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1457884


3.3 VEGF depletion prevented
A549 paraclone extravasation

Since EGM2 contains VEGF, which is known to render blood
vessels leaky (Ferrara, 2004), we tested whether paraclone

extravasation is enhanced by VEGF. For this purpose, we used a
medium without VEGF after day 5, after the vasculature had formed.
A549 paraclones were suspended in endothelial growth medium w/o
VEGF and introduced in the microvasculature (Figure 1). After 24 h,
the GFP+ paraclones without VEGF remained in the microvasculature

FIGURE 3
Extravasation dynamics of two subpopulations of A549 cancer cells in a µVN-on-chip. (A) Representative images show GFP + A549 holoclones (left
column) and paraclones (right column) within the microvasculature. The maximum Z projection of the microvasculature overview show that holoclones
remain inside the microvasculature, whereas paraclones extravasate into the surrounding hydrogel. VE-cadherin = red, A549 subclones = green, scale
bar = 200 µm. (B)Orthogonal views show cancer cells locatedwithin themicrovasculature network. Holoclones remain within the endothelial lining
marked by PECAM1, whereas paraclones extravasate in the hydrogel. PECAM1 = red, A549 subclones = green, scale bar = 20 µm. (C). 3D surface
rendering (IMARIS software) illustrate the different extravasation dynamics of both A549 subclones from top and side view. Scale bar = 20 µm.
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network and did not extravasate, in contrast to the paraclones cultured
with VEGF (Figure 4). Most paraclones cultured without VEGF were
washed away during the immunostaining washing procedure, which
explains the low number of GFP+ cells trapped in small capillaries in
Figure 4A. In contrast, Figure 4B shows extravasated GFP+ paraclones
(with VEGF). Additional immunostaining and quantification obtained
with other µVN-on-chips are illustrated in Supplementary Figure S3;
Supplementary Table S3.

3.4 Impact of A549 cancer cells on the
vascular integrity

The permeability change of the vascular barrier due to the presence
of A549 subpopulations (200,000 cells per mL) was assessed after 24 h
incubation in the network. The permeability doubled when holoclones
were present in themicrovasculature compared to the situation without
cancer cells. However, no significant changes were observed when
paraclones were added to the network. The calculated permeability
coefficient of µVN was 6.57 ( ± 4.07) x 10–6 cm/s and 4.54 ( ± 2.79) x

10–6 cm/s with A549 holoclones or paraclones, respectively, compared
to the control µVN without cancer cells 3.00 ( ± 0.53) x 10–6 cm/s
(Figure 5A). Figure 5B shows representative images of the dye diffusing
from the microvasculature without cancer cells, with holoclones and
paraclones. The effect of the conditioned media from
A549 subpopulations in EGM2 media on vascular permeability was
also investigated. The conditionedmedia did not affect the permeability
after 24 h of exposure. The vascular permeability was found to be 4.15
( ± 2.63) x 10–6 cm/s (paraclones) and 3.28 ( ± 3.81) x 10–6 cm/s
(holoclones) (Supplementary Figure S4). To investigate the genetic
levels of endothelial cells exposed to conditioned medium of
A549 subpopulations, qPCR was performed with HUVECs in fibrin
cultivated with endothelial growth medium or A549 conditioned
medium. The relative quantification (RQ) plot showed a significant
decrease in the gene expression profile of VE-cadherin inHUVECs (RQ
0.78 ( ± 0.09)), when exposed with A549 holoclones conditioned
medium. However, no significant differences were measured when
exposed to A549 paraclones conditioned medium (RQ 0.88 ( ± 0.13))
(Figure 5C). Furthermore, no changes were observed after evaluating
the protein expression of VE-cadherin by immunostaining after adding

FIGURE 4
Extravasation assay with A549 paraclones with and without VEGF. After the microvasculature formation on day 5, a cell culture medium without
VEGF was used. A549 paraclones were added on day 6 and incubated for 24 h. (A) Representative images show no paraclone extravasation when VEGF is
absent. (B) With VEGF, paraclones enter the microvasculature network and extravasate into the surrounding fibrin hydrogel. Scale bar microvasculature
overview: 200 μm, scale bar orthogonal view: 50 µm.
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A549 cancer cells or conditioned medium, respectively, to the
microvasculature network (Supplementary Figure S5).

3.5 Highmigration kinetics inmesenchymal-
like paraclones

Live imaging was performed to evaluate the migration of cancer
cells within the microvasculature over 12 h. Mesenchymal-like
paraclones exhibited a high migratory pattern and extravasation
dynamics (Supplementary Video S2), whereas holoclones displayed
a significantly reduced migratory pattern, while remaining within
the microvasculature (Supplementary Video S3). In each case, the
migration trajectories of 15 cells were recorded (Figure 6).
Paraclones migrated for up to hundreds of micrometers in the
microvasculature with a calculated cell migration velocity of 0.29
( ± 0.23) mm/min. In contrast, holoclones were less motile within
the vascular space 0.12 ( ± 0.03) µm/min. Paraclones moved
significantly faster than holoclones and thus the accumulated
distance over 12 h was significantly higher for paraclones 190.9
( ± 154.3) µm than for holoclones 81.1 ( ± 21.2) µm.

4 Discussion

In this work, we demonstrate that specific phenotypes of lung
adenocarcinoma subpopulations predispose them to either extravasate
through the endothelial barrier of tiny capillaries or remain within these
capillaries. While A549 holoclones, characterized by an epithelial
phenotype, were identified as drivers of tumor growth (Tièche et al.,
2019), we show that A549 paraclones with a mesenchymal-like
phenotype extravasate across the endothelial barrier, similar to
mesenchymal-like CTCs at distant sites (Di Russo et al., 2024),
thereby validating this process in vitro.

4.1 A549 subpopulations maintain their
phenotypes in vasculature medium

Ye et al. have shown that the A549 cancer cell line, a common
NSCLC model, contains morphologically distinct subpopulations:
holoclones, meroclones, and paraclones (Ye et al., 2011). Tièche
et al. performed further characterization to define stemness, tumor
initiation, therapy resistance, invasion, migratory capacity, and gene
expression profiles of each subpopulation (Tièche et al., 2019). It has
been shown that the presence of subpopulations with different EMT
phenotypes is not restricted to the A549 adenocarcinoma cell line but
also occurs in prostate, pancreatic, breast, uveal, head, and neck cancer
cell lines (Li et al., 2008; Tan et al., 2011; Liu et al., 2013; Kalirai et al.,
2011; Harper et al., 2007). As phenotypic plasticity of
A549 subpopulations has been reported across multiple passages
(Tièche et al., 2019), we first analyzed both subpopulations by flow
cytometry 41. This was done in their standard cell culture medium
(DMEM/F12+++) and after 24 h in microvasculature cell culture
medium (EGM2) like in our µVN-on-chip system. Round-shaped
A549 holoclones were identified as EpCAM+/CD90-, whereas
elongated-shaped paraclones were identified as EpCAM−/CD90+, as
previously reported (Tièche et al., 2019). Cellular stress induced by
medium change had no relevant effect on the characteristic expression
pattern of both A549 subpopulations within 24 h. Holoclones
remained EpCAM+/CD90-, whereas paraclones remained
EpCAM−/CD90+ as expected in this time frame. Meroclones were
not investigated as they present an intermediate phenotype.

4.2 CTC phenotype in microvasculature
defines their behavior

Microfluidic-based vascular tumor-on-chip models have already
been used in several cancer research studies (Kim et al., 2017; Osaki

FIGURE 5
Impact of A549 cancer cells on vascular permeability. (A) Vascular permeability was assessed by 70 kDa RITC Dextran perfusion over 3 minutes.
A549 subclones, holoclones and paraclones, were resuspended in endothelial medium and added to the µVN-on-chip for 24 h before the permeability
assay. Plot: mean permeability (SD), statistical analysis: ordinary one-way ANOVA with Dunnett’s multiple comparison test. N = 7–10 chips per condition,
at least three independent experiments. *p < 0.05. (B) Relative quantification (RQ) of VE-cadherin gene expression in HUVECs after 24 h exposure to
conditioned medium of A549 holoclones and paraclones. Plot: mean permeability (SD), statistical analysis: ordinary one-way ANOVA with Dunnett’s
multiple comparison test, n = 4. *p = 0.025. (C) Fluorescent images show 70 kDa RITC Dextran (red) diffusion for three conditions: without cancer cells,
with holoclones, with paraclones at t = 180 s. Scale bar = 100 µm.
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et al., 2018), for example, to recapitulate the site of cancer cell
extravasation (Fu et al., 2018). CTCs often arrest in the
microvasculature due to physical trapping or by cell-cell or cell-
matrix interactions, respectively (Orr and Wang, 2001; Chen et al.,
2016; Chambers et al., 2002). The in vitro extravasation assay
presented in this study is based on our previously reported µVN-
on-chip (Bichsel et al., 2015; Zeinali et al., 2018), which replicates a
functional microvasculature network. The microvascular model is
based on the self-assembly of endothelial cells and fibroblasts, which
form an interconnected network with tortuous, variable morphology
and differing vessel dimensions, mirroring characteristics in vivo
(Zeinali et al., 2018). In agreement with earlier studies, paracrine
signaling by co-culture of endothelial cells with stromal cells
together with exogenous proangiogenic growth factors such as
VEGF led to vessel diameter range between 1 and 100 µm in our

system (Whisler et al., 2014; Tan et al., 2022). A549 subpopulations
were introduced into the capillary network to interact with this
microenvironment, similar to their behavior at a secondary site.
When CTCs arrive in the pre-metastatic niche in vivo, the
vasculature undergoes remodeling followed by altering of the
extracellular matrix by depositing new components, induced by
activated stromal fibroblasts (Peinado et al., 2017). We
demonstrated that holoclones and paraclones differ in their
extravasation dynamics and, thus, in the metastatic risk they
represent. Live-cell imaging analysis reveals that epithelial-like
holoclones migrate at low velocity and remain inside the
vasculature lumen, whereas mesenchymal-like paraclones express
high migration velocity and extravasate to the surrounding
hydrogel. It was previously demonstrated that high motile breast
cancer subpopulations with upregulated β integrin subunits were

FIGURE 6
Migration kinetics of A549 subclones. Holoclones and paraclones were introduced through a µVN-on-chip. X/Y coordinates were recorded during
live-cell imaging for 12 h. (A) Cell migration trajectories are shown for A549 holoclones and paraclones. (B) Mean cell migration velocity is shown for
A549 holoclones and paraclones. (C) The accumulated cell migration distance is shown for both A549 subclones. Statistical analysis: Mann-Whitney U
test, n = 15, **p < 0.01. Plot: mean with SD for the individual data points. At least three independent experiments.
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associated with a higher metastatic burden (Desjardins-Lecavalier
et al., 2023). Despite high expression of the transcription factors
SOX2 and EpCAM in epithelial-like holoclones (Tièche et al., 2019),
holoclones showed no extravasation dynamics in our µVN-on-chip
system. SOX2 has been reported to be associated with self-renewal
capacities and pluripotency, but also invasion and thus poor
prognosis in patients. However, amplification and overexpression
of SOX2 are associated with more prolonged survival in squamous
cell lung cancer (Tang et al., 2022). High EpCAM expression,
however, has been described as an epithelial marker associated
with cancer stemness and tumor initiation capacity (Liu et al.,
2022). In accordance with their phenotype, epithelial-like
holoclones show significantly slower migration kinetics compared
to mesenchymal-like paraclones. Furthermore, mesenchymal-like
paraclones exhibited extravasation dynamics in our µVN-on-chip
system, likely due to their high expression of CD90, vimentin, and
integrin beta-1 (ITGB1) (Tièche et al., 2019). This variability has
been observed in human glioma cells, where tumor progression
varies based on CD90 expression levels. High CD90 expression
promotes glioma progression in vitro, while low CD90 expression in
glioma cells stimulates angiogenesis through endothelial cells
(Zhang et al., 2018). These data support our results where CD90-
low holoclones primarily influence vascular integrity, whereas
CD90-high paraclones enhance lung cancer progression through
their extravasation capability. Berr et al. identified how genetical and
pharmacological disruption of vimentin in vivo increases survival as
vimentin is required for NSCLC progression, and metastasis and
protects from ferroptosis (Berr et al., 2023). Elevated ITGB1 has
shown its role in transendothelial migration in vitro as well as in vivo
using metastatic human breast cancer and melanoma cancer cells,
suggesting a role in the extravasation dynamics of paraclones
(Tièche et al., 2019; Chen et al., 2016). We examined the role of
paracrine signaling by A549 subpopulations, holoclones and
paraclones, when adding cancer-mediated conditioned medium
to the µVN. In contrast to locally induced changes in the
permeability coefficient, when cancer cells are directly added to
the network, no changes were observed in the vascular barrier
integrity. Several studies have reported that dysregulated matrix
metalloproteinases (MMPs) are involved in tumor progression by
degradation of the extracellular matrix (Kaczorowska et al., 2020).
Tièche et al. reported higher MMP-2 expression in paraclones
compared to holoclones, but higher MMP-7 expression in
holoclones (Tièche et al., 2019). MMP-2 can induce the release of
transforming growth factor-beta (TGFβ) and the cleavage of
interleukin-1β, which are both related to tumor progression in
lung cancer (Sounni et al., 2011; Hannocks et al., 2019). MMP-7
secretion by epithelial-like holoclones might lead to the assumption
that these cells support the mesenchymal-like paraclones during
migration and tissue invasion but do not impair the vascular
integrity in our system. Humayun et al. reported in their
microfluidic system that cancer-mediated IL-6, IL-8, and
MMP3 secretion led to vascular disruption and thus increased
extravasation dynamics of breast cancer cells (Humayun et al.,
2021). However, our findings suggest that A549 paraclones
extravasate by contact-dependent juxtacrine signaling rather than
paracrine signaling, as observed in their extravasation model with
breast cancer cells. Gene expression analysis of VE-cadherin
(Figure 5) after the addition of conditioned medium of

A549 subpopulations supported our results and suggested
maintenance of vascular integrity. Furthermore, juxtacrine
interaction by ubiquitin-specific peptidase 51/programmed death
ligand one/integrin beta-1 has been demonstrated by Li et al. in
NSCLC to the malignant tumor progression and therapeutic
resistance in NSCLC (Li et al., 2023).

4.3 VEGF depletion inhibits CTC
extravasation

In recent years, VEGF signaling has shown its importance in
vascular angiogenesis as well as in cancer progression, such as cancer
cell proliferation, migration, and invasiveness (Shaw et al., 2024).
Follain et al. reported that circulating tumor cells used endothelial
remodeling to extravasate and that the pharmacological inhibition
of VEGF receptor tyrosine kinase could prevent extravasation in
zebra fish (Follain et al., 2021). Here we investigated the impact of
VEGF on A549 paraclones extravasation capacity. Our results
demonstrate that depletion of VEGF in the cell culture medium
is sufficient to prevent extravasation while maintaining vessel
integrity. Drugs targeting VEGF signaling, such as Bevacizumab
(Avastin®), have shown promising results in cancer therapies
(Garcia et al., 2020; Varlotto et al., 2022). However, VEGF plays
a critical role in physiological angiogenesis and thus limits its
application in vivo. Therefore, combining VEGF-targeting
therapies with other drugs is crucial for improving patient outcomes.

Microfluidic-based vascular metastasis models, used in our
extravasation assays, enhance our understanding of cancer-specific
mechanisms and might serve as potential prognostic tools for cancer
therapeutics (Ayuso et al., 2022). Therefore, identifying patient-specific
cancer cell dynamics and drug responses will facilitate the development
of personalized cancer treatment strategies. 62,63. Identifying patient-
specific cancer cell dynamics and drug responses will facilitate the
development of personalized cancer treatment strategies (Son et al.,
2017; Wu et al., 2021; Guenat et al., 2020). Thus, one might imagine
sampling cancer cells from patients during tumor resection or biopsies
to evaluate the potential metastatic risk of each tumor.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

KS: Conceptualization, Writing–original draft, Writing–review
and editing, Data curation, Formal Analysis, Methodology, Project
administration. SZ: Conceptualization, Data curation, Formal

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Schmid et al. 10.3389/fbioe.2024.1457884

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1457884


Analysis, Funding acquisition, Investigation, Methodology, Project
administration, Supervision, Writing–review and editing. SM: Data
curation, Writing–review and editing. CD: Data curation, Formal
Analysis, Methodology, Writing–review and editing. SS: Data
curation, Formal Analysis, Methodology, Writing–review and
editing. HD: Methodology, Writing–review and editing. SH:
Writing–review and editing. TM: Supervision, Writing–review
and editing. OG: Conceptualization, Funding acquisition,
Investigation, Project administration, Resources, Supervision,
Visualization, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Financial
support for this study was provided by the Innosuisse 48818.1 IP-LS,
the Swiss National Science Foundation (SNSF 205320_185365 to
OG) and UniBE Venture Fellowship to SZ.

Acknowledgments

The writing of the manuscript was supported by a Large Language
Model (ChatGPT v3.5, OpenAI Inc, California, USA) to improve the
grammar of the text and to optimize the choice of words. Microscopy
was performed on equipment supported by the Microscopy Imaging

Center (MIC) and by the Core Facility Translational Organoid
Resource (TOR) of the University of Bern, Switzerland. In
Figure 1 drawings were created with BioRender.com.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2024.1457884/
full#supplementary-material

References

Ayuso, J. M., Virumbrales-Muñoz, M., Lang, J. M., and Beebe, D. J. (2022). A role for
microfluidic systems in precision medicine, Nat. Commun., 13, 3086, doi:10.1038/
s41467-022-30384-7

Bakir, B., Chiarella, A. M., Pitarresi, J. R., and Rustgi, A. K. (2020). EMT, MET,
plasticity, and tumor metastasis. Trends Cell Biol. 30, 764–776. doi:10.1016/j.tcb.2020.
07.003

Beronja, S., Livshits, G., Williams, S., and Fuchs, E. (2010). Rapid functional dissection
of genetic networks via tissue-specific transduction and RNAi in mouse embryos. Nat.
Med. 16 (7), 821–827. doi:10.1038/nm.2167

Berr, A. L., Wiese, K., dos Santos, G., Koch, C. M., Anekalla, K. R., Kidd, M., et al. (2023).
Vimentin is required for tumor progression and metastasis in a mouse model of non–small
cell lung cancer. Oncogene 42 (25), 2074–2087. doi:10.1038/s41388-023-02703-9

Bersini, S., Jeon, J. S., Dubini, G., Arrigoni, C., Chung, S., Charest, J. L., et al. (2014). A
microfluidic 3D invitro model for specificity of breast cancer metastasis to bone.
Biomaterials 35 (8), 2454–2461. doi:10.1016/j.biomaterials.2013.11.050

Bichsel, C. A., Hall, S. R. R., Schmid, R. A., Guenat, O. T., and Geiser, T. (2015).
Primary human lung pericytes support and stabilize in vitro perfusable microvessels.
Tissue Eng. Part A 21 (15–16), 2166–2176. doi:10.1089/ten.tea.2014.0545

Bichsel, C. A., Wang, L., Froment, L., Berezowska, S., Müller, S., Dorn, P., et al. (2017).
Increased PD-L1 expression and IL-6 secretion characterize human lung tumor-derived
perivascular-like cells that promote vascular leakage in a perfusable microvasculature
model. Sci. Rep. 7 (1), 10636. doi:10.1038/s41598-017-09928-1

Bouchalova, P., and Bouchal, P. (2022). Current methods for studying metastatic
potential of tumor cells. Cancer Cell Int., 22, 394. doi:10.1186/s12935-022-02801-w

Boussommier-Calleja, A., Atiyas, Y., Haase, K., Headley, M., Lewis, C., and Kamm, R.
D. (2019). The effects of monocytes on tumor cell extravasation in a 3D vascularized
microfluidic model. Biomaterials 198, 180–193. doi:10.1016/j.biomaterials.2018.03.005

Brooks, A., Zhang, Y., Chen, J., and Zhao, C. X. (2024). “Cancer metastasis-on-a-chip
for modeling metastatic cascade and drug screening,” in Advanced healthcare materials.
John Wiley and Sons Inc.

Celià-Terrassa, T., and Kang, Y. (2016). Distinctive properties of metastasis-initiating
cells. Genes Dev. 30 (8), 892–908. doi:10.1101/gad.277681.116

Chambers, A. F., Groom, A. C., and MacDonald, I. C. (2002). Dissemination and
growth of cancer cells in metastatic sites. Nat. Rev. Cancer 2, 563–572. doi:10.1038/
nrc865

Chen, M. B., Lamar, J. M., Li, R., Hynes, R. O., and Kamm, R. D. (2016). Elucidation of
the roles of tumor integrin β1 in the extravasation stage of the metastasis cascade.
Cancer Res. 76 (9), 2513–2524. doi:10.1158/0008-5472.can-15-1325

Chen, M. B., Whisler, J. A., Fröse, J., Yu, C., Shin, Y., and Kamm, R. D. (2017). On-
chip human microvasculature assay for visualization and quantification of tumor cell
extravasation dynamics. Nat. Protoc. 12 (5), 865–880. doi:10.1038/nprot.2017.018

Chrobak, K. M., Potter, D. R., and Tien, J. (2006). Formation of perfused, functional
microvascular tubes in vitro. Microvasc. Res. 71 (3), 185–196. doi:10.1016/j.mvr.2006.
02.005

Crippa,M., Bersini, S., Gilardi, M., Arrigoni, C., Gamba, S., Falanga, A., et al. (2021). A
microphysiological early metastatic niche on a chip reveals how heterotypic cell
interactions and inhibition of integrin subunit β3 impact breast cancer cell
extravasation. Lab. Chip 21 (6), 1061–1072. doi:10.1039/d0lc01011a

Deng, H., Gao, Y., Trappetti, V., Hertig, D., Karatkevich, D., Losmanova, T., et al. (2022).
Targeting lactate dehydrogenase B-dependent mitochondrial metabolism affects tumor
initiating cells and inhibits tumorigenesis of non-small cell lung cancer by inducing
mtDNA damage. Cell. Mol. Life Sci. 79 (8), 445. doi:10.1007/s00018-022-04453-5

Desjardins-Lecavalier, N., Annis, M. G., Nowakowski, A., Kiepas, A., Binan, L., Roy,
J., et al. (2023). Migration speed of captured breast cancer subpopulations correlates
with metastatic fitness. J. Cell Sci. 136 (13), jcs260835. doi:10.1242/jcs.260835

Di Russo, S., Liberati, F. R., Riva, A., Di Fonzo, F., Macone, A., Giardina, G., et al.
(2024). Beyond the barrier: the immune-inspired pathways of tumor extravasation, Cell
Commun. Signal., 22, 104, doi:10.1186/s12964-023-01429-1

Ferrara, N. (2004). Vascular endothelial growth factor: basic science and clinical
progress. Endocr. Rev. 25, 581–611. doi:10.1210/er.2003-0027

Follain, G., Osmani, N., Gensbittel, V., Asokan, N., Larnicol, A., Mercier, L., et al.
(2021). Impairing flow-mediated endothelial remodeling reduces extravasation of
tumor cells. Sci. Rep. 11 (1), 13144. doi:10.1038/s41598-021-92515-2

Fu, B. M. (2018). “Tumor metastasis in the microcirculation,” in Molecular, cellular,
and tissue engineering of the vascular system. Editors B. M. Fu and N. T. Wright (Cham:
Springer International Publishing), 201–218. doi:10.1007/978-3-319-96445-4_11

Garcia, J., Hurwitz, H. I., Sandler, A. B., Miles, D., Coleman, R. L., Deurloo, R., et al.
(2020). Bevacizumab (Avastin®) in cancer treatment: a review of 15 years of clinical
experience and future outlook. Cancer Treat. Rev. 86 (December 2019), 102017. doi:10.
1016/j.ctrv.2020.102017

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Schmid et al. 10.3389/fbioe.2024.1457884

http://BioRender.com
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1457884/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1457884/full#supplementary-material
https://doi.org/10.1038/s41467-022-30384-7
https://doi.org/10.1038/s41467-022-30384-7
https://doi.org/10.1016/j.tcb.2020.07.003
https://doi.org/10.1016/j.tcb.2020.07.003
https://doi.org/10.1038/nm.2167
https://doi.org/10.1038/s41388-023-02703-9
https://doi.org/10.1016/j.biomaterials.2013.11.050
https://doi.org/10.1089/ten.tea.2014.0545
https://doi.org/10.1038/s41598-017-09928-1
https://doi.org/10.1186/s12935-022-02801-w
https://doi.org/10.1016/j.biomaterials.2018.03.005
https://doi.org/10.1101/gad.277681.116
https://doi.org/10.1038/nrc865
https://doi.org/10.1038/nrc865
https://doi.org/10.1158/0008-5472.can-15-1325
https://doi.org/10.1038/nprot.2017.018
https://doi.org/10.1016/j.mvr.2006.02.005
https://doi.org/10.1016/j.mvr.2006.02.005
https://doi.org/10.1039/d0lc01011a
https://doi.org/10.1007/s00018-022-04453-5
https://doi.org/10.1242/jcs.260835
https://doi.org/10.1186/s12964-023-01429-1
https://doi.org/10.1210/er.2003-0027
https://doi.org/10.1038/s41598-021-92515-2
https://doi.org/10.1007/978-3-319-96445-4_11
https://doi.org/10.1016/j.ctrv.2020.102017
https://doi.org/10.1016/j.ctrv.2020.102017
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1457884


Guenat, O. T., Geiser, T., and Berthiaume, F. (2020). Clinically relevant tissue scale
responses as new readouts from organs-on-a-chip for precision. Medicine. Available
from. doi:10.1146/annurev-anchem-061318-

Haase, K., and Kamm, R. D. (2017). Advances in on-chip vascularization. Future Med.
Ltd. 12, 285–302. doi:10.2217/rme-2016-0152

Han, H. jun, Sung, J. Y., Kim, S. H., Yun, U. J., Kim, H., Jang, E. J., et al. (2021).
Fibronectin regulates anoikis resistance via cell aggregate formation. Cancer Lett. 508
(August 2020), 59–72. doi:10.1016/j.canlet.2021.03.011

Hannocks, M. J., Zhang, X., Gerwien, H., Chashchina, A., Burmeister, M., Korpos, E.,
et al. (2019). The gelatinases, MMP-2 and MMP-9, as fine tuners of neuroinflammatory
processes. Vols. 75–76, Matrix Biology. Elsevier B.V., 102–113.

Harper, L. J., Piper, K., Common, J., Fortune, F., andMackenzie, I. C. (2007). Stem cell
patterns in cell lines derived from head and neck squamous cell carcinoma. J. Oral
Pathology Med. 36 (10), 594–603. doi:10.1111/j.1600-0714.2007.00617.x

Humayun, M., Ayuso, J. M., Brenneke, R. A., Virumbrales-Muñoz, M., Lugo-Cintrón,
K., Kerr, S., et al. (2021). Elucidating cancer-vascular paracrine signaling using a human
organotypic breast cancer cell extravasation model. Biomaterials 270, 120640. doi:10.
1016/j.biomaterials.2020.120640

Jeon, J. S., Bersini, S., Gilardi,M., Dubini, G., Charest, J. L.,Moretti,M., et al. (2015). Human
3D vascularized organotypic microfluidic assays to study breast cancer cell extravasation.
Proc. Natl. Acad. Sci. U. S. A. 112 (1), 214–219. doi:10.1073/pnas.1417115112

Jung, S., Jo, H., Hyung, S., and Jeon, N. L. (2022). “Advances in 3D vascularized tumor-
on-a-chip technology,” in Microfluidics and biosensors in cancer research: applications in
cancer modeling and theranostics. Editors D. Caballero, S. C. Kundu, and R. L. Reis (Cham:
Springer International Publishing), 231–256. doi:10.1007/978-3-031-04039-9_9

Kaczorowska, A., Miękus, N., Stefanowicz, J., and Adamkiewicz-Drożyńska, E.
(2020). Selected matrix metalloproteinases (MMP-2, MMP-7) and their inhibitor
(TIMP-2) in adult and pediatric cancer. Diagnostics 10, 547. doi:10.3390/
diagnostics10080547

Kalirai, H., Damato, B. E., and Coupland, S. E. (2011). Uveal melanoma cell lines contain
stem-like cells that self-renew, produce differentiated progeny, and survive chemotherapy.
Invest Ophthalmol. Vis. Sci. 52 (11), 8458–8466. doi:10.1167/iovs.11-7379

Kalluri, R., and Weinberg, R. A. (2009). The basics of epithelial-mesenchymal
transition. J. Clin. Invest 119 (6), 1420–1428. doi:10.1172/jci39104

Kim, S., Kim, W., Lim, S., and Jeon, J. S. (2017). Vasculature-on-a-chip for in vitro
disease models. Bioengineering 4 (1), 8. doi:10.3390/bioengineering4010008

Kim, S., Wan, Z., Jeon, J. S., and Kamm, R. D. (2022). Microfluidic vascular models of
tumor cell extravasation, Front. Oncol., 12, 1052192, doi:10.3389/fonc.2022.1052192

Lambert, A. W., Zhang, Y., and Weinberg, R. A. (2024) Cell-intrinsic and
microenvironmental determinants of metastatic colonization. Nature cell biology 26
(5), 687–697. doi:10.1038/s41556-024-01409-8

Leone, K., Poggiana, C., and Zamarchi, R. (2018). The interplay between circulating
tumor cells and the immune system: from immune escape to cancer immunotherapy.
Diagnostics 8 (3), 59. doi:10.3390/diagnostics8030059

Li, H., Chen, X., Calhoun-Davis, T., Claypool, K., and Tang, D. G. (2008). PC3 human
prostate carcinoma cell holoclones contain self-renewing tumor-initiating cells. Cancer
Res. 68 (6), 1820–1825. doi:10.1158/0008-5472.can-07-5878

Li, J., Xiao, X., Ou, Y., Cao, L., Guo, M., Qi, C., et al. (2023). USP51/PD-L1/ITGB1-
deployed juxtacrine interaction plays a cell-intrinsic role in promoting chemoresistant
phenotypes in non-small cell lung cancer. Cancer Commun. 43 (7), 765–787. doi:10.
1002/cac2.12460

Liu, T. J., Sun, B. C., Zhao, X. L., Zhao, X. M., Sun, T., Gu, Q., et al. (2013). CD133 +
cells with cancer stem cell characteristics associates with vasculogenic mimicry in triple-
negative breast cancer. Oncogene 32 (5), 544–553. doi:10.1038/onc.2012.85

Liu, Y., Wang, Y., Sun, S., Chen, Z., Xiang, S., Ding, Z., et al. (2022). Understanding
the versatile roles and applications of EpCAM in cancers: from bench to bedside, Exp.
Hematol. Oncol. 11, 97. doi:10.1186/s40164-022-00352-4

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2-ΔΔCT method. Methods 25 (4), 402–408.
doi:10.1006/meth.2001.1262

Massagué, J., and Ganesh, K. (2021). Metastasis-initiating cells and ecosystems.
Cancer Discov. 11, 971–994. doi:10.1158/2159-8290.cd-21-0010

Mitchell, M. J., and King, M. R. (2013). Computational and experimental models of cancer
cell response to fluid shear stress. Front. Oncol. 3, 44–11. doi:10.3389/fonc.2013.00044

Nieto, M. A., Huang, RYYJ, Jackson, R. A. A., and Thiery, J. P. P. (2016). EMT: 2016.
Cell. Cell Press 166, 21–45. doi:10.1016/j.cell.2016.06.028

Offeddu, G. S., Hajal, C., Foley, C. R., Wan, Z., Ibrahim, L., Coughlin, M. F., et al.
(2021). The cancer glycocalyx mediates intravascular adhesion and extravasation during
metastatic dissemination. Commun. Biol. 4 (1), 255. doi:10.1038/s42003-021-01774-2

Orr, F. W., and Wang, H. H. (2001). TUMOR cell interactions with the
microvasculature A rate-limiting step in metastasis. Oncol. Clin. N. Am. 10 (2), 357–x.

Osaki, T., Sivathanu, V., and Kamm, R. D. (2018). Vascularized microfluidic organ-
chips for drug screening, disease models and tissue engineering. Curr. Opin. Biotechnol.
52, 116–123. doi:10.1016/j.copbio.2018.03.011

Pan, G., Liu, Y., Shang, L., Zhou, F., and Yang, S. (2021). EMT-associated microRNAs
and their roles in cancer stemness and drug resistance. Cancer Commun. 41 (3),
199–217. doi:10.1002/cac2.12138

Pastushenko, I., and Blanpain, C. (2019). EMT transition States during tumor
progression and metastasis. Trends Cell Biol. 29, 212–226. doi:10.1016/j.tcb.2018.12.001

Peinado, H., Zhang, H., Matei, I. R., Costa-Silva, B., Hoshino, A., Rodrigues, G., et al.
(2017). Pre-metastatic niches: organ-specific homes for metastases. Nat. Rev. Cancer 17,
302–317. doi:10.1038/nrc.2017.6

Roche, J.(2018). The epithelial-to-mesenchymal transition in cancer. Cancers (Basel).,
10, 52, doi:10.3390/cancers10020052

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9
(7), 676–682. doi:10.1038/nmeth.2019

Shaw, P., Dwivedi, S. K. D., Bhattacharya, R., Mukherjee, P., and Rao, G. (2024).
“VEGF signaling: role in angiogenesis and beyond,” Biochimica Biophysica Acta - Rev.
Cancer, 1879. doi:10.1016/j.bbcan.2024.189079

Shibue, T., and Weinberg, R. A. (2017). EMT, CSCs, and drug resistance: the
mechanistic link and clinical implications. Nat. Rev. Clin. Oncol. 14, 611–629.
doi:10.1038/nrclinonc.2017.44

Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2021). Cancer statistics, 2021.
CA Cancer J. Clin. 71 (1), 7–33. doi:10.3322/caac.21654

Son, B., Lee, S., Youn, H., Kim, E., Kim, W., and Youn, B. (2017). The role of tumor
microenvironment in therapeutic resistance. Oncotarget 8, 3933–3945. doi:10.18632/
oncotarget.13907

Sounni, N. E., Paye, A., Host, L., and Noël, A. (2011). MT-MMPS as regulators of
vessel stability associated with angiogenesis. Front. Pharmacol. 1, 111. doi:10.3389/
fphar.2011.00111

Tamura, T., Kurishima, K., Nakazawa, K., Kagohashi, K., Ishikawa, H., Satoh, H., et al.
(2015). Specific organ metastases and survival in metastatic non-small-cell lung cancer.
Mol. Clin. Oncol. 3 (1), 217–221. doi:10.3892/mco.2014.410

Tan, L., Sui, X., Deng, H., and Ding, M. (2011). Holoclone forming cells from
pancreatic cancer cells enrich tumor initiating cells and represent a novel model for
study of cancer stem cells. PLoS One 6 (8), e23383. doi:10.1371/journal.pone.0023383

Tan, S. Y., Jing, Q., Leung, Z., Xu, Y., Cheng, L. K. W., Tam, S. S. T., et al. (2022).
Transcriptomic analysis of 3D vasculature-on-a-chip reveals paracrine factors affecting
vasculature growth and maturation. Lab. Chip 22 (20), 3885–3897. doi:10.1039/d2lc00570k

Tang, K., Liu, J., Liu, B., Meng, C., and Liao, J. (2022). SOX2 contributes to invasion
and poor prognosis of gastric cancer: a meta-analysis. Med. (United States) 101 (36),
E30559. doi:10.1097/md.0000000000030559

Tièche, C. C., Gao, Y., Bührer, E. D., Hobi, N., Berezowska, S. A., Wyler, K., et al.
(2019). Tumor initiation capacity and therapy resistance are differential features of
EMT-related subpopulations in the NSCLC cell line A549. Neoplasia (United States) 21
(2), 185–196. doi:10.1016/j.neo.2018.09.008

Varlotto, J. M., Wang, Y., Sun, Z., Wakelee, H. A., Ramalingam, S., and Schiller, J.
(2022). Bevacizumab’s association with a decreased risk of brain metastases in ECOG-
ACRIN E1505, a phase 3 randomized trial of adjuvant chemotherapy with or without
Bevacizumab in surgically resected NSCLC. JTO Clin. Res. Rep. 3 (3), 100274. doi:10.
1016/j.jtocrr.2021.100274

Whisler, J. A., Chen, M. B., and Kamm, R. D. (2014). Control of perfusable
microvascular network morphology using a multiculture microfluidic system. Tissue
Eng. Part C Methods 20 (7), 543–552. doi:10.1089/ten.tec.2013.0370

Wickham, H. (2016). ggplot2: elegant graphics for data analysis. Springer. Available
at: https://ggplot2.tidyverse.org.

Wickham, H., François, R., Henry, L., Müller, K., and Vaughan, D. (2023). Dplyr: a
grammar of data manipulation. R. package. Available at: https://dplyr.tidyverse.org.

World Health Organization (WHO) “International agency for research on cancer,” in
Global cancer observatory. Lyon, France: Cancer Today. Available at: https://gco.iarc.fr/
today.

Wu, F., Fan, J., He, Y., Xiong, A., Yu, J., Li, Y., et al. (2021). Single-cell profiling of
tumor heterogeneity and the microenvironment in advanced non-small cell lung
cancer. Nat. Commun. 12 (1), 2540. doi:10.1038/s41467-021-22801-0

Ye, X. Q., Li, Q., Wang, G. H., Sun, F. F., Huang, G. J., Bian, X. W., et al. (2011).
Mitochondrial and energy metabolism-related properties as novel indicators of lung
cancer stem cells. Int. J. Cancer 129 (4), 820–831. doi:10.1002/ijc.25944

Zeinali, S., Bichsel, C. A., Hobi, N., Funke, M., Marti, T. M., Schmid, R. A., et al.
(2018). Human microvasculature-on-a chip: anti-neovasculogenic effect of nintedanib
in vitro. Angiogenesis 21 (4), 861–871. doi:10.1007/s10456-018-9631-8

Zhang, Q., Yi, D. Y., Xue, B. Z., Wen, W. W., Lu, Y. P., Abdelmaksou, A., et al. (2018).
CD90 determined two subpopulations of glioma-associated mesenchymal stem cells
with different roles in tumour progression. Cell Death Dis. 9 (11), 1101. doi:10.1038/
s41419-018-1140-6

Zhao, B., and Lv, Y. (2023). Suspension state and shear stress enhance breast tumor
cells EMT through YAP bymicroRNA-29b. Cell Biol. Toxicol. 39 (3), 1037–1052. doi:10.
1007/s10565-021-09661-6

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Schmid et al. 10.3389/fbioe.2024.1457884

https://doi.org/10.1146/annurev-anchem-061318-
https://doi.org/10.2217/rme-2016-0152
https://doi.org/10.1016/j.canlet.2021.03.011
https://doi.org/10.1111/j.1600-0714.2007.00617.x
https://doi.org/10.1016/j.biomaterials.2020.120640
https://doi.org/10.1016/j.biomaterials.2020.120640
https://doi.org/10.1073/pnas.1417115112
https://doi.org/10.1007/978-3-031-04039-9_9
https://doi.org/10.3390/diagnostics10080547
https://doi.org/10.3390/diagnostics10080547
https://doi.org/10.1167/iovs.11-7379
https://doi.org/10.1172/jci39104
https://doi.org/10.3390/bioengineering4010008
https://doi.org/10.3389/fonc.2022.1052192
https://doi.org/10.1038/s41556-024-01409-8
https://doi.org/10.3390/diagnostics8030059
https://doi.org/10.1158/0008-5472.can-07-5878
https://doi.org/10.1002/cac2.12460
https://doi.org/10.1002/cac2.12460
https://doi.org/10.1038/onc.2012.85
https://doi.org/10.1186/s40164-022-00352-4
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1158/2159-8290.cd-21-0010
https://doi.org/10.3389/fonc.2013.00044
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1038/s42003-021-01774-2
https://doi.org/10.1016/j.copbio.2018.03.011
https://doi.org/10.1002/cac2.12138
https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.1038/nrc.2017.6
https://doi.org/10.3390/cancers10020052
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.bbcan.2024.189079
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.3322/caac.21654
https://doi.org/10.18632/oncotarget.13907
https://doi.org/10.18632/oncotarget.13907
https://doi.org/10.3389/fphar.2011.00111
https://doi.org/10.3389/fphar.2011.00111
https://doi.org/10.3892/mco.2014.410
https://doi.org/10.1371/journal.pone.0023383
https://doi.org/10.1039/d2lc00570k
https://doi.org/10.1097/md.0000000000030559
https://doi.org/10.1016/j.neo.2018.09.008
https://doi.org/10.1016/j.jtocrr.2021.100274
https://doi.org/10.1016/j.jtocrr.2021.100274
https://doi.org/10.1089/ten.tec.2013.0370
https://ggplot2.tidyverse.org
https://dplyr.tidyverse.org
https://gco.iarc.fr/today
https://gco.iarc.fr/today
https://doi.org/10.1038/s41467-021-22801-0
https://doi.org/10.1002/ijc.25944
https://doi.org/10.1007/s10456-018-9631-8
https://doi.org/10.1038/s41419-018-1140-6
https://doi.org/10.1038/s41419-018-1140-6
https://doi.org/10.1007/s10565-021-09661-6
https://doi.org/10.1007/s10565-021-09661-6
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1457884

	Assessing the metastatic potential of circulating tumor cells using an organ-on-chip model
	1 Introduction
	2 Material and methods
	2.1 Chip design and fabrication
	2.2 Cell culture
	2.3 Lentiviral infection of A549 subpopulations
	2.4 FACS
	2.5 Chip loading and maintenance
	2.6 Extravasation assay
	2.7 VEGF depletion in the µVN-on-chip
	2.8 Permeability assay
	2.9 Immunostaining and image acquisition
	2.10 Time-lapse observation and analysis
	2.11 RT-qPCR
	2.12 Statistical analysis
	2.13 Language editing assistance

	3 Results
	3.1 A549 holoclones and paraclones maintained their phenotype in endothelial growth medium
	3.2 A549 subpopulations showed distinct extravasation dynamics
	3.3 VEGF depletion prevented A549 paraclone extravasation
	3.4 Impact of A549 cancer cells on the vascular integrity
	3.5 High migration kinetics in mesenchymal-like paraclones

	4 Discussion
	4.1 A549 subpopulations maintain their phenotypes in vasculature medium
	4.2 CTC phenotype in microvasculature defines their behavior
	4.3 VEGF depletion inhibits CTC extravasation

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


