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Abstract

Metastasized cancer cells have an increased resistance to therapies leading to a drastic decrease in
patient survival rates. However, our understanding of the cause for this enhanced resistance is
lacking. In this study, we report that physically tight confinement during cancer cell migration
triggers therapeutic resistance and induces cancer stem cell-like behavior including up-regulation
in efflux proteins and in cancer stem cell related markers. Moreover, the re-localization of Yes-
associated protein (YAP) to the cell nucleus indicated an elevated level of cytoskeletal tension. The
increased cytoskeletal tension suggested that mechanical interactions between cancer cells and
tight surroundings during metastasis is one of the factors that contributes to therapeutic resistance
and acquisition of cancer stem cell (CSC) like features. With this system and supporting data, we
are able to study cells with therapeutic resistance and CSC-like properties for the future purpose of
developing new strategies for the treatment of metastatic cancer.
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More than 90% of mortality caused by cancer is attributable to metastases [1, 2]. Due to its
unique systemic nature and resistance to existing therapeutic agents, metastatic cancer is
largely incurable with current common treatments [1, 3].

Cancer cell migration is a key element of the invasion-metastasis cascade; the extraordinary
motility and deformability of metastatic migrating cells allow them to easily move through
physical confinement [4, 5]. During this process, cells undergo a change known as
metastatic resistance [6]. Although the major mechanisms of resistance have been widely
investigated, the relationship between migration in physical confinement and the
procurement of therapeutic resistance is not well elucidated. In addition, a rare population of
tumor cells with stem cell-like properties, labeled as cancer stem cells (CSCs), can play a
distinct role in driving metastasis. CSCs are difficult to study because of their small number
within the tumor population. Previous works have suggested that CSC initiation and
maintenance may be related to physical inputs such as extracellular matrix stiffness within
the local microenvironments [7, 8]. Hence, mechanical inputs such as interstitial pressure
from the microenvironment, might greatly affect the CSC-like behaviors of cancer cells and
drive metastatic invasion. A critical step to improve our understanding of the mechanisms
underlying treatment resistance is to generate appropriate tools with physical inputs to
induce or enrich for treatment resistant cancer cells.

In this study, we produced a group of confined-migrating cancer cells by allowing them to
migrate in a physically confined microenvironment (i.e., a microchannel with a width that is
smaller than the cells size); and carried out detailed molecular analyses on those confined-
migrating cancer cells to establish the relationship between mechanical interaction and
acquired therapeutic resistance. This study focuses on G55 glioblastoma and MDA-MB-231
breast cancer cell lines. The aim of this study is to confirm that physical confinement
induces chemotherapeutic and radio-therapeutic resistance. Detailed protein level
comparison was used to determine which molecules are potential key players for physical
confinement induced therapeutic resistance by Western blot analysis. Immunostaining and
hypoxic analysis further allowed us to evaluate the relationship between cytoskeletal
pressure, CSC-like properties and physical confinement induced therapeutic resistance. We
also found a similar phenomenon (i.e., physical confinement induces therapeutic resistance)
in lung, prostate, and patient-derived GBM. Thus, we believe this physical confinement
induces therapeutic resistance as a universal trait in various cancer types.
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2. Materials and Methods

2.1 Fabrication of Microchannel Devices

Two different styles of microchannel devices described in our previous studies were used for
this study (demonstrated in supplemental information Fig. S1. A and B) [9]. Combined
utilization of standard negative photolithography and soft lithography was the core of our
microchannel device fabrication, with recessed features fabricated on a silicon wafer coated
with SU-8 photoresist (Microchem Corp, Newton, MA). The thickness of coating was
controlled by spin speed which determined the microchannels’ height. A mixture of
polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer Base, Dow Corning) and
curing agent (Sylgard 184 Silicone Elastomer Curing Agent, Dow Corning) in a ratio of 10:1
(v/v) was poured over the completed master and pre-baked for 2 minutes at 75°C, then
solidified for 5 minutes at 150°C. Subsequently the peeled PDMS devices with the designed
microchannels were carefully cut, decontaminated with 70% ethanol, and assembled.

2.2 Cancer Cell Culture

The human glioblastoma cell line G55 was provided by The University of Oklahoma Health
Sciences Center. The cells were cultured in a serum-free DMEM/F-12 medium
supplemented with 1x B-27 (Invitrogen), 1x Insulin-Transferrin-Selenium-X (Invitrogen),
and mouse EGF (epidermal growth factor, 20ng/ml, PeproTech). MDA-MB-231 human
breast carcinoma cells were provided by The University of Texas Southwestern Medical
Center in Dallas. The cells were cultured in DMEM/F-12 medium (Corning/Cellgro)
supplemented with 10% fetal bovine serum (FBS).

2.3 Migrating Cell Initiating and Cell Harvesting

For G55 cells, 25 x 103 cells were introduced at each side entrances of the microchannel
device (totally 50 x 103 cells per device, Fig. S1. B). All devices were maintained in 10%
serum medium to facilitate the initiation of adhesion and migration via confined
microchannels. For MDA-MB-231 cells, before introducing the cells into the microchannel
devices, 6-well plates (n=3, containing 18 independent microchannel devices, Fig. S1. B)
were coated with collagen type | (Corning, REF 354236) overnight, then rinsed them with
1xPBS three times for neutralization. 100 x 103 cells were seeded into each well and
cultured in 10% serum supplemented media for up to 7 days to allow from ample cells to
migrate through the microchannels. The culture medium was abandoned, and the cells were
washed twice with 1xXPBS. Then all devices were incubated with Trypsin-EDTA for 5
minutes, with later addition of an equal volume of medium. Quickly, the bottom of the well
was scraped with Cell Lifter (Corning, Costar® 3008) to remove 2D cells (i.e., cancer cells
growing at the out of microchannels) and verified under the microscope to make sure there
were no remaining 2D cells. The PDMS device was then peeled to expose the migrating
cells. Once more, the wells were incubated with Trypsin-EDTA for 5 minutes and migrating
cells were exclusively collected from 18 devices (total cell number was estimated to be 60 x
103, Fig. S3). For the control group, channel-less PDMS pieces were disassembled and cells
were collected from one well after a 5-minute incubation with Trypsin-EDTA. Cells from
both groups were centrifuged for 5 minutes at 4000 rmp. The supernatant was discarded, and
the cell pellet was harvested for Western blot analysis.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Page 4

2.4 Western blot analysis and quantification

Total cell lysates were obtained by adding RIPA buffer (R0728, Sigma-Aldrich) and protease
inhibitor cocktail (P2714, Sigma-Aldrich). Equilibrated protein samples were loaded into a
10% SDS-Page gel, electrophoresed and then electro-transferred to a PVVDF membrane (Bio-
Rad). Transferred membranes were blocked with a blocking buffer containing 5% non-fat
milk (Labscientific, M0841). The following monoclonal antibodies were used: Nanog (Cell
Signaling, D73G4), CD133 (Cell Signaling, D2V8Q), CD44 (Cell Signaling, 8E2),
ALDH1/2 (Santa Cruz, sc-166362), ALDHL1 (Cell Signaling, D9J7R), MDR1/ABCBL (Cell
Signaling, E1Y7B), HIF1-a (Cell Signaling, D5F3M), ABCG2 (Cell Signaling, D5V2K),
nucleoporin-62 (Santa Cruz, sc-48373), EpCAM (Cell Signaling, VU1D9) and EPAS-1
(Santa Cruz, 190B). Target proteins were visualized with the secondary mouse or rabbit 1gG
antibodies and a chemiluminescent substrate (Santa Cruz, sc-2048). All Western blot results
were normalized by total protein (Fig. S5). All Western blot experiments were reproduced
and performed three times for quantification.

2.5 3D Reconstruction of Migrating Cells via tightly confined microchannel

2.6

2.7
cells

Microchannel devices (Fig. S1. A) with migrated cells were fixed using 4%
paraformaldehyde for 10 minutes and perfused with washing solution (0.5% triton in
1xPBS) for 1 hour. Samples were stained with Actin-Stain™ 488 (Cytoskeleton) and 15
minutes of PI (Propidium iodide, 500nM, MP) at room temperature. Images were scanned
using a z-step size of 0.5 um. 3D reconstruction was carried out by MATLAB and ImageJ.

Immunostaining

Microchannel devices (Fig. S1. A) with a sufficient number of migrating cells were fixed
using 4% paraformaldehyde for 10 minutes and washed with 1xPBS. After blocking with
4% goat serum in washing solution (0.5% triton in 1xPBS) for 1 hour, samples were
immunostained with either ABCG2 (1:500, Cell Signaling, D5V2K), nucleoporin P62
(1:500, Thermo-Fisher, PA5-21882) or YAP (1: 500, Santa Cruz, sc-271134) antibody at
4°C overnight. After washing 3 times with washing solution, samples were incubated with
Alexa Fluor® Goat Anti-Rabbit 1gG (1:200, Jackson ImmunoResearch Laboratories) for 2
hours at room temperature. Signal visualization and image capture were performed using a
ZEISS LSM 800 fluorescence microscopy. Fluorescence intensities were quantified by
ImageJ. The ratio of YAP intensity between the cytoplasm and the nucleus was taken as an
indicator of mechanical pressure to the cells when they traveled through the tightly confined
microchannels.

Intracellular drug accumulation comparison between migrated and non-migrating

Devices with 5 x 5 um microchannels (Fig. S1. A) was used to separate migrated cells from
non-migrating cells. 20 x 103 cells were seeded to the central reservoir of each device and
cultured for up to 6 days. Cells were classified into three different migrating status: non-
migrating 2D culture cells (i.e., cells growing at the initial seeding central reservoir),
migrating cells, and migrated cells (i.e., cells entered, migrated via tightly confined
microchannel, and exited to the other side of reservoir) (Fig. S1. C). The cells were then
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treated with naturally fluorescent Doxorubicin (Dox, 17uM, Doxorubicin hydrochloride,
Sigma-Aldrich) for 4 hours at 37°C. Four hours after, Doxorubicin was removed and the
cells were washed with live cell image medium (1582202, Life Technologies) and imaged to
determine the intracellular accumulation of the Doxorubicin (i.e., 4 hour Dox accumulation).
All samples were imaged by a ZEISS LSM 800 fluorescence microscopy using bright field
and Rhodamine filter set (Dox). Cells in two different locations were imaged: central
reservoir (2D control cells) and 5 x 5 reservoir (5R, cells migrated through 5 x 5 um
microchannels, Fig. 1). After taking 4 hour Dox accumulation, the cells were kept in the
image medium overnight and imaged again to compare the Doxorubicin efflux between non-
migrating 2D cells and migrated cells. All images were quantified for Dox fluorescence
intensities at nucleus and cytoplasm by ImagelJ (Fig. 1).

2.8 Viability comparison between migrating and non-migrating cells

G55 GBM cells were treated with Doxorubicin (17uM) overnight or Temozolomide (TMZ,
0.25 mM, 0.5 mM, and 1 mM, T2577, Sigma) for 72 hours at 37°C. MDA-MB-231 cells
were incubated with Doxorubicin (17uM) overnight or 5-Fluorouracil (5-Fu, 25uM, Sigma-
Aldrich) for 72 hours. Cell viability under various anti-cancer drug treatments was
determined with the Green Live/Dead Stain (34J66, ImmunoChemistry) with 1:1,000 (v/v)
in 1xPBS.

2.9 G55 Radiation and Viability Test

G55 cells were seeded at the both sides of the entrance of the microchannels (total 50 x 103
cells per device, Fig. S1. B and Fig. 2A) and incubated for 3—4 days to allow the cell
migration via tightly confined microchannels. The same number of cells for the 2D cell
culture were seeded in plain 6-well plates in 2 ml same media and cultured overnight. Then
radiation of a single dose of 2 Gy, 5 Gy, or 10 Gy was performed with a high dose-rate
137Cesium (Cs) unit (4.5 Gy/min) at room temperature [10] (Fig. 2B). To make a condition
in the 2D cell culture similar to the confined-migrating cells (inside microchannel) during
radiation, a PDMS cover was put on the top of each well just before radiation and was
removed after radiation (Fig. 2A). Cell viability of both 2D and confined-migrating cells was
assessed at 48 hours post radiation. For assay of migrating cell viability, Hoechst 33342
(0.5ug/ml, Thermo-fisher) and Propidium iodide (0.5ug/ml, MP Biomedicals) staining was
carried out. Images were taken using a Nikon E-2000 fluorescence microscopy, and the
nuclei (both total and dead) inside the microchannels were quantified. For assay of 2D cell
viability, the media in each well were collected (to harvest the floating cells) and the adhered
cells in correspondent wells were collected after Trypsin (0.25%, VWR) treatment and were
added to the collected media. 10 pl of each sample were mixed with 10 pl of trypan blue
stain (0.4%, Invitrogen), and 10 pl of that was used to determine the cell viability using a
cell counter according to the manufacture’s protocol (Invitrogen).

2.10 Mouse G55 xenograft model and brain tissue immunohistochemistry

Mouse xenograft models were established using the G55 cells that was stereotactically
implanted into the striatum of a mouse brain guided by Bregma coordinates. The brain was
harvested after allowing time for tumor growth/migration and then fixed with formalin and
paraffin embedded (FFPE). The immunohistochemical analysis was performed on Leica
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Bond RXM platform using Polymer Refine Detection system (DS9800). The collected brain
tissues were sectioned at 4 um thickness and mounted on positively charged slides. The
slides were then dried overnight at room temperature and incubated at 60°C for 45 minutes.
Slides were transferred to the Leica Bond RXM for dewax and then treated for target
retrieval at 100°C for 20 minutes in a retrieval solution at pH 6. The sections were then
incubated with 5% goat serum (01-6201, Thermo-Fisher) for 30 minutes. Endogenous
peroxidase was blocked using peroxidase-blocking reagent, followed by the primary
antibody (ABCG2, Abcam 207732) incubation for 60 minutes. For the secondary antibody,
post-primary 1gG-linker and/or Poly-HRP 1gG reagents was used. Detection was done using
3, 3’-diaminobenzidine tetrahydrochloride (DAB) as chromogen and counter stained with
hematoxylin. Completed brain tissue slides were dehydrated (Leica ST5020) and mounted
(Leica MM24). Slides were imaged by light microscopy (Fig. 5. A3).

2.11 Determination of Hypoxia level during confined-migration

Microchannel devices with adequate number of physically confined migrating cells were
incubated with the Image-iT® Hypoxia Reagent (10pM, H10498, Life Technologies) at
37°C for 30 minutes. Hypoxic visualization and image capture were performed using a
ZEISS LSM 800 fluorescence microscopy under 20X with excitation/emission of
490/610nm. Fluorescent intensity in the central reservoir, inside the microchannels and the
satellite reservoirs were measured by ImageJ and compared among the groups.

2.12 Reseeding experiment

For G55, after harvesting the live confined-migration cells (as described previously) from 18
devices (about 54 x 103 cells in total), the cells were reseeded in the plain 24-well plates
(without microchannels) and re-cultured for 48 hours to determine whether protein
expression changes induced by confined-migration persist after removal from physical
confinement. For MDA-MB-231, the confined-migration cells were re-seeded in the plain
24-well plates (without microchannels) and collected at 2, 3, 4, and 8 days post seeding for
Western blot analysis.

2.13 Statistical Analyses

Microsoft Excel was used to calculate the averages and standard deviations (STDs). To
compare the statistical significance, a one-way ANOVA tests and Tukey post hoc tests
among multiple groups and the two-tails student ~test were performed. A p-value of less
than 0.05 was considered statistically significant.

3. RESULTS
3.1 Confined-migrating Cancer Cells Develop Chemotherapy and Radiotherapy

Resistance

The confined-migrated cells moving through physical confinement showed characteristic
resistance to chemo-therapeutic agent, Doxorubicin (Dox). Both GBM and MDA-MB-231
cancer cell lines were treated with 17uM Dox for visualization of intracellular drug mobility,
due to the degree of Dox autofluorescence at this concentration [11]. After 4 hours Dox
incubation, samples were imaged at two different timepoints: immediately after Dox

Cancer Lett. Author manuscript; available in PMC 2022 May 28.
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removal (4hr) and 16 hours (overnight). The autofluorescence of Dox in intracellular
compartments (i.e., total cell, nucleus, and cytoplasm) was measured and compared. After
drug treatment for 4 hours, Dox intensities in two locations (2D and 5R) showed no
significant differences. However, Dox accumulation was highest at the nucleus due to DNA-
Dox interaction (Fig. 1 Al and B1). After incubating overnight with Dox free medium, the
general Dox intensity was in a reducing trend due to efflux property though for 2D cells
more Dox accumulated to nuclei because of DNA bonding effect of Dox. Viewed in detail,
the cells which migrated through 5 x 5 um (5R) microchannels had significantly lower
concentration of Dox in all intracellular compartments compared to 2D cultured cells (Fig. 1
A2 and B2). Both G55 (Fig. 1 C) and MDA-MB-231 (Fig. 1 D) cells showed obvious
changes in Dox intensity under different degrees of confinement. When comparing 4hr and
overnight, we observed increased Dox intensity in the nucleus of 2D cultured cells, but the
confined-migrated cells showed a significant decrease in Dox intensity. For G55 cells, there
was 12% increase (2D) and 41% decrease (5R) (Fig. 1 E1). For MDA-MB-231 cells, 23%
increase (2D) and 43% decrease (5R) (Fig. 1 F1). The cytoplasmic Dox intensity decreased
in G55 cells (-11% for 2D and —31% for 5R cells), but the intensity increased in MDA-
MB-231 (+104% for 2D and +69% for 5R). Total Dox intensity changes after overnight
incubation is shown in Fig 1. E3 and F3. Based on the Dox intensity change pattern as total
intensity of Dox decreased after overnight incubation, the Dox accumulation difference is
mainly depending on drug efflux. To further address the implication of increased Dox efflux
in the confined-migrated cells, cell viability after Dox treatment was examined: G55 cells
showed 20% higher viability in the migrated group (for 5R) as compared to 2D cells (Fig. 1
G); MDA-MB-231 2D cells showed a high sensitivity to Dox (~15% viability) compared to
migrated cells (~100% viability) (Fig. 1 1). These results were consistent with the pattern of
Dox intensity changes under different degrees of confinement. To further confirm the
confined-migration induced chemotherapeutic resistance, TMZ and 5-FU (clinically used
chemotherapeutic agents) were used for G55 and MDA-MB-231, respectively. After 72
hours TMZ treatment, the viability was significantly higher for migrated cells (5R) than the
2D cells at all doses (Fig. 1 H). After 72 hours 5-FU treatment, the migrated cells showed a
significantly higher (~100% in 5R) viability than 2D cells (~50%) (Fig. 1 J). Taken together,
these data indicate that the confined-migrated cells have a resistance to a variety of
chemotherapies and confined-migrated cells have increased drug efflux. Therefore, these
results offer a mechanism by which the confined migration endows metastatic cancer cells
with resistance by the increased ability to efflux drug.

To determine the characteristic radiation resistance of the confined-migrating cells and 2D
cells, two groups of cells were equally irradiated with doses of 2 Gray (Gy), 5 Gy or 10 Gy,
and then cell survival rates, which were normalized to the non-irradiated group, were
compared among these two groups (Fig. 2 A). The data showed that at low doses (2 Gy and
5 Gy), 2D cells and the confined-migrating cells showed no significant differences in radio-
sensitivity. However, the cell viability was reduced with increasing radiation dose in both
groups. At the highest dose (10 Gy), the confined-migrating cells showed a significantly
higher survival rate over the 2D cells (Migrating: 94.8 + 10.1 vs. 2D: 87.8 £ 4.1, p=0.0165)
(Fig. 2 B). There was no significant decrease in viability of confined-migrating cell even
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after treatment with the highest dose (Figs. 2 B-C). These results confirm that the confined-
migrating cells have an increased resistance to radiation.

3.2 Confined-migrating Cells Exhibit Significantly Increased Drug Efflux Proteins

In Dox accumulation studies, cells that migrated through physical confinement exhibited an
increased Dox efflux as compared to 2D cultured cells. Western blot analyses revealed that
the confined-migrating cancer cells up-regulated the following drug efflux proteins:
ABCG2, MDR1, and nucleoporin-62 (NUP62) (Figs.3 A-E). In G55 cells, the confined-
migrating cells expressed a four-fold increase in ABCG2 (Fumitremorgin C inhibiting
experiment also proved ABCG2 increased in confined-migrating cells (Fig. S2)); a two-fold
increase in MDR1,; and a three-fold increase in NUP62 compared to 2D cultured cells (Figs.
3 A-C). Similarly, both ABCG2 and MDRL1 showed increased expressions in the confined-
migrating MDA-MB-231 cells as 2.5 times and 29 times respectively compared to 2D
cultured cells (Figs. 3 D and E). Additionally, immunostaining revealed a higher expression
of ABCG2 and NUP62 protein in G55 and MDA-MB-231 cells when they migrated through
the physically confined 5 x 5 um microchannels (Fig. 3 F). The increased drug-efflux
protein expression of the confined-migrating cells contributes to higher cell viabilities due to
increased drug expulsion.

3.3 Confined-migrating Cancer Cells Up-regulate CSCs Related Biomarkers in Various
Cancer Types

Cancer stem cells (CSCs) is a rare population within the whole tumor population. Recent
work in glioblastoma and breast cancers has pointed out that increasing CSCs population
can increase the whole tumor’s resistance against radiation- and chemotherapy allowing
tumor to survive and recurrence [12, 13]. CSCs’ resistance mechanisms include DNA
damage repair, amplified checkpoint activation and expression of additional drug pumps,
such as ATP-binding cassette (ABC) transporters [14-16]. Those mechanisms are exactly
related to resistance to Dox and radiation therapy. Therefore, to further understand the
increased therapeutic resistance after confined-migration, we examined whether the
confined-migrating cancer cells exhibit cancer stem cell like properties. CD133, a biomarker
for cancer stem cells, expression in confined-migrating G55 cells was increased 50%
compared to 2D control (Fig. 4 Al); while CD44, another biomarker for CSCs, expression
was reduced around 90% in the migrating group (Fig. 4 A2). This CD133-CD44 shift has
been reported in a patient-derived glioma stem cell (GSC) cell line when cells were subject
to hypoxia [17]. Aldehyde dehydrogenase (ALDH) is also frequently used to identify CSCs
[18]. In this study, the confined-migrating G55 cells expressed two times ALDH (Fig. 4 A3)
and four times EPAS-1, a specific marker for GSCs (Fig. 4 A4). CD133 expression in
confined-migrating MDA-MB-231 cells was significantly increased by 6.2 times (Fig. 4 B1)
along with other breast CSC biomarkers: ALDH (1.7 times), EpCAM (1.3 times) and Nanog
(3.2 times) (Figs. 4 B2-B4).

To find out whether such increase of CSC properties in the confined-migrating cells was
restricted to a certain type of cancer or is ubiquitous, several other types of cancer cells
(patient-derived C25 GBM, A549 lung cancer, and PC3 prostate cancer) were tested (Figs. 4
C-E). CD133 expression in the confined-migrating cells was 16 times higher in C25 cells
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(Fig. 4 C), 4 times in A549 cells (Fig. 4 D), and 5 times in PC3 cells (Fig. 4 E). These results
clearly indicate that the confined-migrating cancer cells exhibit cancer stem cell like
properties which could be correlated to increased therapeutic resistance.

3.4 Physical Confinement Increases Migrating Cancer Cells’ Cytoskeleton Tension with
Minimal Hypoxic Stress

When migrating via physically confined microchannels, cells showed different morphology
due to confinement from their surroundings. Here, in order to show impacts from different
degrees of confinements, we added 15 x 15 pm microchannel (Fig. 5 Al). When cancer cells
migrate through a physically confined 5 x 5 um microchannel, their nuclei were confined by
the tight space such that the nuclei turned to be a specially elongated shape. Based on 3D
reconstruction model we calculated the cross-section ratio (cross section acreage of cell/
cross section acreage of microchannel) for the confined-migrating cells. For 2D cells, the
cross section was considered as 0. Cells migrating inside 5 x 5 pm microchannel were
exposed to significantly higher confinement, shown by more than 80% cell membrane
clinging to microchannel walls, than 2D or cells migrating via relatively open microchannel
(15 x 15 pm) (Fig. 5 A2). This evidence is consistent with what we observed from /n vivo
model. In the G55 murine xenograft model of glioblastoma multiforme, migrating-G55 cells
creeping along the cortical white matter tracts (labelled with arrowhead) demonstrated
elongated morphology similar as migrating inside 5 x 5um microchannels (Fig. 5 A3).
Those elongated G55 cells also expressed higher ABCG2 compared to non-migrated G55.
CD133 staining also showed higher expression in metastatic G55 under physical
confinement (Supplementary data, Fig S6).

According to the above evidence, we believe while migrating in microchannels (the same as
migrating in confined tissue), the cells need to overcome the resistance associated with the
confinement. To assess how the microchannel’s dimensions affect confinement caused by
hydraulic resistance, we utilized the concept from hydrodynamics by expressing the
resistance as a function of channel dimensions: height (/), width (1), and length (L) while
the viscosity of the fluid (p) is kept as constant:

{22!
] 12uL 192( h oo 2\h
R(Resistance) = ——|1 — 7(*) i =1

w3 2 \w 2i=135 5

[19]

To compare the resistance, three different sized microchannels were considered (5 x 5, 5 x
12 and 15 x 15um), leading to the calculated resistances summarized in Fig. 5 A4.
Considering the effective hydraulic resistance associated with the 15 x 15um (w x £)
microchannel as the baseline, the effective resistance a cell needs to overcome to migrate in
a 5 x 5um cross-section is 81 times higher due to confinement. This increase suggests a
much higher energetic demand from the cell to migrate through a physically confined
microenvironment (by comparison, this would emulate the increased energy needed to
metastasize distant brain tissue).

Cancer Lett. Author manuscript; available in PMC 2022 May 28.
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YAP relocation from cytoplasm to nucleus (measured as a ratio) indicates increased
cytoskeleton tension due to shear force on the cell membrane [20, 21]. To investigate the
relationship between confined-migrating, therapeutic resistance and CSC like behaviors, we
examined Yes-associated protein (YAP) relocation and intracellular oxygen level in the
different degrees of confinement. The YAP ratio was significantly increased as the
microchannel width decreased in both cell types (Figs. 5 B and G). In both G55 (Fig. 5 C)
and MDA-MB-231(Fig. 5 H), nuclear YAP fluorescence were evidently lower than in the
cytoplasm for the 2D group, but cells that migrated through physical confinement had higher
YAP fluorescence inside the nucleus. YAP fluorescence nucleus localization was consistent
with 3D reconstruction results (Fig. 5 A). It proved that the confined pressing force due to
the tight surroundings did increase the confined-migrating cell’s intracellular skeleton
tension.

Hypoxia is a well-known factor that induces cancer stem cell like variation, malignant
growth, and cancer metastases [22—24]. Hypoxia-induced factor 1-alpha (HIF-1a), which is
known to regulate multiple cellular activities including cell survival in hypoxic conditions
and epithelial-to-mesenchymal metastatic cascades [24, 25], was up-regulated 20 times in
the migrating G55 cells and 4 times in the migrating MDA-MB-231 cells (Figs. 5 F and K).
To determine if HIF-1a increased due to hypoxic condition during confined migration, the
intracellular oxygen level was measured by Image-iT® Hypoxia Reagent expression.
Interestingly, cells in the central 2D area showed a higher fluorescence intensity compared to
the cells around the microchannel entrance and those migrating via physically confined
microchannels (Figs. 5 D and J). When G55 cells were close to the microchannel entrance,
the fluorescence intensity dropped to 30% of the cells in the 2D center reservoir. After
migrating into 5 x 5 um microchannels, cells exhibited the lowest hypoxia dye intensity
(Fig. 5 E). For MDA-MB-231 cells, when cells were close to the microchannel entrance and
inside the microchannels the hypoxic dye intensity dropped to 20% of the 2D cells (Fig. 5 1).
Additionally, when we compare HIF-1a expression between hypoxia cells and confined-
migrating cells, around two times higher expression was observed in the confined-migrating
group (Fig. S4). Based on these results, the significant increase in HIF-1a expression was
not caused by a hypoxic condition during confined-migration.

3.5 Protein expression changes induced by confined-migration persist after removal from
physical confinement

To determine if the protein changes induced by confined-migration remained permanently,
the migrating cancer cells were collected and re-cultured on the 2D environment over
different time periods. In G55 cells, expression levels of selected proteins (ABCG2, ALDH
and CD44) were assessed by Western blots and compared among 2D control cells, migrating
cells, and 2-day re-cultured cells. There was no significant difference in these proteins
between the migrating group and the 2-day re-cultured group, but both were significantly
different from 2D cultured cells (Figs. 6 A-C). Likewise, the confined-migrating MDA-
MB-231 cells were collected and re-cultured for 2, 3, 4 and 8 days. Western blot results
showed that cells could maintain the altered protein expression levels up to 4 days whereas,
at day 8 of re-culture, all protein levels finally returned to the original baseline (Figs. 6 D-

Cancer Lett. Author manuscript; available in PMC 2022 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shenetal. Page 11

F). Although protein changes induced by confined-migration are not permanent, the changes
persist for at least 4 days.

4. DISCUSSION

Currently, treatment with radiation and chemotherapy after surgical resection to remove
tumors is the standard-of-care for many cancer patients [4, 26]. However, the highly
therapeutic resistant nature of metastatic cancer cells tends to limit the efficacy of current
cancer treatments. A better understanding of what triggers confined-migration (via
physically constricted tissue) induced resistance is important for improving anticancer
strategies, specifically for metastatic cancer. In this study, we successfully isolated and
examined therapeutically resistant confined-migrating cancer cells; we discovered that
mechanical stimulation caused by physical confinement could be one of the factors that
leads to increased resistance in migratory cells. This is accomplished by cells adjusting their
membrane protein channels and up-regulating CSCs related biomarkers.

Viability studies after certain chemotherapy or radiation treatments (representative of GBM)
showed confined-migrating/migrated cells to have significantly higher survival rates than 2D
cultured cells. Based on these results, we confirmed cells that experience confined-migration
become resistant. The drug efflux experiments support the increased viability demonstrating
resistance; confined-migrated cells have lower drug accumulation compared to the control
group for both cancer types due to increased drug efflux. It is well-established that cancer
cells in the resistance category can change the activity and/or structure of the cell membrane
in order to regulate chemical transportation [27-30]. On the cell membrane, resistance is
mostly controlled by the ATP-binding cassette (ABC) transporter proteins including P-
glycoprotein (ABCBL1), the multidrug resistance-associated protein 1 (MRP1), MRP2 and
ABCG2 [30, 31]. In the cell nucleus, resistance may be controlled by nucleoporins as the
gateway that regulates the molecular exchange between the cell nucleus and the cytoplasm
[32, 33]. Western blot data, showing increased expressions of ABCG2 and MDR1 on the cell
membrane and NUP62 on the nuclear envelope (G55 cells in particular), were consistent
with viability and drug efflux studies. These data provide evidence that confined-migration
is tightly linked to up-regulation of multidrug resistance associated proteins, leading to drug
resistance. Furthermore, the proliferation-inhibiting effect during confined-migration is
responsible for increased radiation resistance.

Besides observing the up-regulated therapeutic resistance, we also observed molecular
alterations on confined-migrating cells with implications for cancer stem cell biology.
Transmembrane glycoprotein CD133 and aldehyde dehydrogenase (ALDH) are the foremost
markers used in isolating stem cells from various tissues, including CSCs [18, 34, 35]. When
in a confined-migrating state, both GBM and breast cancer cells showed increased CD133
and ALDH expression, indicating the acquisition of cancer stem cell-like features resulting
from migration through physically tight confinement. Changes in other CSC related
markers, CD44, EPAS-1 (for GBM), EpCAM, and Nanog (for breast cancer) further confirm
that CSC like features can be acquired during confined-migration [36, 37]. Additionally, we
observed increased expression of CD133 in several other cancer cells (A549 lung cancer,
PC3 prostate cancer, and C25 patient-derived GBM), suggesting that induction of CSC-like
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behaviors is not just limited to a specific cancer cell type, but possibly a feature in all
migrating cancer cells. Among the changes of confined-migration induced CSCs
biomarkers, we observed that CD44 and CD133 expression is inversely related in GBM:
increased CD133 and decreased CD44[17]. The expression shift between CD44 and CD133
is known to be influenced by environmental factors, such as hypoxia, chemotherapy, or
radiotherapy [17, 38]. The observed shift can be attributed to the confined environment
experienced by migrating cells. A boosted resistance to radiation therapy is also evidence
that confined-migrating cells possess CSC-like properties [39]. Taken together, we believe
that physical confinement during migration can guide activation of specific intracellular
cascades that induce CSC-like behaviors.

Understanding the factor(s) which trigger(s) confined-migration induced therapeutic
resistance and CSC-like behavior is critical to develop therapeutic strategies for the
treatment of metastatic cancer. In our study, the major difference between a confined-
migrating cell and a 2D cultured cell is degree of physical confinement. Cells migrating
through physical confinement have a microenvironment where their migration is confined by
contacts with the surrounding structures with inherently more contact points compared to
cells in 2D where cells can freely grow, proliferate, or migrate with minimal physical
constraint. In order to ascertain which factor(s) trigger therapeutic resistance and cancer
stem cell-like behavior during confined-migration, we investigated if the cells were
experiencing hypoxia and/or shear force by interaction with their tight surroundings. HIF-1a
a well-known intracellular indicator of developmental response to hypoxia, showed
increased expression in confined-migrating cells. However, our hypoxic data demonstrated
that cells inside the microchannels were subjected to only minimal or no hypoxic (< 5% atm
O») conditions. The regulation of HIF-1a. expression and activity is complicated and is not
only up-regulated in hypoxic conditions. Apart from hypoxia, it can also be activated
through an oxygen-independent manner by various cytokines through the PI3K-AKT-mTOR
pathway [40], which is known to increase survival under various stress conditions [41, 42].
However, HIF-1a has been reported that is required for a high-level cell motility but is
linked to a novel HIF-1a mediated signaling pathway that is independent of hypoxia [41].
As reported by Li’s group, hypoxia per se did not influence cell migration but presenting of
HIF-1a protein promoted cell migration. Combined there reported cased with our
observations suggest that the lack of oxygen is not the major factor triggering therapeutic
resistance in cancer cells during confined-migration. Therefore, we assert the observed
treatment resistance with increased efflux proteins and up-regulation of HIF-1a and other
CSC related markers, could be induced by mechanical interaction between cells and their
surroundings rather than oxygen deficit. To further elucidate the role of mechanical
interaction, Yes-associated protein ('Yorkie-homologues YAP) whose nuclear localization
property is accompanied with cells’ response to a narrow ECM passageway [20], was used
as a tool to demonstrate the intracellular skeletal tension caused by mechanical interaction
during migration through physical confinement. It has been reported that YAP/TAZ
localization is dependent on cell volume (cell shape and aspect ratio) as under confinement
more YAP/TAZ relocated to nuclear [42]. Besides, YAP/TAZ activation are related to cancer
stem cell attributes, cancer proliferation, chemoresistance and metastasis [43, 44]. All these
are consistent with our observation that confined-migrating cancer cells with higher ratio of
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YAP/TAZ nuclear localization demonstrating higher therapeutic resistance that caused by
increased drug efflux proteins and CSC-like behavior. Immunohistochemical staining of
ABCG?2 in glioblastoma multiforme xenograft model showed that G55 cells migrating in
white matter track would turn to elongated shape and demonstrated higher ABCG2
expression. This phenomenon was consistent with acquisition of drug resistance and
increase in CSC related biomarker expression. Hence, we conclude that confined pressure
and interaction from the surrounding environment during migration has a profound impact
on cell behaviors [20, 45] and leads to up-regulated therapeutic resistance and production of
CSC-like features. These features acquired during confined-migration were maintained at
least for 48 hours when removed from confinement. Therefore, forcing cells to migrate
through physical confinement provides a potential new avenue for obtaining multifactorial
therapeutic resistant cancer cells (having increased drug efflux and CSC-like behavior).
Future studies can harness this technique in the development of new anticancer treatments,
specifically targeting metastatic, therapy resistant cancer.
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Highlights
Physically tight confinement during cancer cell migration triggers therapeutic

resistance and induces cancer stem cell-like behavior

Up-regulating efflux proteins on cell membrane and increasing cancer stem
cell related markers after confined-migration contributes to increased
therapeutic resistance

Re-localization of Yes-associated protein (YAP) to the cell nucleus indicated
an elevated level of cytoskeletal tension during confined-migration
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Fig. 1. Confined-migrating cancer cells develop chemotherapeutic resistance by increasing drug
efflux

(left panel are G55 results and right panel are MDA-MB-231 results). A-B. Quantitative
comparison of Dox intracellular accumulation between 2D culture (2D) and cancer cells that
migrated through 5 x 5 um microchannels (5R). Dox (17uM) was introduced to all cancer
cells then removed after 4 hours and replaced with the Dox free medium. After overnight
incubation with Dox free medium, Dox intensities were quantified in the nucleus, cytoplasm
and whole cell (total). N>20 per group. All experiments were triplicated. Tp<0.05 between
2D total and others; *p<0.05 between 2D nucleus and others; #p<0.05 between 2D
cytoplasm and others. C-D. Representative images of Dox accumulation in 2D culture and
cells which have migrated through 5 x 5 pm microchannels (red arrows). E-F. Changes of
Dox intensity over time under different degrees of confinement. Percentage shows intensity
changes between 4 hr and overnight. N>20 per group. G and I. Viability after Dox (17 uM)
4 hr treatment plus overnight Dox free incubation. N>20 per group. *p<0.05 between 2D
and others. H. G55 cell viability after Temozolomide treatment (0.25 mM, 0.5 mM or 1
mM) for 72 hours. *p<0.05. J. MDA-MB-231 cell viability after 5-Fu (5 uM) treatment for
72 hours. *p<0.05. Experiments were replicated.
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Fig. 2. Confined-migrating cells exhibit more radiation resistance than the 2D cultured cells.
A. G55 cells were seeded and allowed to migrate in 5 um width microchannel (top row of 6-

well plate) and to grow in 2D (bottom row of 6-well plate); then the plate was irradiated in
various doses with a PDMS cover on the top of the 2D wells to control for the potential
effect of PDMS on viability. B. Quantitative comparison of cell viability between 2D and
confined-migrating cells at different doses of radiation; average * Std. *p<0.05. N>20
images from at least 3 wells for migrating cells per group; N=6 for the 2D cultured cells per
group. C. Representative live/dead images of confined-migrating G55 cells (migrating
through 5 x 5 pm microchannels) treated with 0 Gy and 10 Gy radiation. Images were taken
48 hour post-treatment. (Red arrows indicate lined confined-migrating cells inside
microchannels; Green arrows indicate 2D cultured cells.)

1duosnuepy Joyiny

1duosnuep Joyiny

Cancer Lett. Author manuscript; available in PMC 2022 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

MDR1(ABCB1)

E s * mc
am
o -D
C M

Page 19

MDA-MB-231 2D

MDA-MB-231 2D

5
8

MDR1(ABCB1)
*

=]
=

Relative Intensity

S

0
C M

Fig. 3. Confined-migrating cells express significant increased drug efflux proteins.
A-C. Quantitative comparison of drug efflux proteins (ABCG2, MDR1 and NUP62)

between G55 confined-migrating cells (indicated by M) and 2D cells (indicated by C). D-E.
Quantitative comparison of drug efflux proteins (ABCG2 and MDR-1) in MDA-MB-231
confined-migrating cells (indicated by M) and 2D cells (indicated by C). All Western blot
results were normalized by the total protein concentration. (Average + Std). All experiments
were reproduced. *p<0.05. F. Representative immunostaining images of NUP62 and
ABCG2 for G55 (left) and MDA-MB-231 cells in 2D culturing and after migrating through
5 x 5 um microchannels (5R, right). Blue: DAPI; Red: NUP62; and Green: ABCG2.
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Fig. 4. Increased expression of cancer stem cell related markers in confined-migrating cancer
cells.

Quantitative comparison of cancer stem cell related markers using Western blot analyses
between confined-migrating (M) and 2D cultured (C) cancer cells. A1-A4. G55 cells. B1-
B4. MDA-MB-231cells. C-E. Increased expression of CD133 in different types of confined-
migrating cancer cells: C25 patient derived GBM cells, A549 lung cancer cell line, and PC3
prostate cancer cell line. (H: hypoxia condition, refer to Fig. S4). All results were
normalized as relative intensity to the expression in control group. Average + Std. *p<0.05.
All experiments were reproduced. Representative blot images of each marker are shown
below their respective graph.
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Fig. 5. Confined-migrating cancer cells exhibit increased cytoskeleton tension with minimal
hypoxic stress.

Al. 3D reconstructed MDA-MB-231 cells under different degrees of confinement: 2D,
15%15 and 5x5 um microchannel (Red: PI; Green: F-actin). A2. Cross section ratio of MDA-
MB-231 cells inside microchannel. Average + Std, n=4/condition. (cross section ratio =
cross section acreage of cell/cross section acreage of microchannel) A3.
Immunohistochemical staining for ABCG2 in the G55 murine xenograft model of
glioblastoma multiforme demonstrates high ABCG2 expression in migrating tumor cells
within cortical white matter tracts. a: health mouse brain tissue (honcancerous). b-c: In areas
bordering G55 tumors (labeled with 1), elevated ABCG2 expression can be observed in the
migrating tumor cells within cortical white matter tracts (labeled with*). Arrow: blood
vessel. Arrowhead: tumor cells highly expressing ABCG2 in a whole cell pattern. A4.
Hydraulic resistance inside microchannels with different dimensions. h: height; w: width.
Results are normalized by the lowest resistance number (i.e., 15x15 pm microchannel). B

Cancer Lett. Author manuscript; available in PMC 2022 May 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Shen et al.

Page 22

and G. Quantitative comparison of YAP expression (N/P; nucleus/cytoplasm) between 2D
cultured and confined-migrated cells. 5R: cells migrated through 5 x 5 um microchannel. C
and H. Representative YAP fluorescence images of G55 (C) and MDA-MB-231 (H) cells.
Blue: DAPI; Green: YAP. Scale bar: 10um. D and J. Representative hypoxia dye
fluorescence images of cells in the central reservoir (2D), 5 x 5 um entrance and inside 5 x 5
pum microchannels (MC). Red arrows indicate the confined-migrating cells via the 5 x 5 um
microchannels. E and I. Quantitative comparison of hypoxia dye intensity of the cells in
different locations. F and K. Western blot HIF-1a relative intensity. C: 2D cultured cells and
M: cells migrated through 5 x 12 um microchannels. All results were normalized to the total
proteins. Average + Std. *p<0.05, **p<0.01 between 2D and others. Scale bar: 5 pm. All
experiments were reproduced.
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Fig 6. Protein expression changes induced by confined-migration persist after removal from
physical confinement.

A-C. Comparison of selected proteins (ABCG2, ALDH and CD44) expression in G55 cells
between 2D culture (2D), confined-migrating (M), and 2 days after reseeding confined-
migrating cells on the 2D culture (D2). D-F. Comparison expressions of selected proteins
(CD133, ABCG2 and ALDH1) in MDA-MB-231 cells between 2D culture (2D), confined-
migrating (M), and 2, 3, 4, and 8 days after reseeding confined-migrating cells (D2, D3, D4,
and D8). Representative blot images of each marker are shown below their respective
graphs. All results were normalized to the total proteins. Average + Std. *p<0.05. All
experiments were reproduced.
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