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Abstract

Engineered three-dimensional (3D) tissue culture platforms are useful for reproducing and
elucidating complex in vivo biological phenomena. Spheroids, 3D aggregates of living cells, are
produced based on physicochemical or microfabrication technologies and are commonly used
even in cancer pathology research. However, conventional methods have difficulties in
constructing 3D structures depending on the cell types, and require specialized techniques/lab
know-how to reproducibly control the spheroid size and shape. To overcome these issues, we
have developed a fabrication method, which enables anyone to make and mature cancer
spheroids using a superhydrophobic microwell made of the monolithic porous materials. Here, we
characterize the biological behaviors of the breast cancer spheroids fabricated by our method
under normoxic and hypoxic conditions. We found that the fabricated spheroid contracted to a
certain size via activation of the actomyosin system. Cell proliferation induced a hypoxic state
inside the spheroid (elevated expression of the hypoxia-inducible factor HIF-1a), followed by the
formation of a necrotic core and cell escape from the spheroid. In addition, we observed a
decrease in cancer spheroid contractility and cell escape from spheroids under hypoxic conditions
compared to normoxic conditions, which were related to oxygen concentration-dependent cell
motility. The fabricated spheroids perform as 3D tumor tissues in a highly reproducible manner
and within a short culture period. Our findings indicate that this fabrication method has a wide
range of applications in cancer research, such as elucidating the mechanisms of tumor invasion
and metastasis and screening anticancer drugs, as with previous methods.

Keywords: Cancer spheroid; Fast fabrication; Superhydrophobic substrate; In vitro model;
Hypoxia



Highlights

Cancer spheroids of the desired size can be produced in a highly reproducible manner.

The fabricated MDA-MB-231 spheroid contracts via actomyosin system activation.

Cell proliferation induces a highly hypoxic state inside the spheroid.

Necrotic core formation in the inner layer and cell escape from the spheroid can be reproduced.
Spheroid behavior is influenced by oxygen concentration-dependent changes in cell motility.



Main Text:

Introduction

Engineered three-dimensional (3D) tissue culture platforms are useful tools for mimicking
biological phenomena, replacing conventional tissue culture models with laboratory animals.
These platforms can reproduce complex in vivo environments, such as cell-cell or cell-matrix
interactions, mass transport, and cellular morphology and heterogeneity [1,2]. The study of cancer
pathology is no exception, for which 3D tissue culture is required because conventional two-
dimensional (2D) cell cultures weaken the malignant phenotype and cell-matrix crosstalk [3,4,5,6].
This has led to the development of various engineered culture platforms for cancer tissues.

Cancer cells grow and proliferate in a dense mass in vivo. The cellular spheroid formation
is, therefore, one of the most common methods to reproduce cancer pathology in vitro. Recently
proposed methods for the spheroid formation include microwells with surface modification to
control cell adhesion [7,8], hanging drops or microfluidic devices based on microfabrication
technology [2,9,10,11], and magnetic levitation using magnetic microbeads [12]. All of these
methods can produce cellular spheroids in large quantities with high yields. However, they are not
ready for use because they require a certain level of techniques to control the size and shape of
the spheroid, and the protocol must be optimized according to the experiment to be handled.
Considering the above-mentioned issues, we have developed a method to make tumor spheroids
easily by using a superhydrophobic microwell processed from monolithic porous materials with a
computer numerical control milling machine [13]. In our method, the tumor spheroids can be
quickly fabricated by simply dispensing a cell/extracellular matrix (ECM) suspension on the
microwell and incubating. The size of the spheroid is determined by the volume of the solution,
which makes it easy to control, and not only can a large number of spheroids be formed at once,
but it is also possible to apply this method to cell types that are difficult to form spheroids using
conventional methods.

Here, we show the biological characterization of breast cancer spheroid produced using our
fast fabrication method and its broad applicability to cancer research. To this end, we evaluated
behaviors of the spheroids in normoxia as well as in hypoxia to which breast cancer tissue is
exposed [14,15], both morphologically and at the protein levels. We found a contraction of the
cancer spheroid to a certain size via the actomyosin system as the breast cancer cells in its inner
layer proliferated over the culture duration. The spheroids exhibited increased expression of the
hypoxia-inducible factor HIF-1a with cell proliferation, formation of a necrotic core in their inner
layer, and escape of the cells from the spheroids. We also confirmed a delay in the spheroid
contraction and cell escape from spheroids under hypoxic conditions compared to normoxic
conditions, which were related to oxygen concentration-dependent cell motility.

Methods

Antibodies and chemicals. The primary and secondary antibodies used in this study are listed in
Supplementary Tables 1 and 2. (S)-(-)-blebbistatin (blebbistatin; B592500) was purchased from
Toronto Research Chemicals (Toronto, ON, Canada). Blebbistatin inhibits actomyosin contractility
by blocking myosin llI-dependent cell processes [16]. To inhibit actomyosin contractility, MDA-MB-



231 spheroids were incubated in the experimental medium containing 5 uM blebbistatin prepared
with dimethyl sulfoxide (DMSO; Fuijifilm Wako Pure Chemical Corporation, Osaka, Japan) from
day 0. CultureSure® Y-27632 (Y-27632; 030-24021) was purchased from Fujifilm Wako Pure
Chemical Corporation. For inhibition of Rho-associated protein kinase 1/2 (ROCK1/2) activity [17],
MDA-MB-231 spheroids were cultured in the experimental medium containing Y-27632 at a final
concentration of 5 yM from day 0.

Cell culture and spheroid formation. Green fluorescent protein (GFP)-labeled MDA-MB-231
cells (human breast adenocarcinoma cell line, AKR-201, Cell Biolabs, San Diego, CA, USA) were
cultured in a 75 cm? flask (VTC-F75V, VIOLAMO, AS-ONE, Osaka, Japan) with Dulbecco’s
modified eagle medium (DMEM; 31600-034, Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
containing 10 v/v% heat-inactivated fetal bovine serum (S1810, BioWest, Nuaillé, France) and 1
vIvV% penicillin-streptomycin (15140-122, Gibco). After reaching 90% confluence, the MDA-MB-
231 cells were harvested with 0.25% trypsin-EDTA (25200-072, Gibco) and re-suspended in
DMEM at the concentration of 5 X 107 cells/mL. Spheroids were then formed according to the
protocols described in our previous work [13]. Cell-suspended collagen solution [4.0 mg/mL; native
collagen acidic solution (IAC-50, KOKEN, Tokyo, Japan), 10X DMEM, 10 mM NaHCO3, 10 mM
HEPES-NaOH (pH7.5), and the cell suspension] was prepared on ice to give the final
concentration of 5 X 10° cells/mL. The cell-suspended collagen solution was dispensed onto the
superhydrophobic multiwell plate. The dispensed collagen solution was incubated at 37 °C in a
100% humidified atmosphere of 5% COz in air for 30—-60 min. After gelation, the primary spheroids
with 2 mm (for observation on dynamics and immunohistochemistry) or 5 mm (for immunoblotting)
diameter were transferred to a 48-well plate (VTC-P48, VIOLAMO). For comparison, other cancer
cell lines, MIA Paca2 (human pancreatic cancer cell line; RCB2094, RIKEN BioResource
Research Center (BRC)), MCF7 (human breast adenocarcinoma cell line; RCB1902, RIKEN
BRC), and HeLa (human cervical cancer cell line provided by Cell Resource Center for Biomedical
Research, Institute of Development, Aging and Cancer, Tohoku University, Japan) were cultured
under the same conditions, and spheroids were prepared from these cell lines.

Hypoxic exposure. Constructed MDA-MB-231 spheroids were then exposed to normoxia (21%
O2) or hypoxia (5% O2 and 3% O2) balanced with 5% CO2 and N2 at 37 °C in a multi-gas incubator
(MCO-5MUV; PHC Corporation, Tokyo, Japan). The spheroids were cultured from day 0, the day
they were made, until day 15. Dynamics in the spheroids were observed daily with phase-contrast
microscopy (CKX43 or CKX53, Olympus, Tokyo, Japan). The diameter of the spheroid was
measured using ImageJ [18] based on the obtained phase-contrast images.

Immunohistochemistry. Cultured MDA-MB-231 spheroids were fixed with 4% paraformaldehyde
phosphate buffer saline (PFA; 163-20145, Fujifilm Wako Pure Chemical Corporation, Osaka,
Japan) for 3 h at 4 °C. The spheroids were cryoprotected by soaking in 20 w/v%
sucrose/phosphate buffered saline (PBS; 05913, Nissui Pharmaceutical, Tokyo, Japan) for 5 h
and 30 w/v% sucrose/PBS for an additional overnight at 4 °C. Fixed spheroids were frozen in
optimal cutting temperature (OCT) compound (45833, Sakura Finetek Japan, Tokyo, Japan) and



cut into 10 or 15 um-thick frozen sections on cryofilm using a cryostat (CM3050S or CM1860;
Leica Microsystems, Wetzlar, Germany). After cutting out the frozen sections, the MDA-MB-231
cells were permeabilized with 0.1% Triton X-100 (17-1315-01, Pharmacia Biotech, Uppsala,
Sweden) in Tris-buffered saline (TBS), followed by incubation in 1% Block Ace (BA; UKB40, DS
Pharma Biomedical, Osaka, Japan) in TBS to prevent nonspecific antibody absorption. The cells
were then stained using the primary and secondary antibodies diluted in 1% BA in PBS and PBS,
respectively, at predefined concentrations. (Supplementary Tables 1 and 2). Cell nuclei and actin
cytoskeleton were stained using 4',6-diamidino-2-phenylindole dihydrochloride (DAPI; D1306,
Invitrogen, Thermo Fisher Scientific) and Alexa Fluor 633 phalloidin (A22284, Invitrogen, Thermo
Fisher Scientific), respectively. Stained MDA-MB-231 spheroid sections were observed using a
wide-field fluorescence microscope (BZ-9000 or BZ-X810, Keyence, Osaka, Japan).

Protein extraction. Protein extraction samples were prepared according to the following protocol.
Whole-cell lysate was obtained by collecting the supernatant after washing with ice-cold PBS,
mashing, and incubating the spheroids in lysis buffer [50 mM Tris-HCI (pH7.4), 150 mM NaCl, 1%
TritonX-100, 1% SDS, 10 mM EDTA, 1 mM NasVOs4, 10 mM NaF, 20 mM DTT, and protease
inhibitor cocktail (P8340, Sigma-Aldrich)] on ice for 5 min, and centrifugation at 20,000 g, 4 °C for
10 min. Each sample was boiled for 5 min after adding 4X Laemmli Sample Buffer (161-0747, Bio-
Rad Laboratories, Hercules, CA, USA).

Immunoblotting. Samples were subjected to SDS-PAGE and then transferred onto the Immun-
Blot PVDF membrane (162-0177, Bio-Rad Laboratories). The membrane was blocked with TBS
containing 1% BA and 0.05% Tween 20 to reduce the background noise. The membrane was then
stained using primary and secondary antibodies diluted in Can Get Signal Immunoreaction
Enhancer Solution (NKB-101, Toyobo, Osaka, Japan) at predefined concentrations
(Supplementary Tables 1 and 2). The blotted proteins were detected and visualized using Clarity
Max Western ECL Substrate (170-5062, Bio-Rad Laboratories). Protein loading was monitored
using loading control proteins (i.e., a-tubulin and B-actin). The molecular weight of each protein
was determined based on Precision Plus Protein Dual Color Standards (161-0374, Bio-Rad
Laboratories). The density of protein bands on immunoblots was determined using Image Lab
(170-9691, Bio-Rad Laboratories).

Evaluation of cell escape from spheroids. A base was prepared by adding 100 pL of collagen
solution [1.5 mg/mL; native collagen acidic solution (IAC-50), 10X DMEM, 10 mM NaHCOs, 10
mM HEPES-NaOH (pH7.5), and H20] to the 48-well plate and incubating at 37 °C for 30—45 min to
turn into a gel. The spheroid immediately after fabrication was placed in the center of the base,
and 200 pL of the collagen solution (1.5 mg/mL) was gently added to embed the spheroid in the
collagen gel. After gelation, 500 pL of the culture medium was added, and the spheroid was
incubated under each oxygen concentration. The dynamics of cells escaping from the spheroids
were observed daily by phase contrast microscopy. Based on the captured images, the maximum
distance that the escaped cells spread to the surrounding gel was measured using Imaged, and



the mean distance that the cells spread was calculated by dividing the area where cells escaped
by the perimeter of the spheroid.

Quantification of protein distribution in spheroids. Fluorescence intensity distributions for
each protein were obtained from the fluorescence-stained images using the Imaged plug-in
(Supplementary Source Code 1), which can extract pixel-by-pixel coordinates and intensity
values for regions of interest. Frozen sections of spheroids were then plotted on a unit circle, and
the obtained fluorescence intensity distribution was divided into regions of 20% radius and
normalized over the intensity value in the central 20% to allow comparison of different section
images. The rate of Ki-67-positive cells was calculated by dividing the number of cells expressing
Ki-67 by the total number of cells counted by cell nuclei.

Statistics and reproducibility. All values are shown as mean + standard deviation (SD) unless
stated otherwise. Each data was obtained from three independently repeated experiments.
Statistical analysis was performed using the two-sided Welch’s t-test for comparisons of two
groups and the one-way ANOVA or two-way ANOVA, followed by the two-sided multiple
comparison test (Dunnett’s test or Tukey-Kramer test), with statistical significance set at p < 0.1
(marginally significant), p < 0.05, and p < 0.01 (significant difference).

Mathematical modeling and calculation. To estimate the oxygen concentration inside a
spheroid, we formulated a mathematical model for the diffusion dynamics of oxygen. Assuming
that cells consume oxygen as it diffuses into the center of the spheroid, we used the mass transfer
equation for diffusive transport with simultaneous consumption shown below, with reference to the
previous study [19, 20]. The model was deemed to be spherically symmetric concerning the center
of the spheroid, and the changes in oxygen occurred only in one-dimensional radial coordinates
and were independent of polar and azimuthal angles.

oc _ ok
ot  or2 i

where C is the oxygen concentration; t is time; r is the radial coordinate of the spheroid; D is the
binary diffusion coefficient; and y is the oxygen consumption. To extract the line component in the
radial direction of the spheroid, a 2-mm straight line was divided into elements by 20 divisions,
assuming oxygen concentration gradient-dependent exchange between adjacent elements, and
the concentration in each element was calculated every one minute. As initial conditions, all
elements were input the amount of oxygen supplied to the spheroid from the culture medium
obtained based on oxygen solubility in water at atmospheric pressure [19, 21]: 267.0 ymol/L (21%
02), 63.6 pmol/L (5% Oz2), and 38.1 umol/L (3% Oz), respectively. The diffusion coefficient of
oxygen was set to 2.0 X 10 m?/s [20]. Oxygen consumption was determined by multiplying the
number of cells in the spheroid by the consumption rate per cell, 5.5 X 10-15 mol/(cell+s) [22]. The
number of cells in the spheroids was calculated from the cell concentration at the time of spheroid
fabrication (5 X 108 cells/mL; 4.8 uL per spheroid), assuming that the number of cells doubled or
increased 1.5-fold in one day. We calculated oxygen consumption for 15 days of culture, updating



the oxygen consumption every 24 hours, with the assumption that there is no cell proliferation in
the inner layer of the spheroid after day 7, based on observation of cell dynamics by fluorescent
staining. Under conditions in which MDA-MB-231 cells form a shell-like layer on the spheroid
surface, the amount of oxygen supplied from the outside to the inside of the spheroid was
independently calculated from 1/4 to 1/10 based on the oxygen permeability. The permeability of
the plasma membrane or lipid bilayer is known to be two to three times lower than that of a water
layer of the same thickness [23, 24]. The obtained value was given as a boundary condition to the
element corresponding to the spheroid surface as the oxygen supply.

Results

Cellular dynamics in the MDA-MB-231 spheroid.

We first examined the behavior of MDA-MB-231 cells in fast-fabricated spheroids for 15 days. As
in the previous study [13], rapid contraction of spheroids was observed around day 2 after
fabrication (Fig. 1a). The spheroids then contracted slowly around day 5 and shrank to
approximately 60% of their original size by day 15 (Fig. 1b). On the other hand, spheroids were
easily fabricated using other cancer cell types, but we did not observe the spheroid contraction
observed when using MDA-MB-231 cells (Supplementary Fig. 1). We also sighted the cells
inside the spheroid during the 15-day incubation period by making the frozen sections, and
confirmed an increase in cell density along with culture duration, the formation of an outer shell-
like dense cell area around day 6, and quenching of GFP expressed by the cells in the center of
the spheroid from around day 11 (Fig. 1¢). The presence of cell nuclei, which we could confirm by
DAPI staining, suggests that cell death was induced rather than a decrease in cell density inside
the spheroid. Especially after day 14, the GFP quenching was pronounced, indicating the
formation of a necrotic core. The dense outer shell formed by the cells inhibited the delivery of
oxygen and nutrients to the inside of the spheroid (Supplementary Fig. 2), and this fact may have
contributed to the necrotic core formation. This notion is supported by our findings indicating
dynamics in the expression of HIF-1a and activation of caspase-3 (i.e., increase in the expression
of cleaved caspase-3) in the spheroid (Figs. 1d—1g, and 1i-11), which is observed during necrotic
core formation [25, 26]. The expression level of HIF-1a showed an increasing trend from around
day 7, increased significantly on day 9, and then decreased to near the original level (the level on
day 3) toward day 15 (Figs. 1d and 1e). In addition, we can see the localization of MDA-MB-231
cells with high fluorescence intensity of HIF-1a in the outer 20—40% of the spheroid around day 7
(Figs. 1f and 1g). Similarly, we observed that the expression of vascular endothelial growth factor
(VEGF-A) in the cells was localized from the entire spheroid to the outer layer (Figs. 1f and 1h).
The expression of cleaved caspase-3 tended to increase toward day 13 (Figs. 1i and 1j), and the
cells, in which caspase-3 was activated, were strongly localized to the outer layer of the spheroid
but were also relatively distributed to the inner layer between days 5 and 13 (Figs. 1k and 1I).
Focusing on the distribution of Ki-67 positive cells and their percentage (Figs. 1m and 1n), we can
draw the conclusion that a necrotic core was formed in the inner layer the spheroid based on the
transition of cells with the proliferative potential to the outer layer of the spheroid with each day of



culture. These data demonstrate that, in general, the fabricated spheroids behave as 3D tumor
tissues as in the previous studies [26, 27, 28], except for their contraction inherent to our method.

Actomyosin contractility plays a critical role in the MDA-MB-231 spheroid contraction.

We then sought a factor that contributes to the contraction of the fast fabricated MDA-MB-231
spheroids. We focused on two aspects of cellular traction force through the collagen network and
degradation of the ECM by the cells, given the lack of size changes in the collagen spheres
themselves over time [13].

The contractility of the actomyosin system involved in traction force, i.e., F-actin expression
and myosin light chain 2 phosphorylation (pMLC), tended to be higher on day 3 (and day 5 for
pMLC) when the rapid spheroid contraction was observed (Figs. 2a, 2b, 2¢, and Supplementary
Fig. 3). The expression level of F-actin increased again in the late stage of spheroid culture
duration (after day 11; Fig. 2b). In MDA-MB-231 cells located in the outer 20-40% of the spheroid,
phosphorylation of MLC was observed to co-localize with F-actin from day 3, and its distribution
state continued until day 7 (Figs. 2d and 2e). These results indicate that the activation of the
actomyosin contractility is consistent with the rapid spheroid contraction on the time scale.

The expression of matrix metalloproteinase (MMP)-9, which acts as a degrading enzyme of
ECM, tended to increase in the middle stage of culture duration (day 9; Figs. 2f and 2g). MMP-2,
an enzyme that plays an important role in cancer invasion and metastasis similar to MMP-9,
tended to increase expression of its active form (64 kDa) after an increase in its proenzyme form
(72 kDa) (Figs. 2h and 2i). However, no significant differences in the expressions of MMP-9 and
MMP-2 were observed during the culture duration in this study. Hence, the contraction of MDA-
MB-231 spheroids in this study is poorly related to ECM degradation.

To clarify the causal relationship between rapid spheroid contraction and the actomyosin
system, we inhibited actomyosin activity with blebbistatin. The MDA-MB-231 spheroid no longer
exhibited rapid contraction from day 2 to day 5, whereas long-term continuous contraction was not
suppressed (Figs. 2j and 2k). Cell proliferation within the spheroid was not significantly affected
by exposure to blebbistatin, as evidenced by the fact that the intensity of transmitted light in
phase-contrast images decreased with culture time (Fig. 2j). We, therefore, conclude that
actomyosin contractility is one of the factors causing contraction (especially rapid contraction) of
MDA-MB-231 spheroids.

MDA-MB-231 spheroid contraction over time is delayed in high hypoxia.

We then examined the behavior of the fabricated MDA-MB-231 spheroids under physiological
hypoxic conditions (oxygen concentration: 5% or 3% Oz2). High hypoxia (3% Oz2) induced a delay in
the rapid contraction of spheroids from day 2 to day 5, which was observed under normoxia (21%
0O2) (Figs. 3a, 3b, and 3c). The highly hypoxic condition also slowed the increase in cell density
(i.e., decrease in mean gray value based on transmitted light intensity) along with the delayed
contraction of the spheroid (Fig. 3d). We hypothesized that the cause of these delays may be the
enhanced migration of MDA-MB-231 cells exposed to the highly hypoxic condition. This
hypothesis is supported by the observation that cells escaped from spheroids relatively early
under hypoxic conditions. (Fig. 3e).



To allow observation of cells escaping from the spheroids, we investigated the cause of
the delayed contraction of the spheroids by embedding them in collagen gels immediately after
preparation. Under each oxygen condition, MDA-MB-231 cells were observed to escape from the
spheroid and migrate into the surrounding gel over the culture durations (Figs. 4a and 4b). The
maximum and average distances at which MDA-MB-231 cells escaped from the spheroid were
measured, indicating that the escape was significantly faster in the mild hypoxic condition (5% Oz2)
than in the other oxygen conditions (Figs. 4c and 4d). MDA-MB-231 cells are known to differ in
their migration depending on the oxygen concentration. Previous studies have shown that the 5%
O2 condition increased the cell migration speed compared to normoxia, whereas the 3% O2
condition significantly increased the migration speed compared to normoxia, but less than the
increase under the 5% O2 condition [29]. Our results, therefore, suggest that the delayed
contraction of spheroids in the highly hypoxic condition (3% O2) is not due to hypoxia-induced
enhancement of cell migration, but rather to reduced cell motility.

To further investigate the relationship between delayed spheroid contraction and cell
motility, we evaluated the expression and activation state of the relevant proteins. The expression
of HIF-1a showed an early increase in the mild hypoxic condition (6% Oz; day 3), whereas the
increase tended to be delayed in the highly hypoxic condition (3% Oz; day 5) (Figs. 5a and 5b).
For the distributions of HIF-1a and VEGF-A, oxygen concentration did not affect the transition in
their localization within spheroids (Supplementary Fig. 4). MMPs are involved in multiple stages
of tumor invasion and metastasis. We thus analyzed expression changes of MMP-9 and MMP-2 in
the MDA-MB-231 cells under each oxygen concentration. MMP-9 tended to increase on days 3
and 5, and to decrease on days 7 and 9 under the 5% Oz condition, but there were no significant
changes in its expression leading to the delay in the spheroid contraction under the 3% O2
condition (Supplementary Fig. 5). In contrast, hypoxia induced a significant decrease in the
expression of its active MMP-2 (64 kDa) (Figs. 5¢ and 5d); in conjunction with a trend toward
increased expression of its proenzyme form (72 kDa), the active MMP-2 began to increase on day
7 under the 5% Oz condition, while its expression remained suppressed under the 3% O:2
conditions. We then examined the effect of hypoxia on the expression of lysyl oxidase (LOX), a
cross-linking enzyme that has been shown to drive metastasis of some breast cancers to bone
[30] and regulates breast cancer cell migration and adhesion [31]. Neither glycosylated (58 kDa)
nor mature (32 kDa) LOXs showed significant changes in their expressions that might be
responsible for the delay in the spheroid contraction (Supplementary Fig. 6). In addition, collagen
type 1 (COL1A) and type 3 (COL3A1), the ECMs produced by MDA-MB-231 cells showed no
significant oxygen concentration-dependent changes in distribution and amount (Supplementary
Fig. 7). These results are hardly a specific response to the highly hypoxic condition; the persistent
decreased expression of active MMP-2 in MDA-MB-231 cells may be associated with delayed
spheroid contraction under the 3% Oz conditions, but it is not a critical factor. Cells also show
changes in their motility, including actin polymerization and actomyosin contractility, through the
activation of Rac1 or RhoA, one of the small GTPases, and ROCK1/2 [32, 32, 34]. The expression
levels of ROCK1/2 expression levels were slightly altered but were largely unaffected by oxygen
concentration (Supplementary Fig. 8). In contrast, activation of the actomyosin system
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(phosphorylation of MLC) tended to decrease under hypoxic conditions, although there was a
large variation (Figs. 5e, 5f, and Supplementary Fig. 9). Based on these findings, we concluded
that the function of the actomyosin system is inhibited by indirect effects and evaluated spheroid
dynamics using ROCK1/2 inhibitors. As a result, the MDA-MB-231 spheroid expanded slightly
once and then contracted (Figs. 5g, 5h, and 5i). This phenomenon is similar to the delay in the
spheroid contraction observed in the highly hypoxic condition. Our results conclude that the
spheroids' delayed contraction was caused by reduced cell motility under the 3% O2 condition.
This notion is supported by the finding that the rate of Ki-67-positive cells tends to decrease early
under the 3% O2 conditions (Supplementary Fig. 10).

Discussion

In this study, we characterized behaviors in breast cancer spheroid produced using our fast
fabrication method morphologically and at the protein levels. The fabricated spheroids generally
perform as well as those with the previous studies do [26, 27, 28] as 3D tumor tissues, except for
their contraction inherent to our method. This method also enables us to produce and mature
spheroids of the desired size (even several millimeters in diameter) in a highly reproducible
manner and within a short culture period (in about five days) by adjusting the cell suspension
volume only. We, thus, anticipate that this spheroid fabrication has a wide range of applications in
cancer research, such as elucidating the mechanisms of tumor invasion and metastasis and
screening anticancer drugs.

Maturation of the spheroid, i.e., an increase in internal cell density, led to hypoxia and
induced HIF-1a expression, followed by the formation of a necrotic core in its center, accompanied
by activation of Caspase-3 (Fig. 1). We also observed that tumor cells with high proliferative
potential (the Ki-67 positive cells) transitioned to the outer layer of the spheroid with culture
duration. These responses have been confirmed in conventional methods [26, 35] and in tissues in
vivo [36]. Our findings, therefore, demonstrate that the spheroids fabricated in this study reproduce
tumor dynamics in the cancer microenvironment. On the other hand, the fabricated spheroids have
engineered organoid-like features with collagen as the structural backbone, and thus appear to
undergo their contraction caused by the actomyosin contractility in MDA-MB-231 cells (Fig. 2).
The spheroid contraction is not confirmed in the conventional fabrication without ECMs as the
substrate. That alarming problem in our method can be avoided by using hydrogels whose main
composition is ECMs other than collagen, for example gelatin methacrylate [37] or fibrin [38], as
the structural foundation. Organoid-like spheroid fabricated by the present method can form
aggregates similar to tissue in vivo, even for cell types that are difficult to structure in 3D by
conventional methods (Supplementary Fig. 1). This advantage is conducive to the field of cancer
research, even in light of the issue about spheroid contraction.

We observed some differences in the behavior of the fabricated spheroids under normoxic
and hypoxic conditions in terms of their contraction and cellular escape from them (Figs. 3 and 4).
The behavior of the spheroid-forming tumor cells under hypoxic conditions involves not only small
GTPase [32, 33] and MMPs [39, 40] but also various proteins [41, 42]. In this study, we focused on
some of those proteins and found that proteins related to cell motility are responsible for the
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observed differences in spheroid behavior (Fig. 5). However, this study did not demonstrate the
details of the mechanism leading to the differences. Further studies that provide a comprehensive
analysis of the functions and interactions of those proteins are therefore needed in order to
elucidate the full picture of the behavior in the fabricated spheroids.

The spheroid fabricated in this study, even a few mm in size, matures relatively early (about
five days), independent of its size. In contrast, conventional methods require more than ten days
to increase the size to the same level [43, 44, 45]. However, tumor spheroids produced by our
method begin to form a necrotic core in the inner layer in about ten days, making them unsuitable
for long-term culture. This is due to the fact that the MDA-MB-231 cells form a shell-like layer on
the surface of the spheroid during the maturation process, inhibiting the supply of oxygen and
nutrients to the inside of the spheroid and exposing most cells to a harsh environment
(Supplementary Fig. 2). This notion is supported by the findings regarding the elevated HIF-1a
expression levels of MDA-MB-231 cells in the spheroid under normoxic conditions (Figs. 1d and
1e). To solve this problem, it is necessary to place tumor vessels inside the spheroid to provide a
pathway for oxygen and nutrients. Our method can address this by pre-mixing the ECM with
vascular endothelial cells and tumor cells.
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Fig. 1. MDA-MB-231 cell dynamics in the fast fabricated spheroid. (a) Time sequence phase-
contrast images depicting spheroid contraction under the normoxic condition (21% Oz2). Scale bar,
500 um. (b) Spheroid diameter measured based on the phase-contrast images (mean £ SD, n =
5). (c) Quenching of GFP expressed in the cytoplasm of MDA-MB-231 cells in spheroids. Scale
bar, 500 um. (d) Representative blots of HIF-1a expressed in the MDA-MB-231 cells forming the
spheroid. (e) Relative expression level of HIF-1a to that of a-tubulin after each culture duration,
which was normalized by that on day 3 (mean + SD, n = 5). (f) Expression dynamics of HIF-1a
and VEGF-A in MDA-MB-231 spheroids. Scale bar, 500 um. Changes in the distribution of relative
fluorescence intensity of (g) HIF-1a or (h) VEGF-A. Each data was normalized by the intensity in
the 20% region from the center (mean £ SD, n = 3). (i) Representative blots of cleaved Caspase-3
expressed in the MDA-MB-231 cells forming the spheroid. (j) Caspase-3 activation in the spheroid,
expressed as the relative intensity of cleaved Caspase-3 to that of a-tubulin. The values are
normalized by that on day 3 (mean + SD, n = 5). (k) Activation dynamics of Caspase-3 (cCasp-3)
in MDA-MB-231 spheroids. Scale bar, 500 um. (I) Changes in the distribution of relative
fluorescence intensity of cleaved Caspase-3 (cCasp-3). Each data was normalized by the intensity
in the 20% region from the center (mean = SD, n = 3). (m) Distribution of Ki-67 positive cells in the
spheroid at each number of culture days. Scale bar, 500 ym. (n) Change in positive rate of Ki-67
with culture duration calculated from fluorescent images of frozen sections (mean + SD, n = 3). **
p <0.05, ** p <0.01 vs. the expression levels on day 3 (Dunnett’s test; e, j) or the positive rate on
day 1 (Dunnett’s test; n).
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Fig. 2. Actomyosin systems play a critical role for contractility of the MDA-MB-231
spheroid. (a—g) Expression of proteins, which are related to the spheroid contraction, in the MDA-
MB-231 cells. (a) Representative blots of F-actin expressed in the MDA-MB-231 cells forming the
spheroid. (b) Relative expression level of F-actin to that of a-tubulin after each culture duration,
which was normalized by that on day 3 (mean + SD, n = 5). (¢) Activation of actomyosin
contractility in the spheroid, expressed as phosphorylation of myosin light chain 2 (pMLC). (d)
Localization of phosphorylation of MLC in MDA-MB-231 spheroids. Scale bar, 500 um. (e)
Changes in the distribution of relative fluorescence intensity of pMLC. Each data was normalized
by the intensity in the 20% region from the center (mean £ SD, n = 3). (f) Representative blots of
MMP-9 expressed in the MDA-MB-231 cells forming the spheroid. MMP-9 appeared to form a
complex with neutrophil gelatinase-associated lipocalin (NGAL), showing a high intensity band
with a molecular weight of 125 kDa [46]. (g) Relative expression level of MMP-9 to that of a-tubulin
after each culture duration, which was normalized by that on day 3 (mean + SD, n =5). (h)
Representative blots of MMP-2 expressed in the MDA-MB-231 cells forming the spheroid. Two
bands indicate the proenzyme form (72 kDa) and the active form (64 kDa), respectively. (i)
Relative expression levels of pro- and active MMP-2 to that of 3-actin each culture duration, which
were normalized by that on day 3 (mean + SD, n = 5). (j) Time sequence phase-contrast images
depicting spheroid contraction under the condition of myosin inhibition with blebbistatin (BLB).
Scale bar, 500 um. (k) Quantitative evaluation of spheroid diameter based on the phase-contrast
images and the calculated change ratio of spheroid diameter by the original value over time (mean
+SD, n=95). *p<0.1, "™ p <0.05 vs. expression levels on day 3 (Dunnett’s test; b, e, g). ** p <
0.01 (Welch’s t-test; k).
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Fig. 3. Highly hypoxic conditions caused a delay in the MDA-MB-231 spheroid contraction.
(a) MDA-MB-231 spheroid contraction under hypoxic conditions for 15 days. Scale bars, 500 pym.
(b) Spheroid diameter measured with the phase-contrast images under each oxygen condition
(mean £ SD, n = 5). (¢) Change ratio of spheroid diameter against the original value (mean  SD,
n = 5). (d) Quantification of cell density in the spheroid under each oxygen condition based on
transmitted light intensity (mean + SD, n = 5). (e) Representative situation of the MDA-MB-231
cells escaping from their spheroid (black arrows). The more cells escaped, the rougher the
spheroid surface becomes (after day10). Scale bar; 50 ym. * p < 0.1, ** p < 0.05, ** p < 0.01 (3%
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O2vs. 21% O2); 7T p < 0.05, T p < 0.01 (3% O2vs. 5% 02); ¥ p < 0.1, ¥ p <0.05 (5% O2 vs. 21%
0O2), (Tukey-Kramer test; c, d).
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Fig. 4. Delayed contraction of MDA-MB-231 spheroids under the highly hypoxic condition is
independent of the escape of cells from the spheroid. (a) Time sequence phase-contrast
images depicting spheroids embedded in collagen gel adjusted to 1.5 mg/mL under each oxygen
condition. Scale bar, 500 um. (b) Magnified images around the boundary between the spheroid
and the surrounding collagen gel. Black arrows indicate the first observation of the cells that
escaped and migrated into the surrounding collagen gel. Scale bar, 50 um. (c, d) Quantitative
evaluation of the distance that MDA-MB-231 cells escaped from the spheroid into the surrounding
gel based on the phase-contrast images (mean + SD, n=5). T p< 0.1, 7T p < 0.05, T p < 0.01
(3% O2vs. 5% Oz2); ¥ p < 0.05, #* p < 0.01, (5% O2vs. 21% 02), (Tukey-Kramer test; c, d).
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Fig. 5. The function of Rho-associated protein kinase (ROCK) is associated with a delay in
the contraction of MDA-MB-231 spheroids under highly hypoxic conditions. (a—f) Expression
of proteins, which are related to the spheroid contraction under hypoxic conditions, in the MDA-
MB-231 cells. (a) Representative blots of HIF-1a expressed in the MDA-MB-231 cells forming the
spheroids. (b) Relative expression level of HIF-1a to that of a-tubulin after each culture duration,
which was normalized by that on day 3 under the normoxic condition (mean + SD, n = 5). (c)
Representative blots of MMP-2 expressed in the MDA-MB-231 cells. (d) Relative expression
levels of pro- and active MMP-2 to that of B-actin after each culture duration, which were
normalized by those on day 3 under the normoxic condition (mean + SD, n = 5). (e)
Representative blots of pMLC in the MDA-MB-231 cells. (f) Activation of actomyosin contractility in
the spheroid, indicated by relative expression level of pMLC to that of a-tubulin after each culture
duration, which was normalized by that under the normoxic condition on day 3 (mean + SD, n = 5).
(g) Time sequence phase-contrast images showing spheroid contraction under the condition of
ROCK1/2 inhibition with Y-27632. Scale bar, 500 ym. (h) Quantitative evaluation of spheroid
diameter based on the phase-contrast images and (i) the calculated change ratio of spheroid
diameter against the original value over time (mean + SD, n=5). ** p < 0.05, ** p < 0.01 (3% O2
vs. 21% Oz); T p < 0.05, T p < 0.01 (3% O2vs. 5% O2); ¥ p < 0.1, ¥ p < 0.05, ¥+ p < 0.01 (5% O2
vs. 21% 0Oz2), (Tukey-Kramer test; b, d, f). ** p < 0.05, *** p < 0.01 (Welch’s t-test; i).

26



Supplementary Information

a vicr7

'A.-. 0 s i 8

Diameter
[mm]

Day0 Day1 Day2 Day3 = H10] s
oo
=€ E0.5
T T @
I%'O 0 T ¥ T X T L T
0 2 4 6
Day 4 Day 5 Day 6 Day 7 Culture duration [day]
IVIIA Paca?2 S_ 2
2E o
g E |
(] 0 T T T
o 0 2 4 6
DayO Day1 Day2 Day3 55 81.0] oo
’ o
3 pr=1 E05
T 3@
o c© 0 T T T T T T
0 2 4 6

Day 4 Day 5 Day 6 Day 7 Culture duration [day]

c Hela

] ( J T L T L T
.-‘- 0 2 4 6

Day 0 Day 1 Day 2 Day 3

---- | 0 : | I I , I ‘
i o 2 4 6

Day 4 Day 5 Day 6 Day 7 Culture duration [day]

Diameter
[mm]

|
!

Ratio of
change in
diameter

Supplementary Fig. 1. Spheroids of different types of cancer cell lines formed by the fast
fabrication method. Time sequence phase-contrast images showing (a) MCF7, (b) MIA PaCa-2,
or (c) HelLa, and quantitative evaluation of spheroid diameter based on the phase-contrast images

and the calculated change ratio of spheroid diameter by the original value over time (mean + SD, n
= 5). Scale bar, 500 pym.
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Supplementary Fig. 2. Estimated changes in oxygen concentration in spheroids. (a) The
mathematical model used to calculate oxygen diffusion and consumption. (b—d) Variation of
oxygen concentration for each day when the number of cells increased 1.5-fold in one day; b,
without the shell-like layer; ¢, the oxygen permeability of the shell-like layer was set to 1/4 of the
level of the case without the shell-like layer; d, its permeability was set to 1/10 of the level in the
absence of the shell-like layer. (e—g) Variation of oxygen concentration for each day when the
number of cells doubled in one day; e, without the shell-like layer; f, the oxygen permeability of the
shell-like layer was set to 1/4 of that of the case without the shell-like layer; g, its permeability was
set to 1/10 of that of the case without the shell-like layer. (h—k) Oxygen concentration in the
spheroids without shell-like layer under different oxygen conditions; h, i, when cells were 1.5 times
larger in one day under (h) 5% O2 and (i) 3% Oz; j, k, when cells were two times larger in one day
under (j) 5% Oz and (k) 3% Oa.
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Supplementary Fig. 3. Original western blot of pMLC for three repeats. \Whole membrane was
cut to blot for HIF-1a and a-tubulin simultaneously with pMLC.
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1a and VEGF-A in MDA-MB-231 spheroids. Scale bar, 500 ym. Changes in the distribution of
relative fluorescence intensity of (b) HIF-1a or (¢) VEGF-A. Each data was normalized by the
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Supplementary Fig. 5. Expression of MMP-9 enzyme proteins in the MDA-MB-231 spheroid
exposed to hypoxic conditions. (a) Representative blots of MMP-9 expressed in the MDA-MB-
231 cells forming the spheroids. MMP-9 appeared to form a complex with neutrophil gelatinase-
associated lipocalin (NGAL), showing a high intensity band with a molecular weight of 125 kDa.
(b) Relative expression level of MMP-9 to that of a-tubulin after each culture duration, which was
normalized by that under the normoxic condition on day 3 (mean + SD, n=5). Tp < 0.1 (3% Oz vs.
5% O2); ¥ p < 0.1 (5% O2 vs. 21% Oz2), (Tukey-Kramer test; b).
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Supplementary Fig. 6. Expression of lysyl oxidase (LOX), which is important for the
formation of the extracellular matrix, in the MDA-MB-231 spheroid exposed to hypoxic
conditions. (a) Representative blots of LOX expressed in the MDA-MB-231 cells. Two bands
indicate the glycosylated form (58 kDa) and the mature form (32 kDa), respectively. (b) Relative
expression levels of glycosylated and mature LOX to that of B-actin after each culture duration,
which were normalized by those under the normoxic condition on day 3 (mean + SD, n = 5, Tukey-
Kramer test; b).
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Supplementary Fig. 7. Expression dynamics of collagen type 1 (COL1A) and type 3
(COL3A1) in the MDA-MB-231 spheroid exposed to each oxygen condition. (a)
Representative fluorescence images of COL1A and COL3A1 in MDA-MB-231 spheroids (n = 3).
Scale bar, 500 um. (b) Representative blots of COL1A expressed in the MDA-MB-231 cells. (c)
Relative expression levels of COL1A to that of B-actin after each culture duration, which were
normalized by those under the normoxic condition on day 3 (mean + SD, n = 5) (d) Representative
blots of COL3A1 expressed in the MDA-MB-231 cells. Two bands indicate the monomer form and
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the dimer form, respectively. (e) Relative expression levels of monomer- and dimer- COL3A1 to
that of a-tubulin after each culture duration, which were normalized by those under the normoxic

condition on day 3 (mean + SD, n = 5). There were no significant differences between the data
(Tukey-Kramer test; c, e).
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Supplementary Fig. 8. Expression of Rho-associated protein kinase 1/2 (ROCK1/2), which is
a key regulator of actin organization, in the MDA-MB-231 spheroid exposed to hypoxic
conditions. (a) Representative blots of ROCK1 expressed in the MDA-MB-231 cells. (b) Relative
expression levels of ROCK1 to that of a-tubulin after each culture duration, which were normalized
by that under the normoxic condition on day 3 (mean + SD, n = 5). (¢) Representative blots of
ROCK2 expressed in the MDA-MB-231 cells. (b) Relative expression levels of ROCK2 to that of a-
tubulin after each culture duration, which were normalized by that under the normoxic condition on
day 3 (mean + SD, n = 5). Tukey-Kramer test; b). ¥+ p < 0.1 (5% Oz vs. 21% Oz2), (Tukey-Kramer
test; b, c).
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Supplementary Fig. 9. Original western blot of pMLC under three oxygen conditions for five
repeats. Whole membrane was cut to blot for a-tubulin simultaneously with pMLC.
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Supplementary Fig. 10. Distribution of Ki-67 positive cells in the spheroid at each number
of culture days. (a) Representative fluorescence images of Ki-67 in MDA-MB-231 spheroids.
Scale bar, 500 um. (b) Change in positive rate of Ki-67 with culture duration calculated from
fluorescent images of frozen sections (mean + SD, n = 3). (¢) Changes in the distribution rate of
Ki-67 positive cells. Each data was normalized by the intensity in the 20% region from the center
(mean +SD,n=3). * p<0.1,* p<0.05 (3% O2 vs. 21% Oz2); T p < 0.05 (3% O2 vs. 5% O2); ¥ p
< 0.05 (5% O2 vs. 21% Oz2), (Tukey-Kramer test; b).
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Supplementary Table 1.
List of primary antibodies used in this study.

. . Dilution
Substance Host species Supplier Catalog # L.
(Application)
. . Cell Signaling
Anti-HIF-1a Rabbit 36169 1:5000 (WB)
Technology
. Cell Signaling
Anti-HIF-1a Mouse 79233 1:500 (IF)
Technology
. . Cell Signaling
Anti-VEGF-A Rabbit 50661 1:100 (IF)
Technology
Anti-Cleaved- . . 1:2000 (WB)
Rabbit Proteintech 25546-1-AP
Caspase 3 1:100 (IF)
Anti-F-Actin Mouse Abcam ab305 1:2000 (WB)
Anti-phospho- . .
o . ) Cell Signaling 1:1000 (WB)
myosin light chain Rabbit Technolo 3674 1:100 (IF)
2 (Thr18/Ser19) 9y '
‘s Cell Signaling
Anti-Ki-67 Mouse 9499 1:500 (IF)
Technology
. _ Cell Signaling
Anti-MMP-9 Rabbit 13667 1:1000 (WB)
Technology
. _ Cell Signaling
Anti-MMP-2 Rabbit 40994 1:1000 (WB)
Technology
. . Novus NB100-
Anti-LOX Rabbit , , 1:1000 (WB)
Biologicals 2527
Santa C 1:1000 (WB
Anti-COL1A Mouse amia tuz o 59772 (WB)
Biotechnology 1:100 (IF)
Anti-Collagen ) ) 1:1000 (WB)
Rabbit Proteintech 22734-1AP
Type Il (COL3A1) 1:100 (IF)
Cell Signalin
Anti-alpha Tubulin  Rabbit gnaing 2125 1:5000 (WB)
Technology
. . Santa Cruz
Anti-beta-Actin Mouse sc-47778 1:5000 (WB)

Biotechnology
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Supplementary Table 2.

List of secondary antibodies used in this study.

Conjugated . Dilution
Substance Supplier Catalog # L.
label (Application)
. Cell Signaling
Anti-mouse IgG HRP 7076 1:5000 (WB)
Technology
) ) Cell Signaling
Anti-rabbit IgG HRP 7074 1:5000 (WB)
Technology
. Alexa Fluor Thermo Fisher
Anti-mouse IgG o A21422 1:200 (IF)
555 Scientific
. . Alexa Fluor Thermo Fisher
Anti-rabbit IgG o A21429 1:200 (IF)
555 Scientific
. . Alexa Fluor Thermo Fisher
Anti-rabbit IgG L A32733 1:200 (IF)
Plus 647 Scientific
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Supplementary Source Code 1.
Program to extract pixel-by-pixel coordinates and fluorescence intensity values of regions of
interest.

import ij.*;

import ij.process.*;

import ij.gui.”;

import ij.gui.FreehandRoi.*;

import ij.gui.Roi.*;

import ij.measure.Measurements.*;
import java.awt.”;

import java.awt.image.*;

import ij.plugin.”;

import ij.plugin.frame.”;

public class ROI_fLoc implements Plugin {

public void run(java.lang.String arg) {
ImagePlus imp = |J.getimage();

ImageProcessor ip = imp.getProcessor();
Roi a = imp.getRoi();
imp.setRoi(a);
ImageStatistics is = imp.getAllStatistics();
double w = ip.getWidth();
double h = ip.getHeight();
Rectangle r = ip.getRoi();
double xc = is.xCentroid;
double yc = is.yCentroid;
double an = is.angle;//angle of the approximate ellipse
double ma = is.major;//lenght of the long axis of the approximate ellipse
double mi = is.minor;//lenght of the short axis of the approximate ellipse

IJ.log("width: " + w);
IJ.Iog('helght "+ h);
IJ.log("roi:" + a);

1J.log(' angle +an);

//Convert to a unit circle

for (inty = r.y; y<= (r.y+r.height); y++){
for (int x = r.x; x<= (r.x+r.width); x++){
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double z;

if ((y == yc)&&(x == xc){

z=0;

} else if (y == yc){

double sita = Math.toRadians(an);

z=
2*Math.sqgrt((Math.cos(sita)*Math.cos(sita)/(ma*ma)+Math.sin(sita)*Math.sin(sita)/(mi*mi))*((x-
xc)*(x-xc)+(y-yc)*(y-yc)));

} else if (x == xc)}{

double sita = Math.toRadians(90+an);

z=
2*Math.sqgrt((Math.cos(sita)*Math.cos(sita)/(ma*ma)+Math.sin(sita)*Math.sin(sita)/(mi*mi))*((x-
xc)*(x-xc)+(y-yc)*(y-yc)));

} else {

double ca = Math.atan((y-yc)/(x-xc));

double sita = ca + Math.toRadians(an);

z=
2*Math.sqgrt((Math.cos(sita)*Math.cos(sita)/(ma*ma)+Math.sin(sita)*Math.sin(sita)/(mi*mi))*((x-
xc)*(x-xc)*(y-yc)*(y-yc)));

}

int i = ip.get(x,y);//intensity on the each pixel
if (i>1)
[Jdog("(x,y)="+"¥" + x + "¥t" +y+"¥t" + "intensity="+"¥t "+ i+ "¥t" +

"localization:" + "¥t" + z );
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