Macromolecular crowding tuned extracellular matrix
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model
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Abstract

The role of the extracellular matrix (ECM) in tumor recurrence and metastasis has been gaining attention.
Indeed, not only cellular, but also structural proteins influence migratory and invasive capacity of tumor
cells, including growth and resistance to drugs. Therefore, new in vitro tumor models that entail improved
ECM formation and deposition are needed. Here, we are developed three-dimensional (3D) models of
pediatric soft tissue sarcoma (Rhabdomyosarcoma [RMS]) with the two major subgroups, the embryonal
(ERMS) and the alveolar (ARMS) form. We applied macromolecular crowding (MMC) technology to
monolayer cultures, spheroids, and 3D bioprinted constructs. In all culture models, exposure to MMC
significantly increased ECM deposition. Interestingly, bioprinted constructs showed a collagen and
fibronectin matrix architecture that was comparable to that of tumor xenografts. Furthermore, the bioprinted
model not only showed tumor cell growth inside the structure but also displayed cell clusters leaving the
edges of the bioprinted construct, probably emulating a metastatic mechanism. ARMS and ERMS cells
reacted differently in the bioprinted structure. Indeed, the characteristic metastatic behavior was much more
pronounced in the more aggressive ARMS subtype. This promising approach opens new avenues for
studying RMS microenvironment and creating a platform for cancer drug testing including the native tumor
ECM.
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COLI collagen I

COLIV  collagen IV

COLVI  collagen VI

DAPI  4’,6-diamidino-2-phenylindole
DMEM Dulbecco's Modified Eagle Medium
ECM extracellular matrix

ERMS embryonal rhabdomyosarcoma
FBS fetal bovine serum

FN fibronectin

IF immunofluorescence

LAM laminin

MFI mean fluorescence intensity
MMC macromolecular crowding
MMP2 metalloprotease 2

PFA paraformaldehyde

RMS rhabdomyosarcoma

TMEtumor microenvironment.

1 Introduction

The tumor microenvironment (TME) plays a crucial role in cancer recurrence and metastatic behavior [1]. The TME
composition consider both the cell compartment, such as the immune cells, the stromal and endothelial cells, and the
protein compartment. Most of the studies on TME carried out in adulthood cancers of epithelial origin [2]; highlighted
the role of crosstalk between transformed cells and their niche, linking altered ECM composition with neoplasm
pathology [3]. Pediatric soft-tissue tumors are a leading cause of disease-associated deaths in children. The study of
their TME is now in his infancy mainly because pediatric sarcoma are rare pathologies of mesenchymal origin and the

cancer cells are the eel-type more represented_cell type, with almost total absence of immune and stromal cells [4,5].

Rhabdomyosarcoma (RMS) is among the most prevalent and aggressive tumors that develop during childhood,
specifically in skeletal muscle tissue or in hollow organs such as the bladder or uterus [6]. The two most frequent
variants are embryonal RMS (ERMS) and alveolar RMS (ARMS). The latter is the more aggressive with a strong
metastatic tendency. The development of a-mete personalized therapy with focus on the ECM composition instead of
cancer cells can be a new strategy to strengthen in order to increase the survival rates for patients and in particular for

children with ARMS. However, primary tumor samples from RMS patients are scarce and, in most cases, oncological

scientists have access only to metastatic tumor material after the first round of chemotherapy. Therefore, a combination
of innovative tissue engineering approaches; and cellular and molecular biology expertise is needed to make headways
in building three-dimensional (3D) models that could recapitulate the tumor tissue and its ECM composition. While this
strategy has already been pursued particularly for epithelial tumors by creating tumor spheroids [7] and organoids [8], it
has not yet been applied for soft tissue tumors, in particular RMS. Moreover, recent findings in ECM composition of
RMS [4,9], stimulate the development of new in vitro 3D models of this tumor [4,10]. In native tissues, ECM is
produced mainly by fibroblasts and the deposition of highly crowded/dense macromolecules in the extracellular space

is achieved, leading to a highly volume-occupied or crowded solution [11,12].

Nowadays, this effect, called macromolecular crowding (MMC), is successfully applied in tissue engineering, whereby
the addition of carbohydrate-based polymers to culture medium [11], facilitates in vitro deposition of ECM and thus the
formation of a pericellular matrix [13]. Besides MMC treatment to recreate a 3D physiological microenvironment in
monolayer culture, the bioprinting technology has proven to be a very promising tool to recapitulate the inherent 3D
tissue architecture [14]. The technology allows depositing cells, scaffolding material, and bioactive molecules in
predefined 3D structures to emulate native tissue environment [15,16]. The scaffolding material called “bioink”, better
specified as “biomaterial ink” [17] in the context of bioprinting, is an ECM substitute. Different bioinks are currently in
use and most of them are derived from natural biopolymers, such as alginate, chitosan, hyaluronic acid, fibrin, gelatin-
(methacryloyl), collagen I, Matrigel® [18]. The most common bioprinting technologies include laser-assisted-, inkjet-
and extrusion-bioprinting. We have been using a micro valve-based inkjet bioprinting technology to generate skin tissue
models and muscle-tendon tissues with primary cells [19,20]. Recently, we have printed functional human skeletal
muscle tissues [21]. Human skeletal muscle precursor cells were mixed with Matrigel® and printed in droplets to
produce a dumbbell shape that was fixed with posts allowing myotube formation. The differentiated muscle tissue was

contracting after electrical stimulation and showed increased muscle force after caffeine and Tirasemtif treatment [21].

In the present work, we first applied MMC as facilitator of ECM deposition in RMS cell lines in monolayer culture,
then in spheroid format, and finally combined it with bioprinting technology as developed in Ref. [21] (Fig. 1). The
latter strategy allowed the creation of a 3D in vitro RMS model that demonstrated ECM deposition similar to
xenotransplanted RMS cells into immunoe-deficient mice and showed shedding of cell clusters, indicating an in vitro



metastasis-like process. This combined approach will be useful to explore new possibilities for precision medicine in
pediatric RMS.
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Analysis

The outline of the work is depicted. Rhabdomyosarcoma (RMS) cell lines (RH30 for ARMS and RD for ERMS variant) have been
tested with macromolecular crowding (MMC) in 3 different conditions: in flat two-dimensional (2D) culture, in spheroids (3D) and in
3 dimensional (3D) bioprinted shape. Analyses have been performed after MMC treatment according to the following time points: 5
days for the 2D, 10 days for the spheroid conditions and 21 days for the 3D bioprinted model.

2 Materials and methods
2.1 Cell lines

The RH30 (ARMS) and RD (ERMS) cell lines, were kindly provided by the Solid Tumors laboratory (Prof. Bisogno,
Padova, Italy). All cell lines were cultured in high glucose Dulbecco's Modified Eagle Medium (DMEM),
supplemented with 10% fetal bovine serum (FBS) 1% penicillin/streptomycin, 1% L-glutamine (all reagents were from
Gibco, Dublin, Ireland) in tissue culture flasks (Sarstedt, Niimbrecht, Germany) at 37 °C, 5% CO, and 95% relative
humidity.

For MMC stimulation, 7 X 10° RH30 or RD cells/well were seeded in a 24-well plate, and after 24 h 37.5 g/L Ficoll
70, 25 g/L Ficoll 400 (both from GE Healthcare, Chicago, USA) and 0,1 mM L-ascorbic acid (Sigma-Aldrich, Saint
Louis, USA) were added to the culture medium. Cells were fixed and analyzed after 5 days incubation at 37 °C, 5%
CO, and 95% relative humidity.

2.2 Xenograft

In order to have tissue samples as control for ECM protein expression, samples from xenografts were obtained as
previously described [4]. Briefly, twelve-week-old male and female mice (C; 129S4-Rag2tml1.Flv [12rgtm1.Flv/J, also
called Rag2 ~"~yc™~) were used as recipients for subcutaneous flank injections of 2 X 10® human RMS cells (RH30
and RD) resuspended in Matrigel® (Corning, New York, USA). Mice injected with 2 X 10® RH30 cells mimicked the
ARMS variant, while mice injected with 2 X 10® RD cells mimicked the ERMS variant. The treatments were approved
by the institutional animal care and use committee (CEASA, protocol 304/2017) and were communicated to the
Ministry of Health and local authorities in accordance with Italian Law (DL n. 16/92 art. 5). Xenogeneic samples (4
samples for each tumor) were harvested 21 days post injection.

2.3 Spheroids 3D model

The RH30 (ARMS) and RD (ERMS) spheroids were formed by seeding 5 x 103 cells in ultralow-adhesion (ULA),
round-bottom 96-well plates (Corning, New York, USA) in low glucose DMEM supplemented with B27 (both from
Gibco, Dublin, Ireland), 10 ng/mL bFGF and 20 ng/mL EGF (both from ORFGenetics, Kopavogur, Iceland).

For macromolecular crowding (MMC), 37.5 g/L 70 kDa Ficoll, 25 g/L 400 kDa Ficoll and 0.1 mM L-ascorbic acid
were added to the culture medium on the day of cell seeding, and spheroids were cultured for 10 days. On day 10,
either spheroids were fixed and processed for IF as described above, or brightfield and phase contrast images were
taken at 10X magnification with OlympusIx81 (Olympus corporation, Tokyo, Japan) microscope and processed for
shape parameters detection using Fiji software. Alternatively, a pool of 6 spheroids was stored snap frozen in liquid

nitrogen for RNA extraction and qRT-PCR analyses (see below).
2.4 Immunofluorescence

Xenogeneic samples harvested from mice, 3D bioprinted constructs and tumor spheroids were fixed for 1 h in 4% PFA

and included in Killik cryostat embedding medium (both from Bio-Optica, Milano, Italy). Four different experiments



for each condition were performed and analyzed. All the samples were stored at —80 °C until they were cut in 7 pm

slices using Leica CM1520 cryostat (Leica Microsystems, Wetzlar, Germany).

For immunofluorescence (IF) analyses, cryosections were permeabilized with 0.5% Triton X-100 (Bio-Rad, Hercules,
USA) and then incubated with 10% horse serum (Gibco, Dublin, Ireland), primary antibodies and later with secondary
Alexa Fluor-conjugated antibodies, both resuspended in 1% bovine serum albumin (BSA, Sigma-Aldrich, Saint Louis,
USA). The antibodies used are listed in Table 1. Nuclei were counterstained with fluorescent mounting medium with
100 ng/mL 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Saint Louis, USA). Each glass slide was prepared
carrying 10 tissue slices obtained cutting the whole sample, from the border to the center. For each count performed, 10
random pictures at 20X magnification, were collected using LeieaBMI6666BOlympus IX81 microscope
(Olympustetea-Mierosystems, TokyoWetzlar, JapanGermany), and the quantification of the positive area or the mean
fluorescence intensity (MFI) were analyzed using Fiji software [22] using the shape discriptors here described [23];
etrewdarity,_area, perimeter, roundness_and; solidity. MFI is defined as the sum of the values of all the pixels in the

region of interest divided by the number of pixels.
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Immunofluorescence antibody list.

Incubati
Antibodies- Company Dilution .ncu ation
time
. . . Overnight at
Mouse anti-fibronectin (Invitrogen, Carlsbad, USA) (RRID: AB_10982280) 1:100 4oC
Rabbit anti-laminin (Sigma-Aldrich, Saint Louis, USA) (RRID: AB_477163) 1:200 1 hat37°C
. . i L Overnight at
Rabbit anti-Collagen I (Thermo Fisher Scientific, Waltham, USA) (RRID: AB_2552689) 1:80 400
Mouse anti-Collagen III (Abcam, Cambridge, UK) (RRID: AB_305413) 1:100 1 hat37°C
Rabbit anti- Collagen IV (Abcam, Cambridge, UK) (RRID: AB_305584) 1:100 1 hat37°C
Rabbit anti-Collagen VI (Abcam, Cambridge, UK) (RRID: AB_305585) 1:100 1 hat37°C
Mouse anti-MMP2 (Millipore, Burlington, USA) (RRID: AB_11215101) 1:100 1 hat37°C

Goat anti-Mouse IgG Secondary Antibody, Alexa Fluor 488 (Invitrogen, Carlsbad, USA) (RRID: AB
2534069)

1:200 lhat37°C

Chicken anti-Rabbit IgG Secondary Antibody, Alexa Fluor 488 (Invitrogen, Carlsbad, USA) (RRID: A
B_141735)

1:200 lhat37°C

Goat anti-Mouse IgG Secondary Antibody, Alexa Fluor 594 (Invitrogen, Carlsbad, USA) (RRID: AB
141372)

1:200 lhat37°C

Chicken anti-Rabbit IgG Secondary Antibody, Alexa Fluor 594 (Invitrogen, Carlsbad, USA) (RRID: A
B_141840)

1:200 1hat37°C

2D cultured cells were also fixed for 1 h in 4% PFA before IF staining was carried out the same way as for frozen

tissue sections. Nuclei were counterstained using Hoechst 33342(Agilent, SantaClara, USA).
2.5 Gene expression analysis (QRT-PCR)

Total RNA was extracted from monolayer cultures, xenotransplants, spheroids- and 3D-bioprinted samples-derived
cells using RNeasy Plus Mini kit (Qiagen, Hilden, Germany) or Trizol reagent (Life Technologies, Carlsbad, USA)
following the manufacturer's instructions. RNA was quantified with a ND-2000 spectrophotometer. For all samples
total RNA was reverse transcribed with SuperScript II (Life Technologies, Carlsbad, USA), following supplier's
instructions. Real Time PCR was performed using a Viia 7 Real-Time PCR System (Applied Biosystem, Foster City,
USA); reactions were carried out in triplicates using SYBR Green master mix (Applied Biosystem, Foster City, USA)).
A relative quantification (RQ) was calculated by AACt method using a software implemented in Viia7 Real-Time PCR
System. GAPDH was used as reference (or “housekeeping”) gene for normalization, based on its constant expression
in all the 2D and 3D human and murine samples used (less than two PCR cycles difference in expression among the
different samples). Fetal skeletal muscle or HT29 cells were used for calibration. For each quantification, a confidence

interval (CI) of 95% was calculated. Primer sequences used are listed in Table 2.
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Primer list.
GENE SEQUENCE Tm NM
GAPDH-F TCCTCTGACTTCAACAGCGA 60 °C NM_001256799.3
GAPDH-R GGGTCTTACTCCTTGGAGGC
FNI1-F GAAGACATACCACGTAGGAGAACA 57°C NM_001306129.2
FNI-R AGGTCTGCGGCAGTTGTC
MMP2-F CTCATCGCAGATGCCTGGAA 60 °C NM_001127891.2
MMP2-R TTCAGGTAATAGGCACCCTTGAAGA
FBNI-F GAAGGTGCCAAGATTTGCGA 59°C NM_0001385
FBNI-R AGCATTCCTGCTTGGAGTGA
COL6AI1-F GCCCAGATCTGCATAGACAAGA 59°C NM_001844.5
COL6AI-R CGCTTGGTGGTGTCAAAGTT
COL1Al-F AGCAAGAACCCCAAGGACAA 59°C NM_000088.4
COL1AI-R TACTCGAACTGGAATCCATCGG
CXCR4-F CTCAGCGTCTCAGTGCCCTT 60 °C NM_001008540.2
CXCR4-R AATCCTACAACTCTCCTCCCCA

2.6 3D bioprinting

RH30 and RD 3D bioprinted constructs were created with a RegenHU 3DDiscovery bioprinter. Four experiments with
3 replicates for each condition were assessed. The protocol was adopted from Ref. [20] for RMS cells, using a
dumbbell-shaped template of 8 mm in length designed with BioCAD software [20]. Firstly, the bottom of wells (15 mm
diameter) of a 24-well plate was covered with 1 mL 0.8% agarose (Sigma Aldrich, Saint Louis, USA) dissolved in
high glucose DMEM, and was allowed to solidify and to serve as a foundation (layer) to print on. RMS cells were
suspended in Matrigel® at a density of 2 X 10"7 cells/mL and loaded into a 3 mL printing cartridge and kept at a
temperature below 6 °C throughout the printing process. The constructs were printed using a jetting microvalve with a
diameter of 0.150 mm, with a valve opening time of 200 us and a pressure of 55 kPa. 4 identical layers were printed on
top of each other with a 2-min incubation time between the layers, to ensure complete polymerization of the layers. The
final volume of cell suspension deposited for each model was 50 uL. Subsequently, two 1 mm posts were vertically
inserted at 8 mm distance to pin each dumbbell end to the agarose layer. Then the plate was incubated for 15 min at
37 °C before culture medium addition. For MMC exposure, 24 h after printing, the medium was switched to medium
containing 37.5 g/L Ficoll 70, 25 g/L Ficoll 400 and 0.1 mM L-ascorbic acid. Viability of bioprinted constructs was
monitored up to 21 days with Presto Blue (Invitrogen, Carlsbad, USA) and emitted fluorescence was quantified using a
FLUOstar OPTIMA fluorimeter (BMG Labtech, Ortenberg, Germany). After 21 days constructs were either stored
snap frozen for qRT-PCR analyses or processed for IF as stated above.

2.7 Statistical analysis

All graphs, data normality test and all statistical tests were produced with GraphPad software 6. Data are expressed as
means *+ SD. To compare two groups, statistical significance was determined using an equal-variance Student's 7-test
for normal data set or Mann-Whitney U test for non-normal data. The non-parametric Kruskal-Wallis One-Way
ANOVA test for data non-normally distributed was applied to compare more than 2 groups. A p value below 0.05 was
considered to be statistically significant. Legend: * = p < 0.05; ** =p < 0.01; *** = p <0.001; **** = p <0.0001.

3 Results

3.1 MMC treatment with 2D culture

In the first round of experiments, ascorbic acid and MMC treatment were applied on monolayer cultures of RH30
(ARMS) and RD (ERMS) cells to test their effects on ECM deposition. While control RH30 cultures showed some



fibronectin-positive stipples, treated samples displayed a fine extracellular meshwork of fibronectin matrix in both
tumor types (N = 4 for each cell line. Fig. 2 A, B). A comparable reticular fibronectin pattern was present in xenograft
biopsies (N = 4 for ARMS xeno, N = 4 for ERMS xeno. Fig. S1). These results prompted us to explore MMC
treatment on RMS spheroids and bioprinted 3D constructs.

@ Images are optimised for fast web viewing. Click on the image to view the original version.
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Macromolecular crowding effect on monolayer cultures of RH30 (left) and RD (right). A IF staining for fibronectin in the control
cultures (CTR) and under MMC for both cell types. The left panels show the overlay of DAPI (cell nuclei; blue) and fibronectin (FN,
green), and the right panel represents FN-staining only. Scale bar = 50 pm. B Mean fluorescence intensity (MFI) was measured for
fibronectin staining in monolayer cultures of RH30 and RD with or without MMC treatment. N = 4, non parametric Mann-Whitney

test *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

3.2 MMC treatment of spheroids 3D model

In order to explore the ECM-amplifying effects of MMC treatment in a 3D environment represented by high tumor cell
density, the Ficoll cocktail was applied to spheroid cultures of RH30 (ARMS) and RD (ERMS) cells (N = 12 spheroids
for each cell line). IF staining of spheroids for collagen I and fibronectin highlighted that in this model of closely-
packed cells together, the MMC treatment do not modify the already strong production of ECM. Indeed, the difference
in protein production of treated and untreated spheroids was not significant, except in fibronectin expression of RD
cells (Fig. 3A and B). However, MMC treated spheroids were more compact, smaller and with higher roundness 10
days post MMC administration (Fig. 3C and D). In addition, after 5 days culture, some RH30 cells started adhering to
the bottom of the well only in presence of MMC, although not compromising the formation of the spheroids (Fig. 3C).
Of note, the attached cells deposited fibronectin and collagen I, which favored adhesion to the well bottom (Fig. 3C,
right). In summary, all these findings underlined that MMC stimulated ECM protein deposition leading to spheroid

attachment and cell interaction with the surrounding environment, in some instances even overriding a non-adherent
coating.
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MMC effect on RH30 and RD spheroids. A IF staining for fibronectin (FN; green) and collagen I (COLI; red) on RH30 -ARMS- (left)
and RD -ERMS- (right) spheroids frozen sections in absence or presence of MMC treatment (DAPIL cell nuclei; blue), scale
bar = 50 pum. B Mean fluorescence intensity (MFI) of collagen I and fibronectin expression in spheroid cryosections. C Left. Phase
contrast images of the spheroids seeded in ULA plates in all the tested conditions, and detail of RH30 adhered cells at the bottom of
the well. Scale bar =200 um Right. IF staining of fibronectin and collagen I in RH30 and RD spheroids treated with MMC showing
the presence of adhered cells below the RH30 spheroid. Scale bar = 50 um. D Quantification of shape parameters of RH30 and RD
spheroids (area, perimeter, roundness, and solidity) without and with MMC treatment, N =12, Student's ¢-test *p < 0.05, **p < 0.01,
***%p <0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

3.3 MMC with bioprinted construct

Finally, we used a 3D bioprinting strategy that has been shown to recapitulate the spatially organized muscle tissue
architecture. According to our previous work [21], we could demonstrate that initially printed dumbbell structures
developed into parallel aligned myofibers over time, reflecting the native muscle tissue morphology as it has been
demonstrated by Atala [24]. The bioprinted model resembled the morphology of healthy human muscle in which RMS
usually develops [20,25]. Dumbbell-shaped constructs of RH30 (ARMS) or RD (ERMS) cells suspended in Matrigel®
were printed and cell viability was confirmed after monitoring for 21 days (N = 6 for each cell line. Fig. 4A and B). 24
h after printing, culture medium was changed and MMC was applied with media exchange every 48 h. Noticeably, the
addition of MMC resulted in more compact constructs compared to untreated conditions, and this was true for both cell
lines (Fig. 4C).

@ Images are optimised for fast web viewing. Click on the image to view the original version.
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3D bioprinted RMS samples and spheroid release. A. The dumbbell-shaped template used to print cells is depicted. B Cell viability
assessment of bioprinted RH30 (ARMS) (left) and RD (ERMS) (right) constructs until 21 days after printing. *p <0.05 C. Brightfield
images of MMC-treated (MMC) and untreated (CTR) RH30 (ARMS) and RD (ERMS) 3D bioprinted samples (day 21). Some of the
released spheroids are visible. Scale bar: 10 mm D. Representative pictures of spheroids before MMC stimulation. Brightfield image
showing spheroid release from the central body of the bioprinted models of RH30 (top) and RD cells (bottom), 10d after culture.
Scale bar: 1 mm. E. Number of released spheroids (Spheroid No.) on day 10 after printing (top) and quantification of spheroid
dimension (Spheroid area, bottom). N = 6, Mann-Whitney test *p <0.05, **p <0.01.

Initially, without MMC, the cells were homogenously distributed throughout the printed construct. However, over time
cells moved within the Matrigel® and redistributed to the surface of the dumbbell shapes. In some surface areas, high
cell density led to cell aggregate formation that clearly resembled spheroids (Fig. 4D). From day 10 of culture cell
aggregates detached from the construct, and were collected during medium change; in parallel, fluorescent cell viability
measurement in media supernatant with Presto Blue, indicated that cell viability significantly diminished in RH30
samples after MMC (Fig. 4B) but this+is did not happen in RD samples. The progressive detachment of cell aggregates

indicates that cells were migrating outside the bioprinted construct.

Under MMC conditions, more assembled ECM deposits were evident, and cells were more evenly distributed
throughout the construct. Also bioprinted Matrigel® MMC treated embedded with RH30 and RD cells, respectively,



give rise to shedding spheroids (of about 5 X 10° um? surface area) but the number and size of spheroids was higher in
RH30 compared to RD (Fig. 4D and E). In all, the MMC treated conditions produced less and smaller spheroids in

comparison with the untreated ones.

Collagen I, Laminin and Fibronectin deposition was more pronounced in the MMC treated samples compared to the
untreated controls. Indeed, this was confirmed in a significant manner, on RH30 samples and, to a lesser extent, on RD
samples (Fig. 5A, B, D, E). These findings in protein expression of bioprinted samples demonstrated the similarity to a
native RMS tissue (Fig. S1). In gene expression analysis, the ECM proteins FBN1, COL1A1 and FN1 were
upregulated in the RH30 MMC treated 3D-printed samples and not in RD MMC treated 3D-printed samples, as well as
CXCRE —he—reccpioio o —imrakedfmhepecmiimenoi o et e b e ransees oo et i s was
significantly increased (N =4 for each cell line. Fig. 5C, F). These results highlighted the effect of MMC treatment on
the enhancement of ECM components production and on different ECM assembly and consistency on RH30 samples.
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Characterization of 3D bioprinted RMS samples. A. IF staining of fibronectin (FN), collagen I (COLI), collagen IV (COLIV),
collagen VI (COLVI), laminin (LAM) and MMP2 in bioprinted RH30 constructs without (left) and with (right) MMC treatment at 21
days. Cell nuclei were counterstained with DAPI. Scale bar = 50 um. B. Mean fluorescence intensity (MFI) measurements of 3D
bioprinted RH30 samples at day 21. C. Gene expression analysis of FBN1, COL6A1, COL1Al, CXCR4, and FN1 on monolayer
culture (2D) and 3D bioprinted samples of RH30 with and without MMC treatment. 2D cells are used as control. D. IF staining of FN,
COLI, COLIV, COLVI, LAM and MMP2 in bioprinted RD constructs without (left) and with (right) MMC treatment at 21 days. Cell
nuclei were counterstained with DAPI. Scale bar=50 um. E. Mean fluorescence intensity (MFI) measurements of 3D bioprinted RD
samples at day 21. F. Gene expression analysis of FBN1, COL6A1, COL1Al, CXCR4, and FNI on monolayer culture (2D) and 3D
bioprinted samples of RD with and without MMC treatment. 2D cells are used as control. N =4, Kruskal-Wallis One-Way ANOVA test.
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.



4 Discussion

The recent development of 3D cell culture systems is a means of recapitulating the natural tissue architecture and
microenvironment. Indeed, it is well known that cell behavior varies between 2D monolayer and 3D culture conditions,
with differences in cell proliferation, differentiation and gene expression, making 3D cell culture systems a better tool

for mirroring in vivo cell behavior [26,27].

In this work, we investigated the effect of MMC on RMS cells, cultured in monolayers, 3D spheroids and as 3D

bioprinted models to reproduce the complexity of cell-protein interaction.

For this purpose we used two cell lines representing the two most common RMS molecular and histopathological
variants: alveolar and embryonal RMS [28-33]. Due to the paucity of human biopsies, the cell lines and the xenogeneic

models still the most representative and available to study this pediatric disease [6].

RD cells well represent the embryonic variant (ERMS) [31-33], while the alveolar variant (ARMS), often
characterized by the presence of the PAX3/7-FOXO1 fusion protein, is represented by RH30 cells [31,32,34]. The
fusion protein is associated with downstream effectors that suppress tumor cell differentiation and improve their growth,
motility and invasiveness [35], leading to a worse prognosis and a higher risk of relapse level [36]. With this in mind,
we used MMC to stimulate cells to recreate the complexity of protein microenvironment that characterize the invasive
behavior of these cancer variants [6]. MMC has been used in combination with ascorbic acid to enhance ECM
deposition in mesenchymal cells such as fibroblasts [37,38], tenocytes [39], adipose tissue and bone marrow
mesenchymal stromal cells (MSCs) [40,41]. MMC treatment of undifferentiated MSCs leads to enhanced ECM
deposition, composed of a variety of collagen types, matricellular proteins, such as laminin and fibronectin, and
glycosaminoglycans (e.g. hyaluronic acid) or proteoglycans, like decorin and perlecan, together with ECM remodeling
enzymes and their respective inhibitors (LOX, MMP2, TIMP) [11,37-39]. The de novo produced intrinsic ECM
results in the reorganization of the actin cytoskeleton via the cell adhesome [42,43]. Furthermore, a positive feed-back
loop is created by enhanced growth factor storage as demonstrated for adipogenesis [40]. Moreover, not only the
amount of deposited ECM but also the improved microarchitecture leads to impressive changes in the transcriptome,
unleashing a dormant differentiation potential [41], corroborating the concept of dynamic cell-matrix reciprocity, as

demonstrated for TME of adulthood pathologies such as breast and colon cancers [44,45].

Nevertheless, apart from a few studies on prostate cancer [46], MMC effect on TME reconstruction and reproduction
was not deeply investigated yet. In our study, MMC treatment of tumor cell monolayer cultures resulted in increased
production of the glycoprotein fibronectin, not only limited to cell cytoplasm but also deposited in a mesh-like structure

outside cells.

To verify this effect in 3D, we first produced tumor spheroids, which have been already used to study RMS
extracellular matrix [4,10,47,48]. Spheroids are composed of RMS cells alone and thus lack cell and TME
heterogeneity as well as microvasculature. However, these structures mimicked better the tumor microarchitecture
compared to flat cultures by adding the important factor of interaction between cells and ECM. RMS cells in spheroids
responded to MMC stimulation with increased ECM production and deposition compared to untreated spheroids. The
tighter packing of the cells resulted in a more compact and round shaped structure, typical of a stabilized spheroid [26].
In addition, unlike ERMS cells, RH30 spheroids showed a peculiar behavior. For these cells, indeed, MMC acted not
only on the migration of the peripheral cells but also on their adhesive properties. The borders of the spheroids
disaggregated, while cells adhered to plastic in the ULA plates, displaying the invasive behavior typical of the ARMS

variant.

The second 3D RMS model used in this work was bioprinted. This offered the possibility to analyze a larger surface
area compared to spheroids (radial shape), as well as a more native morphology that developed after maturation
between the two fixing posts, resulting into a longitudinal shape. With the advantage of the fine control over cell and
bioink (matrix) deposition, allowing to obtain complex patterns typical of specific organs with high reproducibility, this
technique is gaining resonance in the field of tumor modeling [49,50]. To date, very few attempts of building
metastases models [51] for sarcoma TME have been made, mainly involving osteosarcoma [52]. Furthermore, the
technique has been used to mirror breast cancer and glioblastoma TME including the integration of vascularization [53-
56].To our knowledge this work is the first one reproducing the TME of RMS via 3D bioprinting. The bioink selection
is of major concern in order to provide optimal cell compatibility and printability depending on the bioprinting
technology used [57]. The optimal bioink must guarantee the balance between printability and biocompatibility [58].
Currently, the bioinks are mainly derived from natural biopolymers and purified ECM because synthetic inks cannot
provide the plethora of signals derived by an ECM [59]. Therefore, in our first attempt to build RMS TME, we chose
Matrigel®, which is easily printable at low temperatures and contains major basement membrane ECM components [21
]. In addition, we treated the model with MMC. In this 3D architecture cells deposited a higher amount of self-produced

ECM components in respect to untreated controls.



Building on our earlier work [21], we printed the RMS model in a dumbbell shape with parallel structures to build
muscle fiber-like patterns to reproduce the environment where this tumor develops. This offered the possibility to
analyze a larger surface area compared to spheroids, as well as a more native morphology (longitudinal rather than
radial). After 10 days of culture the newly formed spheroids detached from the central body of the 3D sample, and
were lost during medium change, which might by a reason for the apparent decreased metabolic activity as quantified
by Presto blue. In the MMC-treated samples, the newly produced ECM imposed some geometrical constraints to cells
since they appeared more organized with homogeneous distribution. However, spheroid release persisted with MMC
stimulation, mimicking a metastatic process. Interestingly, the number and dimensions of the developed and released
spheroids were larger for RH30 compared to RD cells. It is conceivable that this reflects the higher aggressiveness of
the alveolar variant of RMS cell line RH30, which leads to a higher degree of metastasis [35], in comparison to the
embryonal cell line. qRT-PCR data supported these observations by demonstrating a greater plasticity of the ARMS
cells compared to ERMS under MMC treatment. Indeed, in ARMS cells, the MMC stimulation was capable to induce
profound changes in the pericellular environment. The genes for ECM constituents, whose remodeling is the first step
towards metastasis, were significantly increased, as well as CXCR4, the receptor of SDF1, involved in the recruitment
of RMS cells to bone marrow to form metastases [60]. In terms of protein expression, the increased MMP2 expression
in MMC-treated samples also confirmed the occurrence of ECM remodeling processes leading to cancer cell migration
[61].

5 Conclusion

In conclusion, the novelty of our findings is twofold. Being the first bioprinted model of RMS, the architecture given
by 3D bioprinting allowed the production of a 3D model which resembles ex vivo RMS samples in morphology. In
addition, MMC furnished the stimulus for ECM remodeling, giving a depiction of RMS cell behavior in a 3D
microenvironment, from which cells were able to escape, mimicking cell tissue migration. We can argue that the
combination of the two elements, MMC and 3D bioprinting, produced a metastasis-like 3D model of RMS suitable for
drug development. In the future, cells from patients could be used and our approach opens new therapeutic perspectives

in the field of personalized medicine.
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Appendix A Supplementary data

The following is the Supplementary data to this article:

Multimedia Component 1

Fig. S1

Immunofluorescence staining for collagen I (COLI), laminin (LAM) and fibronectin (FN) in RH30 (ARMS) (left) and RD (ERMS)

(right) xenogeneic samples. Cell nuclei are counterstained with DAPI. N = 4. Scale bar = 50 pm.
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