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vironment while equally displaying representative levels of tumor aggressiveness and invasion. Herein,
we disclose an assembloid melanoma model based on the fusion of individual stromal multicellular
spheroids (MCSs). In contrast to more traditional tumor models, we show that it is possible to develop

Keywords: self-organizing, heterotypic melanoma models where tumor cells present stem-cell like features like up-
Assembloids regulated pluripotency master regulators SOX2, POU5F1 and NANOG. Additionally, these assembloids dis-
Tumor models play high levels of invasiveness while embedded in 3D matrices as evidenced by stromal cell promo-
Melanqma tion of melanoma cell invasion via metalloproteinase production. Furthermore, sensitivity to anticancer
glr’)hﬁigéd:ls drug doxorubicin was demonstrated for the melanoma assembloid model. These findings suggest that

melanoma assembloids may play a significant role in the field of 3D cancer models as they more closely
mimic the tumor microenvironment when compared to more traditional MCSs, opening the doors to a
better understanding of the role of tumor microenvironment in supporting tumor progression.

Statement of significance

The development of complex 3D tumor models that better recapitulate the tumor microenvironment is
crucial for both an improved comprehension of intercellular crosstalk and for more efficient drug screen-
ing. We have herein developed a self-organizing heterotypic assembloid-based melanoma model capable
of closely mimicking the tumor microenvironment. Key features recapitulated were the preservation of
cancer cell stemness, sensitivity to anti-cancer agents and tumor cell invasion promoted by stromal cells.
The approach of pre-establishing distinct stromal domains for subsequent combination into more com-
plex tumor constructs provides a route for developing superior tumor models with a higher degree of
similarity to native cancer tissues.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction majority of skin cancer deaths making it the most aggressive form

of this cancer [1]. In 2022, in the US alone, 99,780 new cases of

Skin melanoma is a malignant neoplasm that arises from the melanoma are expected to be diagnosed followed by 7650 deaths
uncontrolled proliferation of melanocytes. While only accounting [2].

for about 1 % of all skin cancer cases, it is responsible for the vast Three-dimensional (3D) tumor models such as multicellular

spheroids (MCSs), organoids and organotypic melanoma skin mod-

els [3-5] are increasingly considered as key tools in the path to-

+ Corresponding author. wards the development of more effective cancer therapies [6].
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ease in obtaining heterotypic 3D systems that share similar traits
to the native tumor and tumor microenvironment. MCSs consist
in cell aggregates that exhibit complex cell-cell and cell-matrix in-
teractions, resulting in the formation of a gradient for nutrients,
gases, growth factors and signaling factors. Morphologically, they
present a variable 3D architecture which is highly dependent on
factors such as cell type, cell density, culture method and mechan-
ical stress [11].

Despite this availability of 3D tumor models, several issues still
remain. One must consider that melanoma progression is driven
by the reciprocal interactions among the different cell types that
make up the tumor microenvironment in addition to malignant
cells themselves [12-14]. This accounts for paracrine interactions
orchestrated among fibroblasts, endothelial cells, immune cell and
other neighboring cells that contribute to the complexity and het-
erogeneity of this cancer, complicating the precise recapitulation of
tumor features within the current models. These have critical lim-
itations such as the lack of a vascular compartment and immune
cells, the inability to perfectly recreate tissue-tissue interfaces as
well as to control the spatiotemporal distribution of nutrients and
waste, ultimately rendering these models unable to mimic the de-
velopment factors that regulate cell growth and differentiation in
vivo [15]. Some authors have attempted to overcome some of these
issues by partitioning the formation of these 3D systems over time
[16,17], by adding specific cells or molecular cues at specific time-
points but with limited success. Therefore, the need for state-of-
the-art complex models capable of thoroughly mimicking cell in-
teractions to better understand tumor development and progres-
sion and to facilitate drug development, is clear.

Assembloids are considered a step forward in the develop-
ment of tissue specific organoids. They were first created with
the intent of combining multiple brain regions and/or cell lineages
in 3D culture to model interactions among them and allow the
study of cell-cell interactions as well as the assembly of neural
circuits. This conceptualization came to life through the develop-
ment of separate organoids resembling dorsal and ventral fore-
brain and then fusing them together into a multi-region assem-
bloid [18-21]. Several advantages of this system have been iden-
tified, namely the underlying possibility of maturing and tailoring
individual organoids before fusion and replicating region-specific
interfaces within tissues, and also the longer viability time due to
the more native-like representation of living systems [21,22].

Here, we developed different melanoma stromal compartments
by using MCSs comprising co-cultures of a human melanoma cell
line (VMM15), human dermal endothelial cells (hDMECs), human
adipose derived stem cells (hASCs) and human dermal fibroblasts
(hDFbs) which were then fused into a melanoma-like assembloid.
We dissected the impact of stromal crosstalk in melanoma 3D in-
vasion and the active role of metalloproteinases (MMPs). Most im-
portantly, we established a 3D model that better recapitulates the
complexity and heterogeneity of human skin melanoma.

2. Materials and methods
2.1. Cell lines and culture conditions

hTERT Dermal Microvascular Endothelial Cell, Neonatal (ATCC®
CRL-4060™) were obtained from ATCC and were cultured in Vas-
cular Cell Basal medium (ATCC, USA) supplemented with the Mi-
crovascular Endothelial Cell Growth Kit - BBE (ATCC. USA) or EGM-
2 MV Microvascular Endothelial Cell Growth Medium-2 BulletKit
(Lonza, USA). Human dermal fibroblasts (hDFbs) and human adi-
pose derived stem cells (hASCs) were harvested from human skin
samples obtained from abdominoplasties after written informed
consent and under the protocol Nr 477/2020 approved by the Eth-
ical Committee of Hospital S. Jodo (Porto, Portugal). Both hDFbs
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and hASCs were cultured in «-MEM, supplemented with 10% fetal
bovine serum (FBS, Invitrogen, USA) and human cell line VMM15
(ATCC® CRL-3227™), derived from metastatic melanoma lesions,
were grown as adherent cultures in RPMI 1640 supplemented with
10% fetal bovine serum (FBS), l-glutamine (2 mmol/L), penicillin
(100 units/mL), and 1% antibiotic/antimycotic. All cells were kept
in culture at 37 °C in a humidified atmosphere under 5% CO2.

2.2. Generation and analysis of tumor spheroids

To produce the intended spheroids, several different cell combi-
nations were performed to mimic independent tumor cell niches.
Cell ratios and culture conditions were optimized to achieve op-
timal spheroid formation and growth. Co-cultures of tumor cells
and hDFbs were achieved by mixing 5000 tumor cells with 15,000
hDFbs which were then seeded into wells of ultra-low attach-
ment (ULA) 96-well round-bottomed plates (Corning, Amsterdam,
The Netherlands) and were thereafter cultured in standard cul-
ture conditions. Co-culture spheroids of hDMECs were achieved
by culturing 10,000 endothelial cells with 30,000 cells of either
hDFbs or hASCs. For assembloid formation, individual spheroids
were allowed to stabilize for 3 days before being placed in com-
binatorial culture for an additional 10 days. Individual co-culture
spheroids and assembloids formed without the tumor cell com-
partment were used as controls. Additionally, multicellular con-
trol spheroids comprising all of the cellular constituents in the
same densities as used in the tumor assembloids were also estab-
lished. In this condition a mixture of 5000 tumor cells, with 45,000
hDFbs, 20,000 endothelial cells and 30,000 hASCs were added all
at once at day 0 and cultured for a total of 13 days.

2.3. ICC and IHC

2.3.1. Co-culture immunocytochemistry/immunohistochemistry

At each relevant time-point, spheroids were fixed in methanol
for 15 min and were transferred into Tissue-Tek Cryomolds (Sakura
Finetek, Netherlands) wells containing HistoGel™ (Thermo Scien-
tific, Ireland) for subsequent paraffin embedding. Samples were
then sectioned to obtain 4-um slices. Tissue sections were stained
with Haematoxylin & Eosin (Sigma, USA) and Picrosirius Red kit
(Bio-Optica, Italy) following routine protocols. For immunohisto-
chemistry, paraffin tissue sections were deparaffinized in xylene,
re-hydrated and boiled for 5 min in Tris-EDTA buffer (10 mm
Tris Base, 1 mM EDTA solution and, 0.05% (v/v) Tween 20, pH
9) for antigen retrieval. Afterwards, sections were permeabilized
with 0.2% Triton X-100 and unspecific staining was blocked with
3% Bovine Serum Albumin (Sigma). For primary antibodies, we
used mouse monoclonal antibody to CD-31 (Dako, Denmark) at
1:30, rabbit polyclonal antibody to GP100 (Abcam, UK) at 1:300
or rabbit monoclonal antibody to Ki-67 at 1:50 (Abcam, UK) which
were incubated overnight at 4 °C. For detection, secondary anti-
bodies were incubated at RT for 1 h at 1:500 dilution. Nuclei were
counter-stained with DAPI. Histological staining’s were examined
under a Leica DM750 microscope, using LEICA Application Suite
4.13.0 while immunofluorescence labelling was acquired under a
Zeiss Axio Imager Z1m with ZEN 3.2 software (blue edition).

2.3.2. Whole spheroid immunohistochemistry

To evaluate the cellular participation in the formation of cap-
illary like structures and cell invasion, individual co-cultured
spheroids or assembloids where transferred to ultra-low attach-
ment (ULA) 96-well round-bottomed plates (Corning, Amsterdam,
The Netherlands) at each respective time-point and were fixed in
methanol for 15 min after which they were left to clear in Scale-A2
for 7 d After this period samples were re-hydrated for 10 min in
PBS. Whole spheroids were then permeabilized/blocked for 2 h in
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0.1% Triton X-100 (wt/vol)/10 % fetal bovine serum (vol/vol)/PBS (B-
PBT) and then processed by free-floating immunohistochemistry.
For double staining, primary antibodies from different species were
incubated simultaneously, followed by incubation with secondary
antibodies. For primary antibodies, we used mouse monoclonal an-
tibody to CD-31 (Dako, Denmark) at 1:30 and rabbit polyclonal an-
tibody to GP100 (Abcam, UK) at 1:300 diluted in B-PBT with 4/,6-
diamidino-2-phenylindole (DAPI) at a 1:1000 dilution overnight.
Spheroids underwent two 2 h washes with 0.2 % Triton X-100
in PBS (PBT), followed by one 2 h B-PBT wash and subsequently
were incubated with secondary antibodies at 1:200 in B-PBT with
DAPI at a 1:1000 dilution overnight. Spheroids underwent two 2 h
PBT washes and returned to the clearing solution. Whole spheroid
imaging was performed under a Leica TCS SP8 with Leica Applica-
tion Suite X 3.5.7.

2.3.3. Immunocytochemistry evaluation of invasive migratory
behavior

To study the cellular migratory behavior of the developed as-
sembloids and MCSs throughout a 3D basement membrane-like
matriX, Matrigel®-embedded spheroids were fixed after 7 days in
4% paraformaldehyde (vol/vol) (Thermo Scientific, Ireland) in PBS
for 90 min at 37 °C. A 0.5% Triton X-100 (wt/vol) permeabilization
solution was prepared in PBS, added to the embedded spheroids
and left overnight to incubate at 4 °C. The following day, the
spheroids were blocked in 5 % FBS (vol/vol) in PBS for 2 h at room
temperature followed by a 4 h incubation with rabbit polyclonal
antibody to GP100 (Abcam, UK) at 1:50 diluted in PBS. Unbound
primary antibody was washed away with PBS through three repeti-
tive washes at room temperature. Subsequently, spheroids were in-
cubated overnight at 4 oC with secondary antibody at 1:200 in PBS.
To this secondary antibody solution was also added DAPI (1:1000
dilution) and phalloidin-TRITC (1:25 dilution). After washing three
times with PBS, the embedded spheroids were ready for visual-
ization. Imaging was performed using a Zeiss LSM 980 AiryScan 2
confocal microscope working with ZEN 3.6 software (blue edition).

2.3.4. Sample clearing

In order to achieve refractive index matching of the devel-
oped spheroids and assembloids for microscopy acquisition, the
aqueous-based clearing solution ScaleA2 [23] was prepared by
mixing stock solutions for a final concentration of 4 m urea (Sigma,
USA), 0,1 % Triton X-100 (Sigma, USA) and 10 % glycerol (Honey-
well, Germany) according to [23].The volume was adjusted by di-
luting the mixed solutions with water.

2.4. Real-time PCR gene expression analysis

Total RNA was extracted from cells using RNeasy Mini Kit
(Qiagen, Germany) and quantified using a spectrophotometer Nan-
oDrop N-1000 (Thermo Fischer Scientific, USA). 250 ng of RNA was
retrotranscribed in cDNA with the QSCript cDNA SuperMix (Quanta
Biosciences, USA). The qPCR reactions were all per-formed in trip-
licate. The predesigned Tagman primers (Thermo Fisher, USA)
were: SOX2 Hs01053049_s1; POU5F1 Hs00999632_gl1; NANOG
Hs04399610_g1; SIRT1 Hs01009006_m1; TINF2 Hs00173291_m1;
TERF2 Hs00194619_m1; B2M Hs00187842_m. Data from these
Tagman primers was normalized to hDMECs/hASCs MCSs due to
the known expression for these markers in hASCs. Forward and
reverse human specific primers used are as follows: TP53BP1 5’-
AAATCCTTCAGCCGTGTCGT-3, 5’-AGTCACTACGACGCAAAGCA-3;
BRCA1 5’-GTCCCATCTGTCTGGAGTTGA-3, 5-
GGCCCTTTCTTCTGGTTGAGA-3; B2M 5'-TGGAGGCTATCCAGCGTACT-
3, 5’-CGGATGGATGAAACCCAGACA-3; CDH2 5/-
TCAGGCGTCTGTAGAGGCTT-3, 5’-ATGCACATCCTTCGATAAGACTG-
3; ZEB1 5’-TAAGCGCAGAAAGCAGGCGAA -3, 5-
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TCTGTAACACTTTCTTCTTCCACAATATGC-3; CDH1 5/-
CAGTCAAAAGGCCTCTACGG-3, 5’-CCCACTGTATTCAGCGTGAC-3;
VIM  5-GCTTCAGAGAGAGGA-3, 5'-AAGGTCAAGACGTGCCAGAG-
3. These genes were normalized to VMM15/hDFbs MCSs. The
cycle-threshold was automatically calculated using QuantStudio™
Design & Analysis Software v1.5.2 (Applied Biosystems, Life Tech-
nologies, UK), and B2M was used as an endogenous control. The
relative expression levels of mRNAs were calculated using the
Livak method by the equation 2-2ACt,

2.5. Labeling of spheroids with CellTracker™ dyes

Spheroids were individually labeled for live tracking. hD-
MECs/hDFbs were labelled with Cell Tracker™ Green CMFDA, hD-
MECs/hASCs with Cell Tracker™ Orange CMRA and VMM15/hDFbs
with Cell Tracker™ Blue dye. For this effect a mixture of basal
serum free EGM2-MV and 10 um CellTracker™ solution in
dimethyl sulfoxide (DMSO) (VWR, USA) was prepared. To the free-
floating spheroid, standard growing medium was removed from
the culture plate; cells were rinsed twice with phosphate buffer
(PBS, Gibco, USA) and the prepared mixture was added. After 1 h
incubation at 37 °C, the spheroids were washed and left in com-
plete culture medium for time-lapse microscopy.

2.6. Assembloid response to chemotherapeutic treatment

To determine the cellular cytotoxicity of a known chemothera-
peutic compound on both assembloids and MCSs, spheroids were
treated with Dox overtime. For this effect, at 10 d of assembloid
culture, medium was switched to a solution of 40 um Dox di-
luted in culture medium for an additional 4 d culture period. Cells
lysates and culture medium samples were recovered to determine
LDH activity. CyQUANT LDH Cytotoxicity Assay Kit (Invitrogen™,
USA) was used, according to manufactures instructions, to mea-
sure the levels of the cytosolic enzyme released into the cell cul-
ture medium upon damage to the plasma membrane. Absorbance
at 490 nm and 680 nm were measured using a Multi-Detection
Microplate Reader (SYNERGY HT, BIO-TEK, USA).

2.7. Metalloproteinase production by assembloids

Conditioned media was collected from the cultures at day 4,
7 and 10 after starting the combinatorial culture of the indepen-
dently formed spheroids and stored at —80 °C (pooling of samples
was performed). Protein concentration in the sample was mea-
sured using Bradford method, and 20 wg of protein was elec-
trophoretically resolved for each sample in 10 % SDS-PAGE contain-
ing 0.1% gelatin (Sigma-Aldrich, USA) as the MMP substrate. Gels
were washed twice for 30 min in renaturing buffer (2 % v/v Tri-
ton X-100) at room temperature to remove SDS, rinsed for 5 min
in developing buffer (500 mM Tris—-HCl, 2 M NaCl, 50 mM CacCl2),
and then incubated for 24 h in developing buffer at 37 °C. The gel
was stained with 0.1% R-250 Coomassie staining solution for 1 h
at room temperature followed by destaining (50 % v/v methanol
and 10 % v/v acetic acid in dH,0) until MMP activity was detected
in the gel as clear bands against a dark blue background. Band in-
tensity was quantified using the Image Studio Ver. 5.2 software.
Values were normalized to the control sample in each gel and ex-
pressed as relative densitometric units.

2.8. TIMP-1 and TIMP-2 production by assembloids

ELISA (Abcam, UK) was used to quantify the levels of both
TIMP-1 and TIMP-2 released 10 days after starting the combina-
torial culture of the independently formed spheroids. Conditioned
media was collected from the cultures at day 10 and used to carry
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out the procedure according to the manufacturer’s instructions.
5 ug of total protein were used to carry out the quantification of
TIMP-1 while 20 pg were used for TIMP-2. The absorbance was
read at 600 nm in a kinetic manner for TIMP-1 and for TIMP-2
absorbance was read at 450 nm using a Synergy HT (BioTek, Ver-
mont, USA) microplate reader. The quantity of both TIMP-1 and
TIMP-2 protein were determined by means of a standard curve.
Both proteins within the control media were undetectable during
the experiments and therefore were omitted from the figures.

2.9. Tumor spheroid-based Matrigel invasion assay

For 10 d cultured assembloids, 50% of the culture medium vol-
ume was removed and replaced with an equal volume of stock Ma-
trigel® (BD Biosciences, Oxford, UK). The culture plate was imme-
diately centrifuged (300 g 3 min) at 4 °C and stored for matrix-
gel solidification (1 hr 37 ©C). Over subsequent days (i.e. Day 0 to
+7) spheroid growth and invasion was captured by bright-field mi-
croscopy (grey-scale images, Axio Observer microscope, AxioCam
MR R3 camera 1388 x 1040 pixel resolution). Analysis settings were
adjusted to achieve an optimal image segmentation that also re-
flects the degree of invasion.

2.10. Image analysis by Insidia macro

For post-processing image analyses of spheroid area and cir-
cularity, the FIJI [24] macro “Analyze Spheroid Cell Invasion In
3D Matrix, RRID:SCR_021204" was used. To determine assembloid
and spheroid invasion in Matrigel®, grey-scale images were orga-
nized into the required file structure for automatic batch process-
ing. Spheroid segmentation and analysis was performed with the
INSIDIA (INvasion SpherolD Image] Analysis) [25] macro for FIJL
Considering that spheroid core size has shown to lead to misin-
terpretations regarding net invasion, the area of invasive edge was
normalized on the area of the core.

2.11. Statistical analysis

Data are expressed as mean z+standard deviation of three in-
dependent experiments. Shapiro-Wilk test was performed to vali-
date normality of data prior to statistical testing. Statistical anal-
ysis was performed using one-way of two-way analysis of vari-
ance (ANOVA), followed by either a Tukey’s or Bonferroni’s mul-
tiple comparison post hoc test. Significance was set to 0.05 (95% of
confidence interval). Significance levels were analyzed with Graph-
Pad Prism statistical software v8.0 (GraphPad Software, USA) and
indicated as p values (*p <0.05, **p <0.01, and ***p <0.001).

3. Results

3.1. Differential 3D co-culture of endothelial cells impacts vascular
network formation

To create a 3D model capable of mimicking the tumor microen-
vironment to a certain degree of resemblance one must understand
the cellular nature of the tumor microenvironment in which cel-
lular interplay is key. Endothelial cells have been shown to pro-
vide different cell responses dependent on different stimuli, be it
from stromal fibroblasts [26], extracellular matrix [27] or stem cells
[28]. Additionally, direct cell-cell contact between melanoma cells
and stromal fibroblasts has been shown to drive functional inter-
actions [29], while it has also been shown that adult mesenchymal
stem cells impact tumor cell behaviour [30]. With this in consid-
eration, we paired specific stromal cells found in the tumor mi-
croenvironment producing three distinct MCSs which were further
fused to achieve an assembloid melanoma model. Each of these
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subdomains are representative of distinct cellular interactions that
occur within a solid tumor i) an endothelial cell/fibroblast do-
main (hDMECs/hDFbs); ii) an endothelial/stem cell domain (hD-
MECs/hASCs) and iii) a tumoral/fibroblast (VMM15/hDFbs) domain.
These spheroids were characterized in terms of area and circu-
larity. A distinct architecture was seen for each of the developed
MCSs (Fig. 1aii), with the hDMECs/hDFbs spheroids comprising in
average an approximate area of 2.4 x 10° pum?2, while the com-
bination of hDMECs/hASCs yielded a significantly greater area of
3.86x10° pum?. Finally, the co-culture of VMM15/hDFbs yielded
an area of approximately 2.85x10° pum?2. Circularity data indi-
cated a high circularity score of approximately 0.8 regardless of
the spheroid system considered, where 1 would be indicative of
perfect circularity.

The hematoxylin and eosin (H&E) staining (Fig. 1ai) of the pro-
duced 3D spheroids after a 3-day cultivation period revealed a
compact structure regardless of the co-cultured cells. Both condi-
tions where hDMECs were present displayed a preferential align-
ment with densely arranged clusters of cells towards the center.
The tumor MCSs displayed characteristic tumor cell nuclei includ-
ing nuclear enlargement and increased nuclear-to- cytoplasm ra-
tio. Evidence of some karyorrhexis was found towards the core re-
gion of hDMECs co-cultured MCSs. Picrosirius red (PSR) was used
to provide insights regarding collagen distribution within the pro-
duced MCSs (Fig. 1ai). When comparing the 3 developed MCSs,
it was evident that the cross-talk between the used cells was
creating distinct collagen deposition signatures. The co-culture of
hDMECs/hDFbs revealed dense deposition of collagen fibers dis-
tributed throughout the whole spheroid. Interestingly, near the
surface, these spheroids displayed an aligned deposition of fibers
surrounding the core. The condition comprising hDMECs/hASCs,
while having a similar cellular density than hDMECs/hDFbs, pre-
sented a distinct collagen signature, with it being distributed es-
sentially towards the spheroid core. VMM15/hDFbs on the contrary,
despite fibroblasts being typically strong collagen-producing cells,
presented little collagen deposition in comparison with the other
conditions.

Considering the differences in collagen deposition and cellular
arrangement among the developed MCSs, we investigated if this
would impact the 3D architecture and organization of the hDMECs
within each spheroid. Whole-spheroid confocal imaging of CD31
immunolabeled samples showed a distinct reorganization of the
hDMECs compartment among both conditions analyzed (Fig. 1b).
hDMECs/hDFbs MCSs presented dense capillary-like networks at
days 7 and 14 of culture, with hDMECs concentrating in the in-
ner core at later timepoints. However, such capillary-like networks
were not seen in hDMECs/hASCs MCSs, where clusters of hDMECs
were distributed throughout the spheroid.

In sum, the MCSs demonstrated differential deposition of col-
lagen rich extracellular matrix, as well as differential organization
of hDMECS with formation of capillary-like structures only in the
presence of hDFbs. With this in consideration, these different sub-
domains were assembled into a larger heterotypic system to un-
derstand their interplay and how they assist in tumor progression.

3.2. Obtaining complex assembloids based on combinatorial culture
of MCSs building blocks

To carry out the development of the tumor assembloid system,
we took into consideration the previous results and defined a 3-
day priming period for each spheroid niche to self-organize with-
out the influence of any additional cell type. After this period, the
3 MCSs were placed in combinatorial culture to interact over an
additional 10-day period. Their fusion was analyzed over 7 days
through time-lapse microscopy, after labelling each subset with a
different colored cell tracker (Fig. 2a)(Video S1, Supporting Infor-
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Fig. 1. Production of stromal MCS as building blocks for assembloid formation. ai) Schematic representation of the production of MCSs. Representative hematoxylin and
eosin (H&E) and PSR staining of paraffin-embedded MCSs sections. Scale bar, 200 pm. aii) Characterization of total area and circularity score of the described MCSs. b)
Representative immunocytochemistry images of the organization of CD31* endothelial cells in MCSs sections over 7 and 14 days (d) of culture. Nuclei were counterstained
with DAPL Scale bar = 100 pm. Quantitative results are expressed as the mean + standard deviation where n = 3, * p < 0.05, ** p < 0.01, **** p < 0.0001, one-way ANOVA

with Kruskal-Wallis multiple comparison post-test.

mation). Spheroid fusion was verified to begin as early as 24 h
and was concluded around day 7 when the individual subdomains
were no longer visible and a singular assembloid structure was ob-
tained. Spheroid fusion appeared to occur in a specific order in
which the hDMECs/hASCs fused around the hDMECs/hDFbs com-
partment and ultimately were surrounded by the VMM15/hDFbs
MCS. To evaluate the cellular organization and histoarchitecture of
the assembloid, HE and PSR stainings as well as immunolabelling
were performed. Two different control conditions were prepared.
The first consisted in hDMECs/hASCs spheroids placed in combi-
natorial culture with hDMECs/hDFbs spheroids (CTRL assembloid),
lacking therefore the tumoral compartment of the tumor assem-

bloid. The second control condition consisted in a multicellular
spheroid (CTRL MCS) in which all cell types present in the indi-
vidual spheroids used to obtain the tumor assembloid were added
at the same time, at day 0. During culture, it was observed that
cells in the CTRL MCS tended to form aggregates outside the main
spheroid (Figure S1, Supporting Information), driving an irregular
distribution of cells over the outer spheroid layer (e. g. bulge for-
mation) and increasing the heterogeneity of replicates, with likely
consequences on the reliability of downstream assays.

After a total of 13 days of culture (3 days of pre-conditioning
followed by 10 days of combinatorial culture), a clear layered struc-
ture was evidenced by HE staining (Fig. 2b) in both tumor and con-
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Fig. 2. Assembly of structured MCSs into complex melanoma models. a) Schematic representation of the process of production of the melanoma assembloid model. Time-
lapse of MCSs fusion over 7 d hDMECs/hDFbs were labelled with Cell Tracker™ Green CMFDA, hDMECs/hASCs with Cell Tracker™ Orange CMRA and VMM15/hDFbs with
Cell Tracker™ Blue dye. b) Representative H&E and PSR staining of paraffin-embedded MCSs sections. Scale bar, 200 m. Representative immunocytochemistry images of
the organization of CD31* and GP100* cells in the developed assembloids and CTRL MCS over 13 and 28 d of culture. Nuclei were counterstained with DAPI. Arrows depict
structures resembling lumens. Scale bar = 100 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

trol assembloids, with no visible necrosis. Cell clusters arranged
towards the core were comprised of CD31" endothelial cells as
seen by immunolabelling. Additionally, a vast deposition of col-
lagen, stained in red by PSR, was visible in both conditions but
denser in the regions where hDMECs were found to be present. In
the melanoma assembloid system, an outer cell layer comprising
enlarged nuclei and an increased nuclear-to- cytoplasmic ratio was
visible, which overlapped with immunolabeling for the melanoma
antigen GP100. These GP100 positive tumor cells distributed them-

selves in a manner in which they encapsulated the VMM15 as-
sembloid, resembling an outer ring which measured approximately
39.29 + 3.34 um in thickness. When analyzing the distribution of
the hDMECs within the melanoma assembloid, structures resem-
bling lumens were found. In the CTRL MSC, an irregular distribu-
tion of tumor cells over the surface was observed by HE staining
and confirmed by positive staining for GP100. Collagen staining, by
PSR, showed decreased deposition of this protein when compared
to both assembloid conditions. Cells positive for CD31 were few
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in this condition and didn’t show any organization. When extend-
ing the culture period to a total of 28 days (Fig. 2b), a very slight
increase in collagen deposition was verified for this control condi-
tion while a significant loss of GP100-positive tumor cells through-
out the surface was visible. For the assembloid conditions, a more
extensive reorganization of the collagen fibers in circular patterns
was present in both tumor and CTRL assembloids at 28 days. This
patterned deposition of collagens was coincident with an orga-
nized cellular layering as seen by HE. Lack of nuclei staining at the
core is highly suggestive of necrosis. Proliferative cells were then
identified in the VMM15 assembloids using Ki-67 immunofluores-
cence staining procedure (Figure S2, Supporting Information). We
observed that, at 13 days of total culture time, these assembloids
displayed a homogeneous Ki-67 positive cell distribution pattern
along the outermost layers, where GP100* cells were previously
shown to locate. After 28 days of total culture time, no Ki-67 pos-
itive cells were found.

Given that the VMM15 cell line is of metastatic origin, the ex-
pression of the known core pluripotency stem cell master regula-
tors octamer-binding factor 4 (OCT4/POU5F1), SRY box-containing
factor 2 (SOX2), and NANOG was then evaluated. While these fac-
tors have been associated to the regulation of self-renewal and
pluripotency in adipose tissue adult stem cells [31,32], within tu-
mors their expression has been associated to tumor transforma-
tion, tumorigenicity, tumor metastasis[33] as well as treatment
resistance [34]. Firstly, the expression of these pluripotency reg-
ulators in 2D monocultures of each of the utilized cells types
was evaluated (Figure S3, Supporting Information), showing an
overexpression of SOX2 and NANOG in the VMMI15 cell cultures
when compared to hDFbs, hDMECs and hASCs. This suggests that
VMM15 melanoma cells express high levels of these stemness-
related genes, which to the best of our knowledge, is the first
time such has been reported. We then questioned whether the
expression of these genes would continue to appear upregulated
in the multicellular models. Interestingly, we verified higher ex-
pression levels of SOX2, POU5F1 and NANOG in conditions which
included the VMM15 melanoma cells (Fig. 3a)(Figure S4, Sup-
porting Information). This pattern of expression was seen for all
the 3 genes, with the VMM15 assembloid and the VMM15/hDFbs
spheroids showing significant overexpression when compared to
the remaining conditions. This is supported by previous studies
showing higher expression of POU5F1, NANOG, and SOX2 mRNA
transcripts within tumor cells and cancer stem cells niches when
compared to those of nontumor tissues [35-37]|. When consider-
ing the CTRL MCS, where all of the cell constituents were added
at the same time, lower levels of expression were observed for
SOX2 and NANOG when compared to the remaining VMM15 con-
ditions, which may ultimately be a consequence of the cellular in-
teractions established within the different spheroid compartments
beforehand.

We then evaluated at the transcriptional level the abun-
dance of the NAD-Dependent Protein Deacetylase Sirtuin-1 (SIRT1)
(Fig. 3a)(Figure S4, Supporting Information), which is physiolog-
ically regulated to coordinate responses to environmental stim-
uli and stressors. More recently, its expression was shown to be
elevated in metastatic melanoma when compared with primary
melanoma while also being linked to the induction of epithelial-
mesenchymal transition (EMT), facilitating melanoma metastasis
[38]. Here, SIRT1 was shown to be underexpressed in the indi-
vidual MCSs domains (p < 0.05) when compared with both of
the produced assembloids and the larger CTRL MCS. Taking in ac-
count that spheroid size and variability of response to 3D cul-
ture have a direct impact on both viability and growth kinet-
ics of cells, which may generate spheroid core necrosis, hypoxia-
induced cellular responses and genomic instability [39], we ana-
lyzed the mRNA expression of TINF2 and TERF2 (Fig. 3a)(Figure
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S4, Supporting Information). These proteins are part of the shel-
terin complex, that is composed of six major proteins which are
responsible for protecting the telomeric DNA from damages [40].
Higher expression levels of both these genes was evident in con-
ditions comprising the VMM15 melanoma cell line, whereas a sig-
nificant decrease in the expression of these genes was found in
hDMECs/hDFBs (p < 0.05 and p < 0.01). Also involved in damaged
DNA repair is BRCA1, which has been shown to be involved in the
repair of double-strand breaks and initiate homologous recombi-
nation (HR), linking the maintenance of genomic integrity to tu-
mor suppression [41]. While no statistical difference was found, a
trend of underexpression of BRCA1 was noticed in all the studied
conditions when compared to the VMM15/hDFbs MCSs, especially
for the VMM15 assembloid together with the CTRL MCS (Fig. 3b).
Besides BRCA1, TP53BP1 plays a significant role in DNA damage
response, promoting checkpoint signaling following DNA damage
[42,43]. Once again, no statistically significant differences were ob-
served between condition, despite VMM15/hDMECs MCSs having
presented slightly inferior expression values when compared to the
remaining conditions (Fig. 3b).

While stemness transcription factors like SOX2, NANOG and
POU5F1 are deeply associated to the mesenchymal phenotype in
EMT [44], changes in the expression of key players such as E and
N-Cadherin (CDH1 and CDH2 respectively), Vimentin (VIM) and
Zinc finger E-box binding homeobox 1 (ZEB1) are crucial for cell
detachment and tumor metastasization [45]. By assessing the ex-
pression profile of these genes within the proposed tumor models
we hoped to shed additional light into the cellular interactions oc-
curring within the system. While no statistical differences among
the studies conditions were observed, a clear trend towards higher
expression of mesenchymal associated genes ZEB1, CDH2 and VIM
were observed in the VMM15 assembloid.

The aforementioned results demonstrate that the co-culture of
tumor stromal compartments in the form of MCSs allowed for their
complete fusion followed by their auto-organization into multilay-
ered 3D cell models. These higher complexity models preserved
a gene expression profile compatible with metastatic melanoma,
which was already observed for simpler MCSs containing VMM15.

3.3. Tumor assembloids as alternative drug screening tools

Whether a 3D cancer model is capable of responding in vitro
to known pharmaceuticals defines how well these systems can
mimic in vivo cellular behavior and therefore how effective they
are as disease models. Doxorubicin (Dox) was chosen due to
its wide use as a chemotherapeutic agent recommended for the
treatment of several tumors [46]. Regarding spheroid morphology
(Fig. 4a) (Figure S5, Supporting Information), a clear shedding of
the most superficial cells was noticed in all conditions in which
VMM15 melanoma cells were present. This outer part was previ-
ously shown, in the tumor assembloid, to overlap with the loca-
tion of GP100* VMM15 tumor cells. This shedding was not visible
in the CTRL assembloid lacking these tumor cells (Fig. 4a). In both
VMM15 conditions, assembloid and CTRL MCS, the shedding was
followed by an increase in the spheroid area in comparison to the
non-treated condition (Fig. 4b), which is likely a consequence of
cell death and detachment. In contrast, the CTRL assembloid didn’t
present any changes do its area over time when treated with Dox.
To validate the potential use of our developed assembloid system
for drug screening, a lactate dehydrogenase (LDH) assay was con-
ducted after exposure of the models to 40 uM Dox over 4 days.
LDH release in response to Dox (Fig. 4c)(Figure S6, Supporting In-
formation) varied for all conditions, albeit conditions comprising
the VMM15 melanoma cell line presented overall higher values as
expected. The VMM15 assembloid condition was shown to be the
most susceptible to Dox (78.89% of the LDH release of the positive
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Fig. 3. Phenotypic characterization of assembloids and of their forming subunits. a) SOX2, POUF5F1, NANOG, SIRT1, TINF2 and TERF2 mRNA expression in MCSs subdomains,
developed assembloids and CTRL MCS at 13 d of total culture. Expression was determined by qPCR using S2M as a reference gene and normalized to the hDMECs/hASCs
MCSs. b) BRCA1 and TP53BP1 mRNA expression in MCSs subdomains, developed assembloids comprising VMM15 melanoma cells and CTRL MCS at 13 d of total culture.
Expression was determined by qPCR using B2M as a reference gene and normalized to the VMM15/hDFbs MCSs ¢) CDH1, ZEB1, CDH2 and VIM mRNA expression in MCSs
subdomains, developed assembloids comprising VMM15 melanoma cells and CTRL MCS at 13 d of total culture. Expression was determined by qPCR using 82M as a reference
gene and normalized to the VMM15/hDFbs MCSs. Quantitative results are expressed as the mean + standard deviation where n = 3. When pairwise comparisons are not
directly represented, statistical significance is represented by * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 when compared to hDMECs/hASCs, after a one-way

ANOVA with Kruskal-Wallis multiple comparison post-test.

control) followed by the CTRL MCS (72.56%) and the VMM15/hDFbs 3.4. Stromal cells and 3D tumor cell invasion in the melanoma
spheroid (59.36% LDH release), while hDMECs/hDFbs (34.73%) and assembloid

hDMECs/hASCs (29.36%) showed significantly lower values. All of
these results suggest that our final melanoma assembloid system
acted as a responder to Dox, suggesting its suitability as a drug
screening platform for further studies.

Cellular interplay and crosstalk within the tumor microenvi-
ronment plays a role in promoting tumor growth, maintenance
and invasion [47], in part through the activation of several ECM
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Fig. 4. Characterization of assembloid and CTRL MCS morphology and viability in response to doxorubicin treatment. a) Growth phenotype of melanoma assembloid and
controls when stimulated with 40 uM of Dox. Scale bar = 500 pm. b) Total area of VMM15 assembloids and respective controls over time when treated with 40 um of
Dox. ¢) Cytotoxicity evaluation by LDH release from three independent experiments of VMM15 assembloids, CTRL assembloids and CTRL MCSs exposed to Dox at 40 M.
Quantitative results are expressed as the mean =+ standard deviation where n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, one-way ANOVA with Kruskal-Wallis

multiple comparison post-test.

degrading MMPs. In melanoma, in particular, a critical role has
been attributed to tumor stromal cells and the MMPs they produce
in the promotion of tumor invasion [48,49]. Studies have shown
that MMP-2 is constitutively expressed with variations implicat-
ing modest up or downregulations [50] while MMP-9 expression is
highly inducible under the control of growth factors, chemokines
and other stimulatory signals [51]. We proceeded in measuring
the bioactivity of MMP-2 and MMP-9 in the developed spheroid
models (Fig. 5b) (Figure S7 and S8, Supporting Information). Re-
sults showed that pro-MMP-2 activity was detected throughout
all conditions, with no significant differences found. In the single
spheroid model where VMM15 was co-cultured with hDFbs, little
to no MMP-2 activity was detected, with the hDMECs/hASCs hav-
ing in comparison significantly increased activity (p < 0.05) of that
enzyme over the whole culture period. Significantly higher activity
of MMP-2 (p < 0.05) was further found in both tested assembloid
models when compared to the VMM15/hDFbs spheroid. Expres-
sion of active MMP-9 was not detected throughout the tested con-
ditions. Nonetheless, pro-MMP-9 activity was found to be signifi-
cantly greater in the control assembloid in comparison to VMM15
co-cultured spheroids (Figure S7, Supporting Information). These
results suggest that endothelial and stromal cross-talk is impor-
tant for MMP’s, especially MMP-2, activity. While the constitutive
gene expression of MMP is low, their expression is regulated at

both the transcriptional and post-transcriptional levels. At a post-
transcriptional level, the activity of these enzymes is controlled by
specific protease inhibitors such as the tissue inhibitors of metal-
loproteinases (TIMPs). Findings have pointed to TIMP1 and —3 as-
sociating with latent or pro-MMP9 while TIMP2, —3 and —4 are
capable of interaction with pro-MMP-2 [52]. This considered, we
were interested in understanding whether the differences seen in
MMP-2 and MMP-9 activation in our developed spheroid mod-
els were being mediated by TIMP-1 and TIMP-2. ELISA (Fig. 5c)
(Figure S9, Supporting Information) assays showed that TIMP-
2 production was similar for all conditions with exception to the
VMM15/hDFbs MCSs. Regarding TIMP-1, higher levels of this in-
hibitor were observed for both assembloid conditions and hD-
MECs/hASCs MCSs in comparison to the remaining MCSs.

This differential expression suggests that the activity of TIMPs
is linked to the different stromal cells comprising the tumor mi-
croenvironment, therefore highlighting their importance in the de-
velopment of heterotypic tumor models.

We then investigated whether differences in the production
of MMPs would impact overall invasion potential of the different
models. We conducted a Matrigel®-based assay to evaluate both
the sprouting and the invasion capability of the melanoma assem-
bloids (Fig. 5a) after which spheroid segmentation was performed
for further image analysis of migration profiles (Fig. 6a). Three pa-
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Fig. 5. MMPs as an active agent in melanoma tumor invasion. a) Schematic illustration of tumor assembloid invasion within a 3D Matrigel® assay: a single tumor spheroid
per well was embedded in Matrigel®. b) Gelatin zymography of MCSs or assembloid culture medium over 13 d of culture. MMP activity was visualized as clear bands against
a dark blue background of gelatin substrate in gel. Molecular weight markers were used to estimate the molecular masses of the pro and active forms of MMP-2. Density of
each band expressed as an arbitrary unit. ¢) TIMP1 and TIMP2 secretion in MCSs subdomains and developed assembloids at 13 d of total culture. Expression was determined
by ELISA. TIMP-1 was quantified in 5 g of total protein and TIMP-2 was assessed in 20 ug of total protein. Quantitative results are expressed as the mean + standard
deviation where n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, one-way ANOVA with Kruskal-Wallis multiple comparison post-test.

rameters considered relevant in terms of cellular invasion were as-
sessed: area of invasion, the area of the core and the maximum ra-
dius [25]. While an increase in core size was detected for all tested
conditions over the 7-day culture period, the greatest significant
changes (p < 0.001) observed were among the different tumor
single spheroids. No decreases in core size were in fact observed
in any condition (Figure S10, Supporting Information), suggest-
ing that no necrosis was occurring over the 7-day culture period.
However, the CTRL MCS displayed the lowest change in core size
dynamics, suggesting hampered proliferative capacity of the cells
in this group. The maximum radius is defined as the farthest dis-
tance on invasion from the center of the spheroid. When looking
at these data for 7 days (Fig. 6b) (Figure S10, Supporting Informa-
tion), we observed that the spheroids of hDMECs/hDFbs presented
the highest invasion distance of 2.54 times the core radius at day
0, followed by the CTRL assembloid at 2.18, the melanoma assem-
bloid at 2.06-fold and the CTRL MCS at 2.04-fold. Interestingly, all

10

the tumor single MCSs presented no visible invasion in the 3D ma-
trices. When performing multiple comparisons among the different
conditions in each timepoint, we observed that the single MCSs of
VMM15 presented a significantly inferior radius of invasion when
compared to the remaining conditions while the co-culture MCS
of hDMECs/hDFbs showed the maximum radius of invasion of all
conditions (Figure S10, Supporting Information).

When studying invasion, not only is the radius of invasion rel-
evant but also the area of the invading edge, which consists in the
area occupied by the expanding cellular mass. After 7 days of cul-
ture, the role that cross-talk among different stromal cells partakes
in invasion area was clear. Single MCSs of VMM15 tumor cells co-
cultured with either hDFbs, hASCs or hDMECs presented signifi-
cantly less invasive potential when directly compared to all the re-
maining conditions (Fig. 6¢) (Figure S10, Supporting Information).
The co-culture of hDMECs/hDFbs showed to contribute greatly to
the invasive capacity of the spheroid, while the melanoma assem-
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bloid comprising all of the 4 different stromal cells showed the
highest area of invasion.

We then proceeded to characterize the invasion front namely
in terms of the presence of VMM15 cells. For this, GP100 im-
munolabelling was performed in the 3D matrix used for the in-
vasion assays (Fig. 7)(Figure S11, Supporting Information). Inter-
estingly, GP100-positive cells were found not leading but follow-
ing the leading edge of the invasion front. Although the presence
of randomly detached GP100-positive cells cannot be completely
ruled out, results allow the possibility that stromal cells remodel
the adjacent ECM to facilitate the migration of the tumor cells fol-
lowing in their wake, as described before [53].

4. Discussion and conclusion

Over the past decade researchers have kept on pushing the
boundaries of more traditional 3D cancer models like spheroids,
MCSs and organoids. While these systems have made great ad-
vances in order to better represent native tissues they still present
concerns of their own. Hybrid systems which combine different
models together, like the ones reported by Boulard and colleagues
[5], bridge the gap between cell-sheet systems and spheroids while
capable of presenting a stratified epidermis, a basement membrane
and blood and lymphatic capillaries in the engineered tissue. Sim-
ilarly, organotypic models for melanoma have also been generated
[54].

1

Recently, assembloids were proposed as advanced 3D tissue
models with added complexity. Originally envisioned to better
study the assembly of neural circuits through the combination
of organoids representing multiple brain regions, this form of 3D
model allows deeper insights into tissue function, opening doors
for the development of more advanced and representative cancer
models [55] that will allow for a greater understanding of this dis-
ease.

The present work, provides the groundwork to unravel cell-cell
and cell-ECM interactions relevant for cancer growth and invasive-
ness, at different stages of cancer development. Different stromal
MCSs were developed to represent different stromal subdomains.
Supporting this rationale was the intent of first establishing a sta-
ble endothelial cell compartment, capable of acting as a surrogate
capillary bed and then combining this with a tumor-like stroma
compartment encompassing VMM15 melanoma cells and hDFbs.
This allowed the critical interactions between tumor and endothe-
lial cells to take place upon combination of the MCSs into the as-
sembloid system. While in this study we have opted for the use
of the VMM15 melanoma cells, various tumor cell lines, whether
they have different driver mutations or not, may benefit from this
system. However, driver mutations affecting spheroid-forming ca-
pabilities of the cells will compromise the use of this method (as
demonstrated by Ogishima et al. 2018 [56]).

Given the importance of stromal ECM, the collagen signature in
these stromal subdomains was analyzed. The spatial organization
of the hDMECs appeared to be coincident with the collagen deposi-
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Fig. 7. Invasive migratory behavior of assembloids and MCSs. Details of invadopodia of invading spheroids advancing into the matrix after immunofluorescent labelling, at 7
days of invasion. GP100* melanoma cells are found in green. Nuclei were counterstained with DAPI and cell cytoskeleton with Phalloidin-TRITC. White dashed lines delimit
the original bulk of the spheroids. Scale bar = 50 pm (left) and 20 pm (right). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

tion seen by PSR staining, which is supported by the demonstrated
role of collagen type-1 in endothelial cell morphogenesis [57]. In-
terestingly, while both fibroblasts and MSCs are known to sup-
port vasculogenesis through ECM deposition and secretion of pro-
angiogenic factors [58-60] only in the hDFbs-contaning MCS were
the hDMECs organized into highly dense vascular-like network.
These results are supported by reports showing that fibroblast-
derived ECM favors endothelial tubulogenesis [61], while the direct
co-culture between MSC and ECs has been shown to potently de-
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crease EC proliferation and their angiogenic potential which may
occur via VE-cadherin/B-catenin interactions at the EC cell surface
[62].

When the individual MCSs where assembled together, spatial
organization of the different cells types in layers was evident at
10 days of combinatorial culture. Within this layered structure en-
dothelial cells migrated toward the core of the spheroid, fibrob-
lasts and stem cells remained in the central senescent zone and
the VMM15 tumor cells migrated towards the outward prolifer-
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ating zone. This organization comes in agreement with the cellu-
lar arrangement observed in other melanoma models [63], where
growth factor deprivation, nutrients and oxygen gradients, and
catabolites accumulation are responsible for segregating melanoma
cells into a continuously proliferating subpopulation in the periph-
ery and a Gl-arrested subpopulation in the center [63]. This is
similar to what is verified in vivo where tumor growth is char-
acterized by a phase of exponential cell proliferation followed by
a phase of declining growth rate associated with an increase in
nonproliferating (quiescent) cells and necrotic cells [64]. This form
of hierarchical organization was shown to be size dependent, in
which MCS larger than 500 xm in diameter present a necrotic core
surrounded by a viable rim, with an inner layer of quiescent cells
and an outer layer of proliferating cells [65]. It is worth adding that
among the different subtypes of melanoma, Vertical Growth Phase
(VGP), is characterized by deep vertical growth into the tissue with
while displaying invasive and metastatic properties [66,67]. In this
melanoma subtype, nests become ever so smaller until, eventu-
ally, single melanocytes can be found coursing individually through
the dermis. In histopathological terms [67], this comes in agree-
ment with our VMM15 assembloid in which the tumor cells are
not strictly confined within a spherical structure.

While comprising the same cellular constituents, the CTRL MCS
failed to present a visible organization. GP100* cells were irreg-
ularly distributed in the outermost layer of the spheroid and cell
bulging and loose cell aggregates were frequently present. The
poor spatial organization of hDFbs, hDMECs and hASCs may be
related to the observed diminished collagen deposition. A pre-
vious report had already observed that when endothelial cells
were seeded together with fibroblasts and tumor cells on day one,
no endothelial cells were located in the microtissues [68], which
comes in agreement with our results in regards to the lack of
CD31* cells within the CTRL MCS. This comes to show that the es-
tablishment of stromal compartments, followed by their assembly
into a more complex structure such as what is herein proposed,
supports the viability and function of these stromal cells.

Also deemed critical for this hierarchical organization is the de-
position of ECM within these 3D models, which relays both bio-
chemical and physical stimuli affecting all surrounding cells in
terms of cell migration, differentiation, proliferation and viability
[69,70]. This form of support and biochemical stimulation provided
by the different cellular subsets may explain the fast fusion of the
individual sub-domains into one larger assembloid when placed
in co-culture. The 28-day total culture period resulted in exten-
sive necrosis at the core of the tumor assembloid when compared
to the CTRL condition. It is possible that this occurred not only
in function of the size of the assembloid but equally because of
the dense ring of VMM15 cells that had formed around it, this
way shielding the inner cells from nutrients and oxygen, which
has been shown to occur in vivo [64]. These VMM15 cells also pre-
sented Ki-67 expression at 13 days of total culture which correlates
with what has been observed in several studies in which it was
shown that the expression of this proliferation marker was known
to be higher in tumor stromal areas of metastases and in tumor
cell areas of primary tumors while also being associated with tu-
mor grade and pathological nodal involvement [71-73].

The role that cancer stem cells, a subpopulation of tumor cells
which display stem cell features, plays within the tumor microen-
vironment has become of high importance in understanding the
mechanisms behind tumor invasiveness, metastasis, drug resis-
tance and epithelial to mesenchymal transition (EMT) [74]. Tightly
associated to this phenotype is the overexpression of pluripotency
transcription factors SOX2, POU5F1 and NANOG which have been
reported to induce stemness, chemoresistance, metastatic poten-
tial, proliferation, EMT and resistance to apoptosis and are directly
tied to aggressiveness and poor prognosis [75-78]. We have shown
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that the VMM15 melanoma cell line displays such features in light
of its overexpression of pluripotency transcription factors SOX2 and
NANOG in 2D monocultures. Similarly, the overexpression of these
transcription factors was verified both in our melanoma assem-
bloid model, within the individual MCSs comprising VMM15 cells
as well as in the CTRL MCS albeit in an inferior manner in the lat-
ter. This suggests that the 3D culture supported the maintenance
of this stemness profile. Tumor cells have also been shown to pro-
mote the upregulation of these stemness related genes in neigh-
bor cells as the case of hASCs [79]. Additionally, overexpression
of POU5F1 was only verified in the 3D conditions which may be
an effect of the heterogeneity of the neighboring cells which im-
pacts cytokine levels, hypoxia, acidic pH, cancer associated fibrob-
lasts (CAFs) and the activation of specific signaling pathways which
are known to regulate cancer stem cell niches [80].

While the role of SIRT may vary between tumor suppression
and tumor promotion depending on the signaling pathway or tar-
gets involved, its expression has been shown to be increased in
melanoma and has been associated as a marker of bad progno-
sis [38,81,82]. Beyond its association to proliferation and cancer
cell growth, studies have also linked the overexpression of SIRT-1
to the enhanced the expression of the mesenchymal marker’s vi-
mentin and N-cadherin [76]. Within our results we have shown
that both the VMM15 assembloid and the CTRL MCS present the
highest levels of SIRT1 that in turn correlates with EMT promotion.
These higher levels were also coincident with the enhanced ex-
pression of ZEB1, CDH2 and VIM in the VMM15, suggesting a pos-
sible connection between both signaling pathways in this model.
Also associated with several roles in cancer is the shelterin com-
plex [83]. While protecting the telomere from DNA damage path-
ways and aging, it may act as an oncogene in cancer cells. An
overexpression of the TINF2 and TERF2 genes has been implicated
in various pro-tumorigenic mechanisms [84]. Our results are in
line with these findings, where an increased expression of these
genes was detected in VMM15 cells-bearing spheroids and in the
melanoma assembloid. Genomic instability in our models was fur-
ther studied by assessing the expression of BRCA1 and TP53BP1
genes. Both BRCA1 and TP53BP1 have been indicated as tumor sup-
pressor genes with important roles in DNA damage repair. A loss
of expression of BRCA1 has been shown to lead to a higher tu-
mor grade and advanced clinical stage in gastric carcinoma pa-
tients [85], while in breast cancer tissues a decrease in BRCA1 lev-
els led to tumor cell growth while an increase in its expression
triggered growth arrest and apoptosis [86]. A similar behavior is
observed with TP53BP1 in which loss of protein expression levels
were associated with high grade tumors, supporting the idea that
loss of function of this gene may favor breast cancer progression
and worse prognosis [87]. In patients with pancreatic ductal ade-
nocarcinoma, loss of TP53BP1 expression was also associated with
decreased overall survival [88]. Our results suggest a trend for un-
derexpression of BRCA1 for the assembloid model together with
the CTRL MCS in comparison with most MCSs conditions, indicat-
ing the genomic instability typical of higher-grade tumors is pre-
served in this complex model. The seemingly opposing trends of
expression found in the developed melanoma model are not to-
tally unexpected. While BRCA1 and TP53BP1 are both involved in
DNA damage repair, they present different means of action. BRCA1
promotes DNA end resection and homologous recombination (HR)
during S/G 2 phases of the cell cycle and while TP53Bp1 inhibits
end resection and facilitates non-homologous end-joining (NHe])
primarily during G1 [89]. Studies on these competitive methods of
DNA damage repair show that TP53BP1 may in fact act as an in-
hibitor of BRCA1 accumulation at double-strand break sites [90].
An alternative explanation for the observed opposing trends of ex-
pression may be related to BRCA1-deficient cells [91]. This pheno-
type has been associated to several different tumors namely, ovar-
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ian carcinoma, prostate cancer and mammary tumors [92-94]. Fur-
ther assays specifically studying the mechanisms behind double-
strand DNA repair in our system are needed for a full clarifica-
tion of the observed results. “Classical” EMT is a biological pro-
cess involved in embryogenesis and organ development [95] and
has been deemed critical for several distinct pathologies such as
chronic inflammation and cancer [96-98]. In EMT, polarized ep-
ithelial cells undergo a phenotypic switch into a mesenchymal
cell phenotype [99] which is defined by a decrease in the ex-
pression of the epithelial marker E-cadherin [100-102] followed
by an increase in the expression of N-cadherin [103-105]. Dur-
ing this switch, cells acquire enhanced migratory capacity, inva-
siveness, greater resistance to apoptosis, and increased production
of ECM components [99]. This mechanism in regulated by a se-
ries of EMT-activating transcription factors such as those from the
SNAI, ZEB and TWIST families. However, it is important to high-
light that their role in promoting EMT is rather complicated con-
sidering that their functions are often non-redundant and tissue-
specific. Studies such as the one performed by Caramel et al. show
that in metastatic melanoma, the EMT transcription factor network
undergoes a reorganization in favor of TWIST1 and ZEB1 [106]. In
our proposed VMM15 assembloid model, we could observe a trend
towards higher expression of this transcription factor when com-
pared to the remaining conditions comprising VMM15 tumor cells
in their composition. Interestingly, a trend for higher expression
of CDH2 and VIM was also observed for this condition. Previous
studies have indeed shown as increased expression of these two
molecules in melanoma [8,104,107,108]. The role that fibroblasts
undertake in controlling these processes is also worth mentioning.
Different fibroblasts phenotypes were shown to induce different
activation statuses of G361 melanoma cells while inducing higher
expression levels of CDH1 and CDH2 genes [8]. When discussing
EMT in cancer tissues, its deep association to the concept of can-
cer stem cells cannot be ignored. Reports have addressed the fact
that EMT can induce cancer cell stemness in distinct tissues [109]
while several EMT-related transcription factors have displayed the
capacity to promote cancer stem cell stemness in human breast
cancer models [110]. Nonetheless, while an insight on the biolog-
ical changes that are occurring in the studied systems can be un-
covered to an extent through the use of technologies like real-time
PCR to analyze gene expression profiles, one must be cautious in
discussing these results as the observed gene expression signatures
are not of specific cell types within the spheroid but of the system
as whole. It is nevertheless likely that the changes described in the
results above are more or less pronounced depending on the stud-
ied cell population of the models proposed. Single cell analysis or
spatial transcriptomics would allow a more detailed characteriza-
tion of the changes happening during the different stages of the
study, which is a limitation of the current work.

The reaction of 3D tumor models to anti-cancer agents is of
key interest to assess its potential to mimic what happens in vivo
and be used for drug discovery. A higher sensitivity to Dox was
observed in conditions comprising VMM15 melanoma cells corre-
lating with increased cell shedding in the assembloid and MCSs
and an increased LDH release. This increased sensitivity may be
consequence of the cellular organization seen in this model where
VMM15 tumor cells are in the proliferative zone and therefore in
first contact with the drug while these cells’ higher proliferation
rate makes them more susceptible to apoptosis by DNA damage.
It is crucial to highlight that while the observed differences be-
tween the VMM15 assembloids and the VMM15/hDFbs spheroid
were not statistically significant and therefore may appear to fall
short, our new platform was able to maintain its responsiveness to
an anti-cancer agent while adding a significant layer of complexity
and heterogeneity and proving the applicability of this system for
drug screening purposes. Furthermore, this structured organization
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present in the assembloid has the potential to facilitate the unrav-
elling of the mechanisms leading to anti-cancer therapeutic resis-
tance in tumors [111,112] by studying cell-cell interactions within
layer interfaces.

Having observed a complete overhaul in cellular organization
of the 3 stromal subdomains when assembled, we questioned
how this would impact cell invasion in 3D. Cellular crosstalk and
paracrine signaling in the tumor microenvironment are key to
drive tumor progression [113-115]. Among the major players in-
volved, we can find MMPs which are a family of zinc-containing
endopeptidases, similar between themselves both structurally and
functionally. They are secreted in an inactive (latent) state, known
as pro-MMPs, and require activation in order to be able to cleave
ECM components [116] while their activity appears to be tightly
regulated by TIMP function. Whereas MMPs are known for their
important physiological functions such as tissue repair and re-
modeling, cellular differentiation, cell mobility and wound healing
[117], gelatinases (MMP-2 and MMP-9) in particular have been im-
plicated as key players in promoting angiogenesis, infiltration of
cancer cells and metastasis [118-120]. Active MMP-2, in particular,
was shown to correlate with increased malignancy in melanoma
xenograft models [49], as well as in primary and metastatic
melanoma patients [121]. Endothelial cells have a clear role in this
mechanism through which the spread of tumor cells throughout
the capillary endothelium and neovascularization are facilitated
[122,123]. This effect seems present when comparing the results of
MMP activity in the matrix-embedded cultures. An increased pro-
duction of active MMP-2 was visible in conditions that presented
a higher invasive area and maximum length of invasive edge from
the spheroid core, that mostly coincided with the presence of hD-
MECs and hDFbs combinations. Interestingly, co-culture MCS con-
taining VMM15 cancer cells all presented relatively low levels of
MMP production and invasion, independently of being cultured
with endothelial cells, mesenchymal stem cells or fibroblasts. In
humans, an inverse relationship between in situ MMP-9 expres-
sion and melanoma progression was found [124]. MMP-9 appears
to be involved in the early steps of metastasis formation but not
the later steps such as extravasation [125]. In most cases of tumor
development and progression, MMPs are produced by nonmalig-
nant stromal cells within the tumor microenvironment. Besides the
known production of these gelatinases by endothelial cells, find-
ings have pointed to the production of MMPs to be associated to
fibroblasts immediately surrounding tumor cell clusters [126,127].
This adds to the importance of having heterotypic cellular models
in which crosstalk between different stomal cells is allowed, mim-
icking the in vivo situation and specific phenomena such as “co-
operative invasion”. The latter describes how inherently invasive
cells, either malignant or nonmalignant, can induce the invasion of
otherwise poorly invasive subpopulations in mixed cell populations
[128]. Several mechanisms supporting this concept have been de-
scribed. One in particular describes an invasive or leader cell that
possesses protease activity, deposits ECM and co-invades through
the 3D matrix with subpopulations of poorly invasive cells [129].
Other reports have supported this concept in melanoma [129-131].
Chapman and colleagues [129], for instance, showed that the co-
culture between cells of different invasive potential altered the be-
havior of the poorly invasive cells into actively invading in the het-
erogenous environment. In these findings, not only were the highly
invasive cells leading the front but also this process was shown to
be dependent on MT1-MMP. A similar process may be speculated
to occur in our assembloid tumor model, where GP100* VMM15
tumor cells trailed the invasive edge of the produced assembloids.
Nonetheless, the role of MMPs in supporting cell invasion in the
developed models should be further validated using specific assays.
One protocol could involve the addition of a MMP inhibitor such
as marimastat, a broad spectrum inhibitor of matrix metallopro-
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teases, to the culture system during the invasion assays. Addition-
ally, to confirm the suggested mechanism of cooperative invasion
between stromal cells and tumor cells in our 3D tumor model, it
would be essential to label each cell population individually, allow-
ing for a clarification of each cell’s role in the invasive edge of the
assembloid over time. These are limitations of the current work
that must be addressed in future implementations of the same as-
sembloid methodology.

While proteases are essential players in invasion, it's actually
the balance between proteases and their inhibitors that defines the
invasiveness of tumor cells within the microenvironment. Within
extracellular fluids and tissues, TIMPs levels have been shown to
be in excess when compared to MMPs, thereby limiting their pro-
teolytic activity to focal pericellular sites [132]. The expression of
TIMP1 within tumors correlates with a less aggressive tumor onset
while an imbalance in MMP/TIMP ratio seen through the downreg-
ulation of TIMP1 is associated with poor prognosis [133,134]. Ad-
ditional studies have also pointed to the importance of TIMPs in
the reduction of experimental metastasis of melanoma [135]. Our
results have shown a correlation between the expression of MMP-
2[TIMP-2 and Pro-MMP-9/TIMP-1. Those suggest a possible imbal-
ance in MMP-2/TIMP-2 ratio as seen by the high levels of the ac-
tive form of MMP-2. On the other hand, TIMP-1 production corre-
lated with the data obtained for pro-MMP-9 through zymography
in which no active form of this MMP was present. This may be an
indication that an equilibrium in this MMP/TIMP ratio is present,
inhibiting therefore the active form of the protease.

Here, we have shown that melanoma assembloids present a hi-
erarchical cellular organization with proliferative and necrotic ar-
eas and likely a quiescent are in-between, mimicking native tu-
mor tissue. Sensitivity to Dox was demonstrated. The melanoma
assembloid model furthermore favored the overexpression of key
pluripotency transcription regulators, which may indicate that this
model supports a more dedifferentiated state of the melanoma
cells. Moreover, while it is conceivable that the cellular complexity
of the model promotes communication among stromal cells, po-
tentially fostering 3D tumor cell invasion through MMP production,
as evidenced in other models [128,129,136], further comprehensive
studies of the developed models are essential to validate this hy-
pothesis. Furthermore, a finer analysis of cellular and molecular
events during assembloid formation, will allow to further unravel
the mechanisms behind the observed cellular segregation, which
may benefit cancer modelling research and also basic cancer re-
search. In sum, the presented assembloid-based model has the po-
tential to be a powerful alternative to current in vitro 3D tumor
models by allowing the study of several melanoma related traits
such as anticancer drug sensitivity, pathway plasticity, dedifferen-
tiation and stromal mimicry.
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