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Abstract

Background Hepatocellular carcinoma (HCC) causes significant cancer mortality worldwide. Cancer organoids
can serve as useful disease models by high costs, complexity, and contamination risks from animal-derived
products and extracellular matrix (ECM) that limit its applications. On the other hand, synthetic ECM alternatives
also have limitations in mimicking native biocomplexity. This study explores the development of a physiologically
relevant HCC organoid model using plasma-derived extracellular matrix as a scaffold and nutritive biomatrix with
different cellularity components to better mimic the heterogenous HCC microenvironment. Plasma-rich platelet
is recognized for its elevated levels of growth factors, which can promote cell proliferation. By employing it as a
biomatrix for organoid culture there is a potential to enhance the quality and functionality of organoid models for
diverse applications in biomedical research and regenerative medicine and to better replicate the heterogeneous
microenvironment of HCC.

Method To generate the liver cancer organoids, HUH-7 hepatoma cells were cultured alone (homogenous model)
or with human bone marrow-derived mesenchymal stromal cells and human umbilical vein endothelial cells
(heterogeneous model) in plasma-rich platelet extracellular matrix (ECM). The organoids were grown for 14 days and
analyzed for cancer properties including cell viability, invasion, stemness, and drug resistance.

Results HCC organoids were developed comprising HUH-7 hepatoma cells with or without human mesenchymal
stromal and endothelial cells in plasma ECM scaffolds. Both homogeneous (HUH-7 only) and heterogeneous (mixed
cellularity) organoids displayed viability, cancer hallmarks, and chemoresistance. The heterogeneous organoids
showed enhanced invasion potential, cancer stem cell populations, and late-stage HCC genetic signatures versus
homogeneous counterparts.

Conclusion The engineered HCC organoids system offers a clinically relevant and cost-effective model to study
liver cancer pathogenesis, stromal interactions, and drug resistance. The plasma ECM-based culture technique could
enable standardized and reproducible HCC modeling. It could also provide a promising option for organoid culture
and scaling up.
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Background

Hepatocellular carcinoma (HCC) is the most com-
mon form of liver cancer. It represented the sixth most
diagnosed cancer and the third leading cause of cancer-
related death according to the global cancer burden
statistics (GLOBOCAN 2020) [1]. Despite advances in
therapy, HCC morbidity is rising, with an estimated inci-
dence of over one million cases by 2025 [2]. The onset and
progression of cancer are affected by several intercon-
nected factors including the cancer microenvironment,
which plays a pivotal role in cancer pathogenesis, pro-
gression, metastasis, invasiveness, recurrence, and thera-
peutic resistance. HCC is a solid tumor that consists of
heterogeneous tumor cells and stroma. The HCC tumor
microenvironment is recognized for its remarkable inter-
tumoral and intra-tumoral heterogeneity that is reflected
in the treatment response. The tumor stroma comprises
blood and lymphatic vessels, nerves, non-cellular com-
ponents, and cellular components of non-tumoral cells
[3]. The non-cellular components include bioactive sub-
stances and the altered extracellular matrix (ECM) that
comprises proteins such as collagens, proteoglycans,
and the linear glycosaminoglycan hyaluronan. The cel-
lular component is composed of stromal cells, compris-
ing cancer-associated fibroblasts (CAFs), angiogenic
cells, inflammatory and immune cells [4]. CAFs originate
from a variety of cell types, such as pericytes, endothelial
cells (ECs), vascular smooth muscle cells, hepatic stellate
cells (HSCs), cancer cells that undergo epithelial-mesen-
chymal transition (EMT), fibroblasts, and mesenchymal
stem/stromal cells (MSCs). MSCs are typically recruited
to the injured or hypoxic area within the tumor. The
crosstalk between HCC cells and other cells substantially
influences tumor cell proliferation, migration, and inva-
siveness. This cross talk can determine the fate of HCC
by promoting vasculogenic mimicry (VM), inhibiting
tumor cell apoptosis, activating angiogenesis, and cre-
ating an immunosuppressive microenvironment, all of
which determine the fate of HCC [5].

Given that intratumoral heterogeneity exists in HCC
tumors, the total number of samples needed to be ana-
lyzed from a single tumor to reliably represent the tumor
microenvironment remains a critical and practical con-
cern [6]. As the interaction between the various cell types
in the HCC microenvironment contributes to the main
characteristics of cancer, a natural model that mimics the
HCC heterogeneous microenvironment is required for a
better understanding of liver cancer, and in order to opti-
mize the therapeutic modalities for HCC.

In vitro two-dimensional (2D) cell culture is typically
assembled by growing cells on a plastic substrate as an
adherent monolayer. The traditional 2D culture of cell
lines established from primary liver tumors fails to mimic
the diversity and complexity of the tumor microenviron-
ment, and thus is not optimum for studying the cancer
microenvironment. Earlier liver “organoids” were engi-
neered by Khaoustov and colleagues using a bioreactor
and beads coated with extracellular matrix (ECM) for cell
attachment [7]. The group successfully established long-
term propagation of a 3D system for liver cells, which
were called organoids. The 3D culture system offered an
effective model to recapitulate the in vivo architecture of
liver cancer and the heterogeneity of the microenviron-
ment [8, 9].

Current HCC organoids are multicellular 3D culture
systems that stimulate the cellular and non-cellular com-
ponents of the tumor. These organoids are composed of
a highly proliferative outer region, a middle quiescent
region, and a hypoxic core. The extracellular matrix
(ECM) contains the biomaterials required to support the
organoid structure and mimic the cells’ biochemical and
biophysical microenvironment. In addition to its biologi-
cal functions, the matrix’s physical characteristics, such
as stiffness and pliability can alter the biology, morphol-
ogy, differentiation, and proliferative capacities of the
cells [10]. Over the past decades, great advances in organ-
oid engineering have been made thanks to the availability
of a myriad of natural and synthetic scaffold materials.
Standardization of the protocols however remained chal-
lenging due to the many variables in both the cellular and
matrix components. For example, batch-to-batch vari-
ability of the 3D matrices such as Matrigel represented
a challenge in engineering [11, 12]. The residual RNA in
the Matrigel also compromised RNA integrity and sig-
nificantly impacted the resultant gene expression data
[13, 14]. The utilization of matrices sourced from mouse
tumors also introduced experimental uncertainties and
a lack of reproducibility due to their xeno-derived origin
[15]. Therefore, there is a growing clinical interest in the
use of biomaterials derived from human autologous (or
allogeneic) sources to avoid xeno reactions and ensure
biodegradability.

Blood is a valuable source of therapeutic material that
includes both cellular and protein products [16]. For
example, platelet-rich plasma (PRP) and platelet growth
factors present in blood have emerged as significant due
to their regenerative capabilities. Furthermore, blood-
derived biomaterials like platelet-rich fibrin Investi-
gated for their efficacy in promoting healing and tissue
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regeneration, these components position blood as an
invaluable asset in regenerative medicine [16].

Blood biomaterials are biodegradable by endogenous
enzymes and rich in nutrients that thwart necrosis and
exert valuable physiological advantages [17]. Fibrin seal-
ants (or fibrin glue) were developed in the early 1900s by
mixing the blood’s fibrinogen-rich fraction with throm-
bin and used to stop bleeding and promote wound
healing [18]. Platelet gels (PG) are second-generation
blood biomaterials that include different types of prod-
ucts based on their mode of preparation and are rich in
growth factors and other signaling molecules that pro-
mote tissue regeneration [19]. Blood biomaterials are a
promising new class of therapeutic materials with a wide
range of potential applications, including wound healing,
tissue engineering and drug delivery [20]. Their biode-
gradable nature, rich nutrient content, and ability to pro-
mote tissue regeneration make them ideal for a variety of
medical applications.

Clinical interest is emerging in platelet growth factor-
rich biomaterials (often known as platelet gels or plate-
let-rich-plasma, PRP). Platelet gels and platelet fibrin
glue are rich in platelets that upon thrombin activation,
release several growth factors that promote cell growth
and differentiation. These blood-derived biomaterials are
used increasingly as tissue engineering tools, as they have
wide clinical and surgical applications to improve the in
vitro or in vivo microenvironment and enhance the suc-
cess of tissue grafting [16, 21].

Herein, we developed a novel natural, platelet-rich
plasma (PRP) scaffold, that promotes cell growth and
proliferation in developing organoids. The PRP scaffold is
physiologically compatible with human tissues and could
be used in vitro to culture functional HCC organoids.
We developed a heterogenous organoid that includes a
mixture of HCC cells (HUH-7 cell line), a stromal com-
ponent of BM-MSCs, and an endothelial component of
human umbilical vein endothelial cells (HUVEC) in the
presence of plasma-derived ECM. This organoid should
present a reliable model to study HCC for personalized
medicine.

Materials and methods

Cell lines and cell culture

HUH-7 cell line and human-bone marrow mesenchymal
stem cells (hBM-MSCs, ATCC, USA) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Serana,
Germany) supplemented with 10% fetal bovine serum
(FBS) (Biowest, France), 1% penicillin/streptomycin/
amphotericin B (Serana, Germany), and 0.5% L-gluta-
mine (Corning, USA). HUVEC (Thermo Fisher Scientific,
USA) were cultured in DMEM/F12 (Biowest, France)
supplemented with 2% FBS, 2% penicillin/streptomycin/
amphotericin B, 2% L-glutamine, 1 ug/ml dexamethasone
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(Amrya, Egypt), 250 ng/ml insulin (Acros Organics,
USA), 20 pg/ml heparin (Nile, Egypt), 0.025 pg/ml ascor-
bic acid (Sigma-Aldrich, USA), 5 ng/ml epidermal growth
factor (EGF) (Pepro Tech, UK), and 10 ng/ml basic fibro-
blast growth factor (b-FGF) (Pepro Tech, UK). All the
cells were kept at 37° C and 5% CO, Nuaire humidified
air incubator.

Scaffold matrix preparation and organoid culture
For PRP preparation, 10 ml of wholeblood was collected
from healthy volunteers after securing their informed
consent, and following protocol approval by the Institu-
tional Review Boards (IRB) of the Faculty of Medicine
at Cairo University and the National Liver Institute at
Menoufia University. Blood was added to 80 pl of 25mM
of EDTA (Sigma-Aldrich, USA) and centrifuged at 210 g
and 4’ C for 15 min. The upper yellow plasma layer was
then transferred to another 15 ml tubeand re-centrifuged
at 2600 g and 4° C for another 15 min. The upper third
layer of the plasma was discarded and the remaining layer
was mixed with the platelet pellet and kept at -80° C till
complete freezing. For the organoid generation, 5x 103
cells of HUH-7 alone (3D HUH-7 group), or a heteroge-
neous combination of HUH-7, HUVEC, and hBM-MSCs
at a ratio of 10:7:2 (3D Mixed group) were suspended
in 50 pl of 50% PRP, 45% high glucose DMEM (Serana,
Germany), and 5% of 3% CaCl, solution (Alpha Chemika,
India), and cultured in a dome shape in 24 well plates.
The starting seeding density of the organoids was main-
tained equally among the different groups; The difference
between the groups was in the cellular composition only,
while the organoid volume was fixed, to avoid misleading
results due to size variations. Plates were kept at 37° C
for 30 min until complete ECM solidification, then cov-
ered with high glucose DMEM supplemented with 10%
FBS, 1% penicillin/streptomycin/amphotericin B, and
0.5% L-glutamine, or 1:1 of HUH-7 culture medium and
HUVEC culture medium, and kept at 37° C and 5% CO2
humidified air incubator for 14 days. The culture medium
was replenished every 3—4 days. The organoid groups
(3D HUH-7 and 3D Mixed) were tested compared to
2D cultured HUH-7 cells (HUH-7 2D) and HCC tissues
(HCC tissue) throughout the study.

Real-time qPCR

mRNA was extracted from organoids, cells and tissues
using TRIzol reagent (Thermo Fisher Scientific, USA)
according to the manufacturer’s protocol and quantified
for the concentration and purity by Thermo Scientific™
NanoDrop™ 2000/2000c Spectrophotometer. cDNA was
synthesized using Revert Aid First Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific, USA) according
to the manufacturer’s protocols. Real-time qPCR was
performed using HERA PLUS qPCR SYPER Green kit
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(Willowfort, UK). The primers’ sequences are listed in
Table 1. The relative gene expression was calculated using
the 224t method, /3 -actin gene was used for normaliza-
tion and each reaction was performed in triplicates.

MTT assay

MTT assay is routinely used for viability analysis of the
2D culture. Cells were treated with 5 mg MTT powder
(SERVA, Germany) in 1 ml 1x phosphate buffer saline
(PBS) (Loba Chemie, India) and incubated for 3 h at
5% CO, Nuaire humidified air incubator at 37° C. The
formed formazan salts were dissolved by using dimethyl
sulfoxide (DMSO) (Serva, Germany) for 15 min with

Table 1 Sequence of the primers used
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continuous shaking. The optical density was measured at
570 nm using a FLUOstar Omega microplate reader.

Calcein AM viability staining

Calcine AM is used in 3D cultures to determine the via-
bility of the whole construct without disturbing it or the
matrix. The organoids were washed twice with PBS for 5
min each at 37° C. 100 pl of 0.25 uM Calcein AM stain-
ing solution (Life Technologies, USA) was added to the
organoids or to cells and incubated at 37° C for 10 min,
after which the green staining solution was removed and
organoids or cells were washed twice with PBS for 5 min
at 37° C. The images were captured using Leica inverted

Name F/R 5"-Oligo Seq —3° Name F/R 5" - Oligo Seq —3°
CCNAT F GCACACTCAAGTCAGACCTGCA EPCAM F CGCAGCTCAGGAAGAATGTG

R ATCACATCTGTGCCAAGACTGGA R TGAAGTACACTGGCATTGACG
CCNB1 F GACCTGTGTCAGGCTTTCTCTG ABCG2 F TTTCCAAGCGTTCATTCAAAAA

R GGTATTTTGGTCTGACTGCTTGC R TACGACTGTGACAATGATCTGAGC
CCND2 F GCTGTCTCTGATCCGCAAGC CA9 F GTGCCTATGAGCAGTTGCTGTC

R AGGGCATCACAAGTGAGCGA R AAGTAGCGGCTGAAGTCAGAGG
CCNET1 F TGTGTCCTGGATGTTGACTGCC WNT7B F CCTCCCTGGATCATGCACAG

R CTCTATGTCGCACCACTGATACC R CACGTACAGGACGCCAAAGC
APAF1 F GCCAAGCAGGAGGTCGATAATG APOBEC3B F GCGCCAGACCTACTTGTGCT

R GACCATCCTCAGAAAAGCAGGC R CCGGGTCCAACTCGTTGCATAG
B-actin F AGAGCTACGAGCTGCCTGAC DLG5 F TCAGCAGTGTGGGCACTACC

R AGCACTGTGTTGGCGTACAG R AAAGGCCGTGCCATGCGTAG
TP53 F GTTCCGAGAGCTGAATGAGG APOBEC3B F GCGCCAGACCTACTTGTGCT

R TTATGGCGGGAGGTAGACTG R CCGGGTCCAACTCGTTGCATAG
BAX F CAAACTGGTGCTCAAGGCCC GABRD F ACCACACCAACGAGACCCTG

R GAGACAGGGACATCAGTCGC R GCAGCCGGATGAGCTTGTTC
BCL2 F GGATAACGGAGGCTGGGATG FAM186A F AACCCACGCTTTGGAGTCCC

R TGACTTCACTTGTGGCCCAG R TTGCTTAAGGGTGAGGGGCG
MMP-2 F TTCACCCACATCAGGAACCCC TGF-a F CGCCCGTAAAATGGTCCCCT

R ACTGCCTTCGATACACCGGG R GGCACGCAGCCAACACAATA
MMP-3 F CACTCACAGACCTGACTCGGTT IGF2 F TGGCATCGTTGAGGAGTGCTGT

R AAGCAGGATCACAGTTGGCTGG R ACGGGGTATCTGGGGAAGTTGT
MMP-13 F TTCGGCTTAGAGGTGACTGGC TNFSF10 F TGGCAACTCCGTCAGCTCGTTA

R TTCACCCACATCAGGAACCCC R AGCTGCTACTCTCTGAGGACCT
E-cadherin F GTCACTGACACCAACGATAATCCT KRAS F TGTTCACAAAGGTTTTGTCTCC

R TTTCAGTGTGGTGATTACGACGTTA R CCTTATAATAGTTTCCATTGCCTTG
SNAIL F ACCACTATGCCGCGCTCTT CD24 F TGCTCCTACCCACGCAGATT

R GGTCGTAGGGCTGCTGGAA R GGCCAACCCAGAGTTGGAA
Vimentin F TGTCCAAATCGATGTGGATGTTTC CD44 F AGAAGGTGTGGGCAGAAGAA

R TTGTACCATTCTTCTGCCTCCTG R AAATGCACCATTTCCTGAGA
AFP F AGCAGCTTGTTAAATCAACATGCA RHOA F GGCAAACAGGATTGGCGCTT

R AAAATTAACTTTGGTAAACTTCTGACTCAGT R CCGCATAAGGGCTGTGCTTG
TGFB F CAGCAACAATTCCTGGCGATA P21 F TGGAACTTCGACTTTGTCAC

R AAGGCGAAAGCCCTCAATTT R CACATGGTCTTCCTCTGCT
TCF4 F GCCTCTTCACAGTAGTGCCATG C-MYC F AAACACAAACTTGAACAGCTAC

R GCTGGTTTGGAGGAAGGATAGC R ATTTGAGGCAGTTTACATTATGG
CD133 F CAGAGTACAACGCCAAACCA

R AAATCACGATGAGGGTCAGC




El-Derby et al. Journal of Translational Medicine (2024) 22:487

fluorescent microscope and image analysis was per-
formed using Image]J 1.53 K software.

Cell viability analysis with flow cytometry
Flow cytometry analysis was used to obtain a quanti-
fied ratio of viable cells. Organoids were washed with 1x
PBS for 10—15 min then collected using 1.5% trypsin and
incubated at 37° C to fully dissolve the scaffold. A com-
plete culture medium (CCM) was added, and the cell sus-
pension was collected and centrifuged at 2000 RPM at 15
° C for 10 min. After discarding the supernatant, the cell
pellet was washed twice with 1x PBS and centrifuged at
300 x g for 5 min. The pellet was then re-suspended in
200 ul FACS buffer with 10 pl of 50 pg/ml PI and trans-
ferred into 15 ml tubes (Becton Dickinson, USA) for
15 min incubation in the dark at room temperature. Cell
viability was assessed by fluorometric measuring of the
concentration of intracellular PI in the cells using flow
cytometer Becton Dickinson (BD, USA) and data ana-
lyzed by FlowJo v. 10.2 software (BD Life Sciences).

Cryosectioning

Organoids were washed 3x with D-PBS for 10 min. each,
then 4% paraformaldehyde (PFA) solution was added
and incubated overnight at 2-8° C. The organoids were
washed three times again for 10 min each with PBS-
Tween (1000:1), and incubated with 30% sucrose solution
overnight at 2—-8" C. The sucrose solution was removed
and a solution of 7.5% gelatin dissolved in 10% sucrose
was added and the organoids were incubated at 37° C
for one hour. Finally, the organoids were transferred to
the embedding molds then added to a cold bath of dry
ice/100% ethanol and transferred to -80° C freezer. The
samples were then embedded in a tissue-tek O.C.T, and
cut using cryomicrotome (Leica, USA) into 5-pum-thick
sections on a positively charged slides for further
staining.

Immunofluorescence staining

The organoids were washed 3x with 1x PBS/10 min-
utes and permeabilized with 0.3% Triton x-100 (Sigma-
Aldrich, USA) at room temperature for 15 min, followed
by an additional washing cycle using 1x PBS, and bovine
serum albumin (BSA) (Sigma-Aldrich, USA, 5%) for 2 h
at room temperature. Anti-Hu CD326 (EpCAM) (Invit-
rogen, USA) and cytokeratin19 monoclonal antibodies
(Invitrogen, USA) were diluted in blocking solution to
the recommended concentration according to the manu-
facturer’s instructions and incubated with the organoids
for 16 h at 2—-8 C in the dark. The organoids were washed
3x with 1x PBS/10 minutes. Alexa Fluor 488 donkey anti-
mouse IgG (Life Technologies; USA) was diluted with
blocking solution to the recommended concentration
according to the manufacturer’s instructions, followed by
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incubation with the organoids for 2 h at room tempera-
ture in a dark humidified chamber. The organoids were
washed with 1x PBS 3x for 10 min each. 3 pg/ml Hoechst
33,342 (Life Technologies, USA) as a counterstain was
added for 15 min at room temperature in a dark humidi-
fied chamber. The organoids were washed again and visu-
alized using Leica inverted-fluorescent microscope and
data was analyzed using Image] 1.53 K software.

Cancer stem cell marker analysis

Organoids were washed with 1x PBS for 10-15 min then
incubated in 1.5% trypsin at 37° C for 20-30 min. The
cell suspension was centrifuged at 2000 RPM at 15" C for
10 min, and the pellet was washed with 1x PBS and cen-
trifuged at 2000 RPM at 15° C for 10 min. The cell pellet
was re-suspended in 200 ul FACS buffer and distributed
equally in two 5mL round bottom polystyrene FACS
tubes. The cells in each tube were stained with 3 ul FITC-
conjugated anti-CD44 and PE-conjugated anti-CD24 (BD
Biosciences, USA), and then incubated in a dark humidi-
fied chamber at room temperature for 30 min. The cells
were suspended and centrifuged at 2000 RPM at 15° C
for 10 min followed by re-suspending the pellet in 300 pl
FACS buffer. Fluorescence was measured using BD flow
cytometer; the data was analyzed using FlowJo v. 10.2
software.

Side population assay

The organoids were washed with 1x PBS for 10-15 min
and incubated with 1.5% trypsin at 37°C for 20-30 min
till complete dissolving, followed by centrifugation at
2000 RPM at 15 C for 10 min. The cell pellet was re-sus-
pended in CCM with 2% FBS into single-cell suspension.
The cells were stained with 5 pg/ml Hoechst 33,342 (Life
Technologies, USA) for 90 min at 37 C. The cell samples
were analyzed using a flow cytometer with VL-1 A filter;
the data was analyzed using FlowJo v. 10.2 software.

Scanning electron microscopy (SEM)

The organoids were fixed using 2.5% glutaraldehyde at
4’ C for 1 h, followed by a dehydration process through
removing 2.5% glutaraldehyde and adding graded 70%,
80%, and 95% ethanol for 30 min each, then changing
into 100% ethanol 3 times for 45 min each. Subsequently,
the organoids were subjected to freeze drying, and their
extracellular matrix fiber architecture was observed using
scanning electron microscopy (SEM). Surface images of
the organoids were recorded using Neoscope (JCM-6000
Plus) JEOL Benchtop SEM (JEOLCompany, Tokyo). Sam-
ples were mounted onto SEM stubs. Applied SEM con-
ditions were a 10 mm working distance, with an in-lens
detector with an excitation voltage of 10 kV.
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Enzyme-linked immunosorbent assay (ELISA)

The assay was performed using an ELISA kit for the anal-
ysis of human AFP (Elabscience, USA) according to the
manufacturer’s instructions. Briefly, 100 ul of each of the
standard medium and the culture medium surrounding
the organoids (sample) were added to the wells and incu-
bated for 90 min at 37° C. The standard and the samples
were discarded and 100 pl biotinylated detection Ab
working solution was added to each well and incubated
for 60 min at 37° C. The wells were washed 3 times fol-
lowed by the addition of 100pL HRP conjugate working
solution and incubated for 30 min at 37° C. The solution
was discarded, and the wells washed 5 times. 90 pl of
substrate reagent was added immediately and incubated
for 15 min at 37 C. 50 pl of stop solution was added and
the plate was read directly at 450 nm using a FLUOstar
Omega microplate reader.

Xenotransplantation of organoids in nude mice

The animal experiments were performed at the Urol-
ogy and Nephrology Center Animal House according to
the guidelines of the institutional and National Institute
of Health for the care and use of animals in the labora-
tory. The study design and protocol were approved by the
Animal Ethics Committee of Mansoura University. Two
groups of 3 mice each (Swiss Nude Nu/Nu mice, Charles
River Laboratories, Paris, France) were anesthetized
using ketamine (100 mg/kg) and diazepam (5 mg/kg).
Eight organoids collected at day 14 were implanted in
each mouse subcutaneously. The mice were euthanized
after one month, and subcutaneous sections were stained
for histological analysis.

Statistical analysis

The data were presented as mean+SD. Significance was
calculated using one-way ANOVA and two tailed T-test.
p<0.05 was considered statistically significant.

Results

Human plasma-derived nutritive ECM scaffold maintains
cells viability and proliferation

Human plasma was polymerized in the presence of cal-
cium to formulate 50 pul dome-shaped drops in 24 well
plates for organoid culture (Fig. 1A). The plasma ECM
ultra-structure (Fig. 1B) displayed a porous mesh net-
work-like structure suitable for cell growth and 3D self-
assembly. To confirm that the matrix can sustain cell
viability, the viability of the BM-MSCs was assessed.
BMSCs were seeded at a density of 50 K in ECM-coated
and non-coated wells, and supplemented with the appro-
priate culture medium for 72 h before the MTT assay
was conducted as mentioned in the Methods section
(Fig. 1C). Compared to cells cultured on regular 2 D cul-
ture plates, no significant change was observed in cell
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viability on the scaffold as shown by bright green Calcein
AM staining (Fig. 1D).

Plasma-derived ECM and stromal cell compartments
supported HCC organoid growth and assembly

The plasma-derived ECM was used to support the
growth of two types of HCC liver organoids. The first was
engineered using a single cellular component, HUH-7
cell line (3D HUH-7 organoid), and the second by cocul-
ture of HUH-7 cells with BM-MSCs and HUVECs for 14
days (3D Mixed) (Fig. 2A). Organoids started to aggre-
gate and self-assemble from day 7 and were formulated
by day 12-14 (Fig. 2Ba). The viability of the generated
constructs was tested by Calcein AM staining (Fig. 2B. b,
¢). On day 14, organoids were collected, and cells dissoci-
ated and tested for viability using propidium iodide stain-
ing. Flow cytometry analysis showed 98.43% and 98.9%
viability in 3D HUH-7, and 3D Mixed organoids respec-
tively indicating sustained viability in both constructs
(Fig. 2D).

Diminished apoptosis and improved progression in HCC
organoids

Our data show significant upregulation in cell regula-
tors cyclin A (CCNA1) and cyclin D (CCND) in both 3D
HUH-7 and 3D Mixed organoids compared to HUH-7
cells (p<0.05). However, both were lower than their
counterparts in primary HCC tissue. Cyclins B (CCNB1)
and E (CCNE) were significantly downregulated (p<0.01)
in the 3D HUH-7 and 3D Mixed organoids compared
to HUH-7 2D cells (Fig. 2E). HUH-7-derived organoids
showed significant downregulation in apoptosis markers
AFAP1 and P53 (p<0.05), and significant upregulation in
P21 and BAX (p<0.01, p<0.05 respectively) compared
to HUH-7 cells. 3D Mixed organoids showed significant
downregulation in APAF1, P21, and BCL2 (p<0.05) and
upregulation in BAX compared to HUH-7 cells (p<0.05).
3D Mixed organoids also showed more similar expres-
sion patterns of APAF1, CCNA1l, CCNBI1, CCND,
CCNE, P21, BAX, and P53 to the HCC tissue than 3D
HUH-7 organoids as shown in (Fig. 2E).

Augmented cancer properties of HUH-7 in the
homogenous and heterogenous organotypic culture
To evaluate the effect of including stromal cells compo-
nent on enhancing the cancer-related.

characteristics of the organoids, similar to HCC tissue
a significant upregulation in the expression of the inva-
sion metalloproteases MMP-2, MMP-3, and MMP-13
were noticed in 3D (Mixed ) organoids compared to the
2D cultured HUH-7 cells (HUH7(2D)) and 3D (HUH-
7). (Fig. 3A). Also the EMT markers, E-cadherin, Snail
and Vimentin expression levels were markedly increased
in 3D Mixed group compared to HUH-7 2D cultured
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viability was confirmed using Calcein AM staining after 3 days of culture

cells (p<0.001,0.001.0.05,0.05,0.01,0.01) and 3D HUH-7
organoids (p<0.001, 0.001.0.01, 0.01,0.001,0.001 respec-
tively) (Fig. 3A). Invasion markers were further con-
firmed by prominent cytoplasmic filaments invasion of
the ECM in the cryosections of 3D HUH-7 (Fig. 3Ba) and
3D Mixed organoids (Fig. 3 Bb).

Analysis of the HCC markers showed significant upreg-
ulation in AFP genes (p<0.05) and protein (Fig. 4C) lev-
els in 3D Mixed compared with 3D HUH-7 organoids.
Results also showed significant upregulation of c-Myc,
TGF 3, TCF4, RHOA, and IGF2 gene expression in (3D
Mixed) organoid group compared with both the HUH-7

cell line and 3D HUH-7 organoids. On the other hand,
3D HUH-7 organoids showed significant downregula-
tion in ¢-Myc, TGF 3, TCF4, RHOA, IGF2, and KRAS
gene expression level compared to 2D HUH-7 cell cul-
ture. Also, a significant increase in TGF-o expression
in 3D HUH-7 organoids was observed compared to
the 3D Mixed organoids counterpart. To determine the
tumor-forming potential of HUH-7 organoids cultured
in ECM, day 14 organoids collected from 3D HUH-7 and
3D Mixed groups were transplanted subcutaneously in
Nude mice. After 4 weeks, the mice were euthanized, and
skin was collected for histological analysis. Histological
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Fig. 2 A. Phase-contrast micrograph of the HUH-7, HUVEC, and BM-MSCs cells (a-c). B. Micrograph of 3D HUH-7 organoids and C. 3D Mixed organoids,
(a) stained with Calcine AM (b) Hoechst (c) and merged (d) H & E stained cryosections show the structure and lumen (*) of the 3D Mixed organoids sur-
rounded by a network of stromal cells (e). D. Flow cytometry analysis of cell viability using propidium iodide staining. (a) HUH-7 organoids (b) 3D Mixed
organoids after 14 days. E. RT-gPCR shows relative levels of expression of cell cycle regulator (CCNA1, CCNB1, CCND, and CCNE), proliferation (BAX, BCL2),
and apoptosis genes (P21, P53, APAF1) in HUH-7 2D, 3D HUH-7, 3D Mixed, and HCC tissue. Values represent relative gene expression mean +SD. 'p<0.05,

“p<0.01,and “'p<0.001 respectively

sections staining with H&E showed that the 3D HUH-7
group formed a nested sheet of malignant cells with few
apoptotic cells amidst adipocytes and hair follicles with
scattered capillaries in the hypodermis. The malignant
sheet was surrounded by stroma along with scattered
inflammatory cells, fibroblasts, and edema (Fig. 4B). In
the 3D Mixed organoid group, the epidermis showed
intact layers but of less thickness. The dermis showed
fine dermal papillae and the reticular layer showed intact
acellular components of the extracellular matrix in addi-
tion to a few fibroblasts and scattered capillaries. The
hypodermis showed mature adipocytes and hair follicles
with scattered capillaries indicating no tumor formation.

Cancer stem cell and drug resistance in HCC organoids

We evaluated the cancer stem cell markers in the organ-
oids to determine the potential of the developed model
to be used for chemoresistance studies. Flow cytometry

analysis of CD44 and CD24 showed a significant increase
in the CD44+*CD24" population in the 3D Mixed organ-
oids group compared to 3D HUH-7 organoids (p<0.05)
(Fig. 5A-B) [22]. EPCAM and cytokeratin 19 were
reported as progenitor and tumor stem cell markers in
HCC [23]. CK19-positive HCCs demonstrated aggres-
sive behavior and poor outcome [24, 25]. Immunofluo-
rescence analysis showed positive staining for EPCAM
(Fig. 5C-a, b) and CK 19 (Fig. 5C-c, d) with a more
intense signal from the 3D Mixed compared to the 3D
HUH-7 organoids. Significant upregulation in the gene
expression level of tumor stem cell markers CD24, CD44,
CD133, and EPCAM were also observed in the 3D Mixed
organoids compared to both HUH-7 cell line and 3D
HUH-7 organoids. Gene expression patterns were similar
to the HCC tissue organoids as shown in Fig. 5D.

We tested the organoid’s response to doxorubicin
chemotherapy [26]. Calcein AM staining was used to
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Fig. 3 Invasion potential. (A) Gene expression of EMT markers and invasion markers in HUH-7 2D), organoids (3D HUH-7 and 3D Mixed organoid groups,
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crograph of (a) 3D HUH-7 (b) 3D Mixed organoid groups after 14 days show protrusive organoid structure with cytoplasmic filaments (arrow) invading

the biomatrix

determine the viability of the whole construct without
disturbing it after being exposed to the same dose and
treatment time of the chemotherapy [27]. Doxorubicin
was one of the earliest chemotherapeutic drugs used for
HCC treatment with confirmed results [28, 29]. It exerts
a wide range of effects on both tumor and non-tumor
cells through reactive oxygen species (ROS) generation,
inhibition of DNA synthesis, and DNA damage [30].
Moreover, it has been reported that doxorubicin treat-
ment can induce the cancer stem cell population in HCC
and increase their number compared to non-treated
groups [31]. Doxorubicin was used as a good example of
chemotherapeutic treatment for HCC to test our organ-
oid model and explore the potential cancer stem cell and
resistance that could be developed in the heterogeneous
model. After 3 days of treatment, 3D Mixed organoids
maintained more viability compared to 3D HUH-7 ones
as shown by the Calcein AM stain (Fig. 6A). Significant
upregulation of apoptosis related genes, BAX (p<0.001),
BCL2 (p<0.001), P21(p<0.01), P53 (p<0.001), and
ABCG2 (P<0.001) was reported in 3D HUH-7 organ-
oids after treatment compared to the untreated group.
On the other hand, 3D Mixed organoids showed signifi-
cant upregulation in p21 (p<0.001) and BCL2 (p<0.001),
and downregulation in BAX (p<0.05) after treatment
compared to the untreated control. Hoechst-stained cells
sorted by flow cytometry showed side population (SP)
that excludes Hoechst 33,342 dye (DNA binding dye) of
about 11% and 23% of 3D Mixed and 3D HUH-7 organ-
oids respectively (Fig. 6D).

Molecular signature of the generated HCC organoids

To investigate the molecular signature of the gener-
ated models and their relevance to specific HCC stages
we evaluated a panel of differentially expressed genes
reported to be expressed in specific HCC stages. These
include stage I-specific genes (CA9, WNT7B), stage 1I-
specific genes (APOBEC3B, FAM186A), two statistically
significant differentially expressed genes in stage- III,
DLG5, NCAPG2, and stage IV- specific gene GABRD
[32]. Significant upregulation in APOBEC3B and CA9
genes was reported in 3D HUH-7 organoids (p<0.01,
0.001) and 3D Mixed organoids (p<0.01, 0.001) com-
pared with HUH-7 cells. Also, DLG5 was significantly
upregulated in the 3D HUH-7 organoids. WNT78 was
upregulated in 3D HUH-7 organoids, but significantly
downregulation in 3D Mixed counterpart (»<0.05). Both
3D HUH-7 and 3D Mixed organoids showed significant
downregulation in FAM186 and NCAPG2 compared
with HUH-7 cells (Fig. 7A). Hierarchical clustering to the
heatmap based on the complete-linkage method together
with the Euclidean distance measure was used. Data
shows that 3D Mixed organoids are closer in hierarchy to
the HUH-7 cell line - originally generated from hepatoma
tissue isolated from late-stage HCC patient [33]- than the
3D HUH-7 organoids (Fig. 7B).

Discussion

Although 2D cultures of cell lines are regularly used
in cancer research modeling, they fail to replicate
the particularly complex tumor components. In this
work, we report a promising organoid model for HCC
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Fig. 4 HCC marker expression in the organoids. (A) Gene expression of HCC markers in HUH-7 2D, 3D HUH-7, and 3D Mixed organoid groups, and HCC
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of Nude mice one month after subcutaneous transplantation of the 3D HUH-7 organoid. (a) The hypodermis shows a nested sheet of malignant cells
(arrow) with few apoptotic cells amidst adipocytes and hair follicles with scattered capillaries. The surrounding stroma shows scattered inflammatory cells,
fibroblasts, and edema (b). (C) Alpha-fetoprotein concentration level in the culture supernatant of 3D HUH-7 and 3D Mixed organoids at day14

characterized by a novel biomimetic matrix derived from
human plasma and comprise both parenchymal and
non-parenchymal cancer microenvironment elements.
ECM is an integral compartment in the organotypic cul-
ture. It forms the niche in which cells reside and obtain
critical biomechanical cues to support cell growth, pro-
liferation, differentiation, and interaction with other
components. These cues include growth factors, better
access to nutrients and physical characteristics and are
essential for determining the cell fate. Any subtle modifi-
cation in these cues significantly influences cell behavior
and is reflected in disease progression or resolution [34,
35]. Many factors influence the types of matrices cur-
rently used for cell cultures, such as safety, efficacy, bio-
compatibility, availability, and cost. ECM derived from
animal sources is regularly used in the organotypic cul-
ture. However, their sources limit their reproducibility

and translational and clinical applications because of
residual genetic materials [36, 37]. For example, Matri-
gel is derived from mouse tumors, which are known
for their heterogeneity. There is a lack of information
regarding the composition, cellularity, or ECM remodel-
ing within the tumor itself, making Matrigel an uncon-
trolled and randomized substrate extracted from animal
tissue [38]. Platelet-rich plasma has been used for thera-
peutic applications in many areas of regenerative medi-
cine, for example, regenerating damaged tissues [39] and
endodontic and surgical periapical lesions [40, 41]. This
role is attributed to their high content of growth factors
and protein-rich composition [42]. PRP growth factors
include epidermal growth factor (EGF), platelet-derived
growth factor (PDGF), transforming growth factor-beta
(TGE-beta), vascular endothelial growth factor (VEGEF),
fibroblast growth factor (FGF), insulin-like growth factor
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pared to 3D HUH-7 organoids. C. Fluorescent micrographs for the organoids generated from day 14. 3D HUH-7 and 3D Mixed organoids stained for
EPCAM (a, b) and CK19 (c, d). D. Gene expression analysis of CSC markers in 2D cultured HUH-7 cells, 3D HUH-7, 3D Mixed organoids, and HCC tissue.
Values represent relative gene expression mean +SD. p<0.05, "p<0.01,and ~p<0.001 respectively

(IGF), and keratinocyte growth factor (KGF). PRP was
reported to provide a bioactive scaffold that effectively
stimulated chondrogenic differentiation of adipose and
bone marrow-derived mesenchymal stromal cells, thanks
to endogenous growth factors release [43, 44]. PRP was
also used for engineering cartilage tissue that enhances
pro-repair properties [45, 46]. It has a unique advantage
of being applied as a personalized scaffold for clinically
applied organoid culture systems. Unlike animal derived
ECMs, it provides an autologous scaffold with zero non-
human residuals. Standardization of PRP can follow
several published protocols [47, 48]. As such, and com-
pared to Matrigel, PRP offers a more relevant, personal-
ized, more consistent, and well-characterized scaffold
for organoid culture. Liver cancer organoids are prom-
ising tools for studying liver cancer and developing new
treatments. Current liver cancer organoid models can
recapitulate many of the features of human liver cancer,
including heterogeneity, drug resistance, and metastatic
potential. Organoids can also be used to model different

subtypes of liver cancer, such as HCC and cholangiocar-
cinoma. However, there are still some challenges associ-
ated with liver cancer organoid models. These include the
difficulty of generating and maintaining the organoids,
and the lack of resemblance to the complex tumor micro-
environment specific to liver cancer patients. Technical
difficulties in developing cancer organoids involve the
need for specialized skills and equipment, while biologi-
cal issues arise due to variations in cell sources and cul-
ture conditions, and biocompatible supporting ECM.

In our model, we employed the HCC cell line HUH-
7, and the stromal BM-MSCs and HUVECs grown in
plasma-derived ECM to generate a reliable HCC organ-
oid model. Previous reports by Isobe et al. [49] and
Kitamura et al. [50] described the structure and cross-
linkage density of fibrin clots generated from platelet-
poor plasma. PRP-ECM provides a nutrient-rich, porous
network structure to support free cell growth and com-
munication. The porous microstructure and the high
content of nutritive growth factors such as TGF/S and
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PDGF [51] enhanced the ability of the fibrin scaffold
to support cell growth and survival [52-54]. Our data
showed that PRP-ECM supported the development and
assembly of both the 3D HUH-7 cells and the 3D Mixed
organoids. The organotypic culture of HUH-7 alone in
this new culture condition showed significantly differ-
ent cancer properties and invasion potential compared to
the 2D cultured cells. This can be attributed to the nutri-
tive factors in the ECM conducive to self-assembly and
cell communication. Subcutaneous transplantation of 3D
HUH-7 organoids for 4 weeks in immunodeficient mice
led to forming a sheet of malignant cells with adipocytes,
hair follicles, and fine capillaries, further confirming the
supportive function of the ECM matrix for cancer organ-
oid engineering. In addition to its nutritive function,
platelet-derived ECM also functioned as cell carrier and a
vehicle for cell transplantation, maintaining the function-
ality and viability of the organoids.

Interestingly, the hypoxic necrotic core developed in
the organoid may indeed mimic the solid tumor core,
where uncontrolled cell growth and abnormal vascular-
ization and metabolism result in a diminished supply of
oxygen and nutrients. Hypoxic core may in fact promote
cancer growth by means of a positive feedback loop that
further enhances the cancer progression, and causes poor
prognosis [55].

Including supportive stromal and endothelial cells
with the cancer cells promotes dynamic interaction that
mimics the native cancer niche and enhances cancer
initiation, progression, metastasis, and acquired drug
resistance [56]. This action is modulated via cytokine
and proteases secretion, leading to modulating ECM
remodeling, suppressing immune activity, and promot-
ing angiogenesis and metastasis [57-61]. In the heteroge-
neous model (3D Mixed), we introduced the stromal and
endothelial cells to highlight the crosstalk in the cancer
environment and its impact on HCC behavior. In terms
of structure, both the 3D HUH-7 and the 3D Mixed
organoids grew and self-assembled freely into spherical
structures within 14 days, similar to previous reports [62,
63]. However, introducing nonparenchymal cells formed
a network or an outer layer surrounding the cancer cell
core, as seen in the H&E-stained sections (Fig. 2). Impor-
tantly, these nonparenchymal cells induced the forma-
tion of a less necrotic core in the HCC mixed organoids.
Propidium Iodide staining confirmed the retained viabil-
ity of both organoids throughout the culture period and
up to 21 days.

On the molecular level, the organotypic culture of
HUH-7 organoids shifted the cell cycle toward higher
expression of cyclin A and D and lower levels of cyclin
E and B, showing more cells at the G2M phase [64—67].
Introducing the stromal compartment to the organoids
raised the level of cyclin D expression and lowered the
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cyclin B expression suggesting rapid cell cycle progres-
sion [64—67]. Decreased apoptosis was observed in the
organotypic culture of HUH-7 cells (HUH-7 organoids),
in which APAF1, and P53 apoptosis inducers were down-
regulated [68, 69]. On the other hand, introducing the
stromal and endothelial cells reduced the level of the
cell cycle progression inhibitors P21 and BCL2 [70, 71],
but restored APAF1 in both types of organoids. The 3D
Mixed organoids maintained the closest molecular pat-
tern to the HCC tissue in most cell cycle regulators and
apoptosis-related markers, which may indicate a more
relevant representation of the HCC cell behavior.

The invasion potential of the tumor cells is another
determinant factor in the treatment and prognosis of
cancer [72]. Recent studies have shown that stromal cells
surrounding the cancer nest play a major role in progres-
sion and invasion [73, 74]. Degradation of the basement
membrane via secretion of MMPs from both tumor and
stromal cells contributes greatly to the ECM remodeling
process and the loss of the migratory barriers toward a
more invasive cancer phenotype [75-77]. Incorporat-
ing stromal cells significantly promoted the invasion
of 3D Mixed organoids when compared to 3D HUH-7
ones, as shown by augmented expression of metallopro-
teases MMP-2, MMP-3, and MMP-13 and EMT mark-
ers, E-cadherin , Snail, and Vimentin. Interestingly, the
organotypic culture of HUH-7 cells in PRP-ECM showed
increased invasion markers compared to HUH-7 cells
alone, supporting the prominent role of the ECM com-
position and culture system in modulating cell behavior
[78]. Microscopic examination showed increased cellular
invasion in the 3D Mixed organoids, further demonstrat-
ing more aggressive cancer properties.

Up-regulation of HCC genes c¢-Myc, TGF3, TCF4,
RHOA, and IGF2 in the 3D Mixed organoids compared
to the 3D HUH-7 ones suggests better modeling for
increased cell proliferation and tumor growth leading to
poor prognosis HCC tumors [79-83]. Aligned with the
previous data, the genetic and protein expression levels
of the widely known HCC marker AFP [84] were signifi-
cantly higher in the 3D Mixed organoids when compared
with the 3D HUH-7 organoids. In vivo transplantation
however of the 3D Mixed organoids did not show similar
malignant nodules to those of 3D HUH-7 organoids for
the same time. This may indicate that the initial number
of tumor cells, which is more in 3D HUH-7 organoids
injected subcutaneously was a determining factor for
tumor growth [85]. A prolonged transplantation time and
a higher starting number of organoids may be required to
evaluate the function of the 3D Mixed organoids in vivo.

Linear modeling analysis of gene expression across
all HCC stages followed by several pairwise contrasts
between the stages identified a set of differentially
expressed genes (DEGs) for each stage [86]. We analyzed
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a set of stage-specific genes with high fold change to
investigate the potential molecular signature of the devel-
oped model. Our data showed that the heterogeneous 3D
Mixed organoid model displayed a gene expression pat-
tern that is more relevant to advanced cancer stages com-
pared to 3D HUH-7 organoid. The former model showed
a lower expression level of APOBEC3H, DLG5, and
FAM186A genes, which were reported to significantly
increase in the early stages and decline later. The hetero-
geneous model had also a higher expression of CA9 gene
compared to the 3D HUH-7 organoid, supporting a more
advanced stage-relevant expression pattern, as CA9 was
reported to be deferentially downregulated in the early
stages and increased in later ones [87].

CSCs can self-renew and differentiate into cancer cell
progeny and thus are believed to fuel aggressive cancer
properties and acquired drug resistance in the tumor
microenvironment [88]. CSC modeling is traditionally
limited to 2D cell line culture, or tumor cells derived
from primary cultures or differentiated from induced
pluripotent stem cells. The inclusion of CSCs in organ-
oid culture allows better analysis of CSCs in a more rele-
vant microenvironment. Organotypic culture of both 3D
HUH-7, and 3D Mixed organoid models showed a cell
population with a phenotypic expression of CD24 and
CD44, EPCAM, CD133. EPCAM is considered a key can-
cer stem cell regulator for cancer initiation and a marker
for acquired stem cell criteria in tumor cells [89]. The
HCC cell population that was positive for EPCAM and
AFP was reported to display self-renewal and differentia-
tion potential [90]. In another study, HUH-7 treatment
with doxorubicin resulted in a significant increase in
EpCAM/CD133 expression along with augmented stem-
ness and tumor formation ability [91]. Cao et al. showed
that HEPG2 tumorspheres expressed higher EpCAM,
CD133, and CD44 levels and CSC-like features [92].
Cytotoxic drug resistance was assessed by analysis of side
population assay after treatment with Cisplatin, which
is commonly used by hepatic arterial infusion for HCC
[93]. The heterogeneous 3D Mixed model showed a lower
number of side population cells, which may contribute
to drug resistance as reflected by the sustained viability
and weak response to the apoptotic signals from BAX
and P53 after doxorubicin treatment. This finding reflects
the cell adhesion-mediated drug resistance mechanism,
reported to be associated with the stromal cell compart-
ment, which provided a kind of shield surrounding the
cancer core and modulated the ECM remodeling leading
to decreased chemotherapy efficacy [94].

The inclusion of the PRP-ECM in the organoids may
also play a role in acquiring or maintaining cancer stem
cell populations in the generated models, perhaps due
to their rich content of PD-GF, bFGF, and TGF-p [42].
PDGF was reported to induce chemoresistance in ovarian
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cancer [95] and maintain stem cell criteria in glioma [96].
Also, bFGF and TGF- 3 were reported to maintain stem-
ness in lung cancer [97] and colon cancer [98].

In conclusion, cancer cell behavior and progression are
determined based on several factors, including the cel-
lular structure of the construct and the culture method
[99]. Heterogeneous cell organoids are superior to single
cell culture, mimicking the natural cancer microenviron-
ment and providing a platform that facilitates studying
the complex, realistic features in the tumor that con-
tribute to cancer aggressiveness and spread. This model
employed PRP as an optimum human natural derived
ECM that can provide the organoids with optimum
growth factors, chemicals, and the necessary physical
cues for cancer growth and assembly within a heterog-
enous cancer microenvironment. Stromal cell compart-
ments, such as stromal and endothelial cells, play an
essential role in the cancer progression and response
to treatment, and contribute to a relevant HCC cancer
platform to study the intracellular interaction in che-
motherapeutics testing. The present model and culture
protocol could advance toward a more standardized and
HCC-relevant HUH-7-derived organoid model. Eventu-
ally, these organoid models can be subjected to further
expansion by adding an immune compartment to better
delineate the role of the immune cells in tumor pathol-
ogy and progression. Furthermore, future studies aim to
standardize and testing of organoid models using various
chemotherapies and treatment protocols over different
time periods.
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