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Simple Summary: Most experimental research on head and neck squamous cell carcinoma (HNSCC)
relies on two- or three-dimensional (2D/3D) cell- and tissue-culture model systems. Commonly
used methods like 2D monolayer cultures or 3D organoid models typically lack critical components
of the tumor microenvironment (TME), such as cancer-associated fibroblast (CAFs), that likely
influence chemosensitivity versus drug resistance of the tumor cells. In addition, based on the small
experimental scale, it is often difficult to isolate a sufficient number of cells, proteins, or RNA from
miniaturized 3D cultures for subsequent molecular analyses. In this manuscript, we describe a
novel, more robust, and simultaneously larger-scale model system in which tumor cells and CAFs
spontaneously generate tumor microtissues that mimic the architecture and histology of HNSCC
biopsies. We have used this “3D sheet model” to investigate the assumed functional connection
between NOTCH signaling and sensitivity to the chemotherapeutic drug cisplatin in HNSCC.

Abstract: Head and neck squamous cell carcinoma (HNSCC) is a prevalent cancer type, with cisplatin
being a primary treatment approach. However, drug resistance and therapy failure pose a significant
challenge, affecting nearly 50% of patients over time. This research had two aims: (1) to optimize a 3D
cell-culture method for assessing the interplay between tumor cells and cancer-associated fibroblasts
(CAFs) in vitro; and (2) to study how cisplatin impacts the Notch pathway, particularly considering
the role of CAFs. Using our optimized “3D sheet model” approach, we tested two HNSCC cell
lines with different cisplatin sensitivities and moderate, non-mutated NOTCH1 and -3 expressions.
Combining cisplatin with a γ-secretase inhibitor (crenigacestat) increased sensitivity and induced cell
death in the less sensitive cell line, while cisplatin alone was more effective in the moderately sensitive
line and sensitivity decreased with the Notch inhibitor. Cisplatin boosted the expression of core
Notch signaling proteins in 3D monocultures of both lines, which was counteracted by crenigacestat.
In contrast, the presence of patient-derived CAFs mitigated effects and protected both cell lines from
cisplatin toxicity. Elevated NOTCH1 and NOTCH3 protein levels were consistently correlated with
reduced cisplatin sensitivity and increased cell survival. Additionally, the Notch ligand JAG2 had
additional, protective effects reducing cell death from cisplatin exposure. In summary, we observed
an inverse relationship between NOTCH1 and NOTCH3 levels and cisplatin responsiveness, overall
protective effects by CAFs, and a potential link between JAG2 expression with tumor cell survival.

Keywords: head and neck squamous cell carcinoma (HNSCC); 3D culture; 3D coculture; Notch
signaling; patient-derived fibroblasts (CAFs); tumor microenvironment (TME); extracellular matrix
(ECM); cisplatin resistance; chemosensitivity; gamma-secretase inhibitors; crenigacestat

1. Introduction

Head and neck squamous cell carcinomas (HNSCCs) are prevalent cancers, primarily
affecting the oral cavity, nasopharynx, hypopharynx, and larynx [1,2]. Presently, HNSCC
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is the seventh most common cancer worldwide. The incidence of HNSCC is expected to
increase by 30% by the year 2030. Furthermore, more than 50% of HNSCC patients face
lung metastasis and recurrence less than 3 years after diagnosis [3]. Chronic exposure
to tobacco smoke, excessive alcohol consumption, and infection with high-risk human
papillomavirus strains (mainly HPV16 and 18) are the most common risk factors associated
with the development of HNSCC [4].

Despite the increasing incidence, the therapeutic landscape of HNSCCs remains
challenging. Standard treatments for primary cancers involve surgery and local irradiation.
Advanced-stage, recurrent, and metastatic tumors (R/M HNSCCs) have only very limited
treatment options and often develop resistance to the most commonly used drugs such as 5-
fluorouracil (5-FU), taxanes (docetaxel and paclitaxel), and platinum-based drugs including
cisplatin and carboplatin [5]. Cisplatin is also a fundamental component of the EXTREME
therapeutic regimen (Erbitux in First-Line Treatment of Recurrent or Metastatic Head and
Neck Cancer) that is now the established standard-of-care therapy for advanced R/M
HNSCC, which combines the recombinant antibody cetuximab (Erbitux) with fluorouracil
plus a platinum compound (cisplatin or carboplatin) [6]. However, only a fraction of
patients respond for longer periods to these therapies, and improvements in disease-free or
overall patient survival are limited, typically at a significant reduction in the quality of life.
Newer targeted treatments, most notably addressing immune checkpoint inhibitors like PD-
1 and PD-L1 (e.g., ipilimumab, nivolumab, or bevacizumab), show positive response rates
in only 15–20% of patients, preferentially in “hot” tumors with overt immune infiltration.

Cisplatin, also known as cis-diamminedichloroplatinum II (CDDP), is a platinum-
based drug widely employed for various cancer types, including HNSCC. The cellular
uptake of cisplatin is facilitated by copper membrane transporters 1 and 2 (CTR1 and CTR2)
in mammalian cells, including cancer cells. Cisplatin exposure results in excessive DNA
damage, such as the accumulation of double-strand breaks, which blocks cell division
and induces programmed cell death or apoptosis. Although cisplatin initially exhibits a
response rate of up to 50% in therapy, the remaining half of patients do not demonstrate
any significant response. Most patients eventually acquire increased resistance to cisplatin,
resulting in cancer recurrence and highly aggressive local or distant metastases [7–10]. The
putative molecular mechanisms leading to acquired cisplatin response are complex and
reviewed in detail in [7], and include pathways promoting stemness and increased tumor
cell plasticity, such as the Notch and the Wnt pathway.

Exploring the molecular changes promoting HNSCC progression, the Notch signaling
pathway emerges as a significant player. Notch signaling plays a pivotal role in regulating
cell differentiation, proliferation, and apoptosis across multicellular organisms, including
mammals. It represents a central mechanism in cell fate determination and lineage-specific
tissue differentiation or cell maturation, while Notch signaling is simultaneously associated
with potentially promoting and maintaining stem cell characteristics in normal and tumor
cells [7–11]. Mammals possess four distinct Notch receptors (NOTCH1–4), along with
five Notch ligands: Jagged 1 and 2 (JAG1 and JAG2), and the delta-like ligands (DLL1,
DLL3, and DLL4). Canonical and non-canonical activation of the Notch signaling pathway
(including schematic representations) with a focus on head and neck cancer are represented
in recent papers [11,12].

Notch signaling is also involved in the initiation and progression of certain cancer
types, most prominently, in acute lymphoblastic leukemia (T-ALL), triple-negative breast
cancers (TNBC), and HNSCC—but in very different or even opposing ways. Mutations in
all four Notch receptors have been identified in HNSCC, with NOTCH1 mutations being
the most prevalent (17–20%), followed by NOTCH2 (7–9%), NOTCH3 (5%), and NOTCH4
(2–3%). In contrast to T-ALL and TNBC, mutations in HNSCC are almost exclusively
loss-of-function (LoF) mutations that result in truncated, non-functional receptors. Never-
theless, contradictory reports exist that suggest a correlation between increased expression
of NOTCH receptors and progression, metastasis, and drug resistance in HNSCC. For
example, it has recently been reported that overexpression of NOTCH1 in HNSCC may
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be associated with poor patient survival and therapy outcome [13], expanding on earlier
reports that increased NOTCH1 expression may be associated with cisplatin resistance
in HNSCC [14]. Another recent report further suggests the involvement of NOTCH3
(over-) expression in metastatic HNSCC [15]. On the other hand, Notch ligands are rarely
mutated, deleted, or amplified, but JAG1 and JAG2 are overexpressed in more than 30%
of HNSCC [16]. It is therefore possible that altered expression and local activation of
Notch signaling by Notch ligands may actively contribute to tumor progression, metas-
tasis, and acquired chemoresistance. A core question of this research relates to the exact
localization and cell types in which Notch receptors and ligands are expressed and interact,
thus possibly contributing to tumor progression and drug resistance. This points to the
putative role of the tumor microenvironment in Notch signaling, and the possibility that
cancer-associated fibroblasts, endothelial cells, or even immune cells may contribute to
altered Notch signaling activity in HNSCC, compared to normal oral mucosa.

In recent years, the promising and potent targeted drug crenigacestat (CRE) has
emerged as a potential treatment for HNSCC. Crenigacestat (LY3039478) is an oral Notch
and a selective gamma-secretase inhibitor (GSI) with an IC50 of 0.41 nM [17]. By blocking
gamma-secretase, CRE is currently in early-stage clinical trials against various solid cancers,
and was reported to effectively disrupt the Notch signaling pathway [18], inhibit tumor
growth, reduce fibrosis, and potentially overcome cisplatin resistance [19]. Here, we use
CRE in combination with cisplatin to test the hypothesis that targeting both DNA damage
response and Notch signaling may result in potentially synergistic effects. The functional
and molecular relationship between Notch signaling and cisplatin resistance has been only
poorly investigated thus far [20–22] and almost exclusively in routine two-dimensional
monolayer cell cultures.

To test cellular behavior and drug responses, scientists frequently employ in vitro cell-
culture methodologies and develop cell-based model systems. Cell-culture techniques are
crucial in understanding drug responses in cancer research. Traditional two-dimensional
(2D) monolayer cell cultures involve growing cells on flat plastic dishes. “Classic” two-
dimensional or 2D monolayer cultures on plastic plates have several critical limitations
for drug discovery, including their unnatural cell shape, and dependence on or even
addiction to artificial cell adhesion, which leads to significant differences in gene and
protein expression compared to in vivo tissues. Two-dimensional monolayer cultures
also suffer from highly artificial drug delivery, pro-inflammatory hyperstimulation of
growth and proliferation, and altered metabolization. In contrast, three-dimensional (3D)
“organotypic” cultures rely on the growth of spontaneously forming organoids embedded
within or on top of hydrogels or scaffolds that mimic the extracellular matrix (ECM) of
tumors or normal tissues [23]. In contrast, tumor cell aggregates forming in non-adherent
plates are typically called spheroids and lack strong cell–cell interaction, polarization, and
differentiation features induced by the ECM. Three-dimensional cultures potentially offer
a more accurate representation of tissue- and disease-specific drug effects and promise
to mimic key aspects of chemosensitivity and drug resistance. They exhibit higher cell
density, more intense cell–cell interactions, and the formation of tissue-like and often
functional structures, and are often characterized by oxygen and metabolite gradients
often including hypoxic regions [24]. Moreover, the activity of cell survival and anti-
apoptotic pathways (such as integrin, PI3Kinase, and AKT pathways), combined with
cell fate decision mechanisms (like Notch or WNT), can massively differ between 2D
and 3D cultures, thus significantly affecting drug sensitivity in vitro. Additionally, the
expression and activity of membrane transporters associated with multidrug resistance can
vary between 2D and 3D cultures [25]. However, no “gold standards” or even minimum
conditions and requirements for 3D cultures are widely accepted for performing in vitro
chemosensitivity assays, and comparative studies are still largely missing. In previous
studies, our laboratory has developed and described miniaturized 3D model systems that
promote the growth of three-dimensional, multicellular structures such as organoids and
or other types of cell aggregates (such as grape-like cell clusters) in the so-called “sandwich
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model” first described in [26]. This is based on a specialized well-in-a-well design that
allows the generation of ECM layers without the characteristic meniscus formation, which
typically represents a problem for confocal microscopy and high-content imaging of 3D
organoids and other multicellular structures. The “sandwich” design further promotes
the formation of a precisely defined layer of three-dimensional organoids or tissue-like,
multicellular structures embedded between two sheets of extracellular matrix. This layered
design also facilitates the use of differential matrices, or differential matrix density, in the
bottom and top layers, which can be useful to promote cell motility and invasion towards a
specific direction [27]. This design, which uses an industry-standard 96-well plate format,
is ideal for automated imaging approaches, high throughput, and high content screening,
and specifically facilitates confocal microscopy or light sheet microscopy. This, in turn,
can be combined with automated morphometric image analysis methods [28], and allows
simultaneous tracking of tumor cells and, for example, cancer-associated fibroblasts [29,30].
However, the focus of the “sandwich model” is on miniaturization and automation. This
results in small tissue-like structures which do not readily allow further investigation
which requires larger numbers of cells, tissues, organoids, or tissue-like aggregates, e.g., for
subsequent molecular analysis of proteins, mRNA, or metabolites. We, therefore, aimed
to develop a larger-scale model system that results in formation and easy access to a
more substantial numbers of cells, multicellular 3D organoids, or complex microtissues,
which spontaneously form by the combination of multiple cell types (such as tumor cells
and fibroblasts).

Most 3D models still represent reductionist and over-simplified cell cultures lacking
most of the cellular components of the tumor microenvironment (TME), such as the fi-
broblasts. It is very likely, however, that stromal elements—which are found in all solid
tumors—will significantly affect drug sensitivity and the development of acquired drug
resistance in cancer chemotherapy. For this reason, we used 3D cocultures of tumor cells
and cancer-associated fibroblasts (both immortalized cell lines and primary CAFs isolated
from patient tumors) to address this common experimental shortcoming and further hoped
to spontaneously generate complex, three-dimensional, and tissue-like structures in our
advanced 3D model system, which mimics the histology and architecture of HNSCC in
patient tumors. We called this increased-volume experimental system the “3D sheet model”,
in contrast to the established sandwich model. In the visual abstract and Figure 1, we
outline the two main methods used for generating in vitro microtissues in this publication,
described in detail in Section 2.
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Figure 1. Schematic representation of different 3D culture and coculture methods. Top row: the
sandwich model, bottom: 3D sheet model. The sandwich model uses a simplified, well-in-a-well
design to minimize the meniscus formation in liquid media, which severely affects automated
confocal microscopy but at the same time represents a highly miniaturized model system in which a
small number of organoids emerge between two layers of matrix. In contrast, the 3D sheet model is
generated in 12-well plates instead of 96-well plates and can generate a significantly larger amount of
biomaterials for subsequent molecular analyses. It further changes the geometry of the model system,
and allows a larger interface with media and air, resulting in strikingly different morphologies that
spontaneously emerge upon coculture of tumor cells and fibroblasts.

2. Materials and Methods
2.1. Cell Lines and Cell Culture

We have used the cell lines UT-SCC-24B and UT-SCC-42B, both originating from the
laboratory of Reidar Grenman at the University of Turku, Finland, and kindly provided by
Auria Biobank/Turku (Turku, Finland). These lines originate from recurrent or metastatic
HNSCC, respectively, and were selected based on differential cisplatin sensitivity (as
described in [31]. Both cell lines do not harbor any mutation in the 4 NOTCH receptors.
Notch signaling appears fully active, including the expression of all four Notch proteins
(full length and cleaved) and five ligands. Detailed information on genomic, genetic, and
epigenetic changes or mRNA gene expression and drug sensitivity are available from [31].
Information on the origin and genetic characteristics of these cell lines is also available from
the Cellosaurus depository:

UT-SSC-24B: https://www.cellosaurus.org/CVCL_7827 (accessed on 31 October 2023)
UT-SCC-42B: https://www.cellosaurus.org/CVCL_7848 (accessed on 31 October 2023)

Cell lines were cultured in complete medium (DMEM with 10% FBS (Corning, New
York, NY, USA), 1% penicillin/streptomycin (SIGMA-Aldrich, Darmstadt, Germany), and
1% glutamax (SIGMA-Aldrich) at 37 ◦C and 5% CO2 until the cells reached 90% confluence.

2.2. Use of the Sandwich Model in µ-Angiogenesis 96-Well Plates

Rat tail collagen type I from Corning (0.75 mg/mL) and Matrigel® basement membrane
extract, also from Corning (2 mg/mL), were mixed with Dulbecco’s DMEM to create
the bottom gel (10 µL per well) in a 96-well µ-angiogenesis plate (ibidi GmbH, Munich,
Germany). The plate was centrifuged at 200× g for 10 min to ensure a flat gel surface

https://www.cellosaurus.org/CVCL_7827
https://www.cellosaurus.org/CVCL_7848
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formation. After incubation at 37 ◦C and 5% CO2 for 30 min, UT-SCC-24B and UT-SCC-42B
cells were stained with Vybrant™ DiD cell-labeling solution from Invitrogen™ (V22887).
hTERT-immortalized and GFP-labeled CAFs were used for cocultures [30]. For the upper
gel, Matrigel (1 mg/mL) and collagen (0.375 mg/mL) were mixed with cell suspension
and added on top of the bottom gel (20 µL per well). The µ-angiogenesis plate was
centrifuged at 100× g for 20 min, and incubated at 37 ◦C and 5% CO2 for 5 days. Differences
in 3D morphology between embedded and “on top” cell seeding are demonstrated in
Supplementary Figure S1.

2.3. Isolation of Patient-Derived Fibroblasts from Tumor Biopsies

Building upon the foundational knowledge from the sandwich model, we sought to
further understand the tumor microenvironment by isolating patient-derived fibroblasts.
Single-cell suspension of patient tumor samples was prepared according to a modified
protocol using a 50 mL Falcon tube containing 25 mL DMEM (Corning, NY, USA) with
100 µg/mL Primocin (Invivogen, Toulouse, France) [32,33]. The tissue biopsy was minced
into ~1 mm3 pieces and digested in 0.25% trypsin for 30–60 min. Undigested tissue
fragments were removed using a 100 µm cell strainer (Corning) and a second 40 µm
strainer was used for single-cell isolation. The filtered cells were centrifuged, washed to
remove debris, and placed in Nunc™ EasYFlask™ Cell Culture Flasks (Thermo Fisher
Scientific, Grand Island, NY, USA). After removing the supernatant, complete medium
(DMEM supplemented with 10% FBS (Corning), 1% penicillin/streptomycin antibiotic
solution (SIGMA), and 100 µg/mL Primocin antifungal solution) was added to the culture
and cultured at 37 ◦C and 5% CO2 until the cells reached 70–90% confluence. After this
time, the medium was changed to DMEM medium only with the addition of 10–18% FBS
and Pen/Strep antibiotic solution. Any remaining tumor colonies were gradually removed
by spontaneous differentiation, induced upon increasing FBS concentration stepwise (up to
18%). This method is described in [32,33] Patient-derived primary tissues were obtained
with permission and according to the guidelines of the Institutional Review and Ethical
Board of the Medical University of Lublin.

2.4. Preparation of “3D Sheet Model” and “3D Sandwich Model” in Costar® 12-Well Plate

After the successful isolation of patient-derived fibroblasts, we aimed to optimize our
3D culture conditions. In the 3D sandwich model, we prepared a bottom gel by mixing
Corning® Collagen I rat tail (1 mg/mL) and Corning® Matrigel® Matrix (2 mg/mL) with
Dulbecco’s DMEM to a final volume of 350 µL per well in a Costar® 12-Well plate. After
centrifuging at 200× g for 10 min, the plate was incubated for 45 min. The upper gel
layer, consisting of Matrigel (1 mg/mL), collagen (0.375 mg/mL), and a cell suspension
of 2.5 × 105 cells, was then added on top. The setup was centrifuged at 100× g for
20 min and incubated at 37 ◦C in a 5% CO2 atmosphere for 5 days. For the 3D sheet
model, we added a 350 µL solution of Corning® Collagen I rat tail (1 mg/mL), Corning®

Matrigel® Matrix (2 mg/mL), and Dulbecco’s DMEM to each well of a Costar® 12-Well
plate, and, after incubation at 37 ◦C for 1.5 h, the gel was polymerized. We then seeded
2.5 × 105 tumor cells for monocultures and, for cocultures, we seeded 1.25 × 105 tumor
cells alongside 1.25 × 105 patient-derived fibroblasts on the polymerized gel with 75 µL
of medium, supplementing with an additional 100 µL of DMEM after 1 day. This small
amount of medium allowed an active air–liquid interface (ALI) to form in the well. The
cells were then cultured for 5 days. After the decision to choose the sheet model over
the sandwich model for further analyses, firstly immunofluorescence and then qRT-PCR
analysis were performed for chosen wells. After 5 days of untreated growth, 3D sheet
cultures were exposed to drug combinations of 5 µM or 10 µM cisplatin (from a 1 mM PBS
stock) with 5 µM crenigacestat (LY3039478) from a 10 mM stock in 100% DMSO. Following
treatment, cultures were incubated for an additional 2 days at 37 ◦C in 5% CO2. Both
the sandwich model and 3D sheet model were imaged by a Nikon ECLIPSE Ti confocal
microscope (Melville, NY, USA) and EVOS M5000 Imaging System (Thermo Fisher).
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2.5. Immunofluorescence Staining

Immunofluorescence (IF) staining was performed using a modified version of a previ-
ously published method [34]. The medium was removed from each well of the cell-culture
plate, and the wells were washed three times with PBS without calcium and magnesium
ions. The cells and cell aggregates in each well were fixed using a 2-step protocol: first
with 4% paraformaldehyde in PBS for 15 min at room temperature and then with a chilled
3:1 methanol/acetone mix (chilled at −20 ◦C) for 5 min at −20 ◦C. The wells were sub-
sequently washed three times with PBS. The wells were incubated in a cell penetration
buffer for 30 min to enhance antibody penetration, containing 0.2% Triton X-100, 0.3 M
glycine, and 10% DMSO (Sigma-Aldrich) dissolved in PBS [35]. After another wash with
PBS, the wells were incubated with a blocking buffer containing 0.1% Triton X-100, 3%
bovine albumin serum (BSA, Sigma-Aldrich), and PBS for 1 h at room temperature with
gentle shaking. The primary antibodies (Anti-E-Cadherin from Abcam, Boston, MA, USA,
#ab76055, and Anti-Vimentin antibodies from Abcam, #ab45939) were diluted 1:100 in the
blocking buffer and incubated with the wells for 2 h at room temperature. Subsequently,
the wells were washed three times with washing buffer (PBS Buffer 1X with 0.1% Tween 20)
and incubated with secondary antibodies: Alexa Fluor™ 488 conjugated goat anti-Rabbit
IgG (H&L) Cross-Adsorbed Antibody, and Alexa Fluor™ 555-conjugated goat anti-Mouse
IgG (H&L) Cross-Adsorbed Antibody, both from Invitrogen, at a dilution of 1:200 for 1 h at
room temperature. After three washes with blocking buffer, the wells were incubated with
Hoechst 33342 solution (Chemodex, St. Gallen, Switzerland) at a 1:300 dilution in washing
buffer for 15 min at room temperature. Finally, the wells were washed three times with a
washing buffer for the last time. Throughout the IF staining process, the plate was kept
strictly protected from light to prevent the bleaching of fluorophores. Three-dimensional
microtissues were imaged using a Nikon confocal microscope and individual stack images
were merged into 3D “image cubes” to highlight the three-dimensional structure and depth
of the emerging microtissues.

2.6. Isolation of Cell Cultures from Matrigel Collagen Mixture Gel

After the WST-8 assay, wells were washed with 300 µL of phosphate-buffered saline
(PBS) devoid of calcium and magnesium ions. For coated plates, 100 µL trypsin-EDTA
(Gibco-Aldrich) (0.25%) was used to detach the cells by incubation at 37 ◦C in a humidified
incubator for 10 min. For digestion of cells and tissue-like aggregates/structures in 3D
sheet and sandwich models, a solution of 2.5 mg/mL of Dispase II (neutral protease,
Worthington Biochemical, Lakewood, NJ, USA) was used to dissolve the collagen/Matrigel
gel by incubating the plate at 37 ◦C in a humidified incubator for 30–45 min. Subsequently,
the cell suspension was collected in 15 mL plastic centrifuge tubes and centrifuged at 4 ◦C
for 10 min. After discarding the supernatant, the cell pellet was washed with PBS lacking
calcium and magnesium ions, and centrifuged at 4 ◦C for 10 min.

2.7. Quantitative PCR (qRT-PCR) Analysis

To further investigate the molecular changes in our models with different CAF/tumor
cell ratios, we performed quantitative, reverse-transcription PCR (qRT-PCR) analyses. Cells
were harvested using Dispase II (Sigma-Aldrich D4693) and total RNA was extracted using
the RNeasy Micro Kit (QIAGEN. Hilden, Germany). cDNA synthesis was carried out
using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Thermo
Fisher). qRT-PCR analysis was conducted on a LightCycler 480 II instrument (Roche,
Penzberg, Germany) using PowerUp SYBR Green Master Mix (Applied Biosystems, Thermo
Fisher). Relative mRNA expression was calculated using the 2−∆∆Ct method, normalized
to GAPDH. Fold change (FC) values were then used to quantitate differences in mRNA
expression levels. The significance of differential expression was analyzed using the
GraphPad Prism 9 program (La Jolla, CA, USA). Primer sequences were obtained from the
OriGene database or designed with Benchling software (San Francisco, CA, USA), based
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on the Ensembl Genomes database, and synthesized by GenoMed (Warsaw, Poland). All
primers were tested for specificity and sensitivity.

GAPDH (forward 5′-GTGGAGTCTACTGGTGTCTTC-3′, reverse 3′-GTGCAGGAGGCATT
GCTTACA-5′),
NOTCH1 (forward 5′-CAACTGCCAGAACCTTGTGC-3′ reverse 3′-GGCAACGTCAACAC
CTTGTC-5′),
NOTCH3 (forward 5′-GCAGATGGCTCAACGGCACTG-3′, reverse 3′-GGGGTCTCCTCCT
TGCTATCCTG-5′).

Fold change values in the range of 0–0.75 was considered as downregulated (* p ≤ 0.05)
and values 1.5–10 as upregulated (* p ≤ 0.05), respectively.

2.8. WST-8 Metabolic Assay

WST-8 assay was performed according to the protocol mentioned before by optimizing
it for 12-well plates instead of 96-well plates [36]. WST-8 assay was originally developed
as an alternative to MTT and other metabolic endpoint assays [37]. In contrast to widely
used MTT or CellTitreBlue assays, WST-8 does not require cell lysis and absorption can
be directly measured in the microtiter plate without transfer. After measuring metabolic
activity in 2D or 3D culture by WST-8 assay, these can be further used for other pur-
poses, such as protein or mRNA extraction. Briefly, WST-8 reagent solution (5 mM WST-8,
0.2 mM 1-methoxy PMS, and 150 mM NaCl) was prepared. The WST-8 reagent solution
was diluted 1:10 with DMEM (40 µL WST-8 reagent to 400 µL DMEM to each well), added
to the wells, and incubated at 37 ◦C for 2 h. After incubation, absorbance at 450 nm was
measured using a multi-plate reader.

2.9. Protein Extraction and Western Blotting

Beyond these analyses, understanding protein dynamics was crucial, especially when
exploring a pathway like Notch signaling which has very significant implications in tu-
mor biology, especially in HNSCC. After cell isolation from gels, total proteins were
isolated using radioimmunoprecipitation assay (RIPA) buffer containing 50 mM Tris-HCl,
150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate,
supplemented with protease inhibitor cocktails (Sigma-Aldrich). The cells were incubated
in RIPA buffer on ice for 1 h, followed by centrifugation at 14,000 rpm for 20 min at 4 ◦C to
remove undissolved debris. The protein solution supernatants were transferred to clean
tubes and protein concentrations were determined using the Pierce™ BCA Protein As-
say Kit [38] Protein samples (40 µg) and pre-stained protein markers (PageRuler™ Plus
Prestained Protein Ladder and Spectra™ Multicolor Broad Range Protein Ladder, all from
Thermo Scientific™) were denatured by heating in the presence of β-mercaptoethanol, and
separated on modified 4–15% gradient SDS-PAGE gels. The gradient gels were prepared
by combining solutions of 15% and 4% separating gel in a serological pipette. After poly-
merization of the separation gel, a 4% stacking gel solution was added. A 10-well 1.0 mm
Mini-PROTEAN® Comb (Bio-Rad, Hercules, CA, USA) was placed into the stacking gel
before polymerization. After gel preparation, protein samples and pre-stained protein
markers were separated by SDS-PAGE electrophoresis. The proteins were then transferred
to a PVDF polyvinylidene difluoride membrane using a Bio-Rad Trans-Blot SD Semi-Dry
Transfer Cell for 60 min. Ponceau S staining was performed on the membranes for total
protein normalization [39]; membranes were blocked for 1 h at room temperature (RT) in
blocking buffer (1X Tris-buffered saline (TBS) with 0.5% (v/v) TWEEN 20 and 5% (w/v) non-
fat dried milk powder) and incubated overnight at 4 ◦C with the primary antibodies. The
antibodies used in this study were NOTCH1 (D1E11) XP® Rabbit mAb (1:1000), NOTCH3
(D11B8) Rabbit mAb (1:1000), JAG2 (C23D2) Rabbit mAb (1:1000), and Anti-rabbit IgG,
HRP-linked Antibody #7074 (1:2000). After washing the membranes with TBS containing
0.1% Tween-20, they were incubated for 1 h at RT with the secondary antibody (Anti-rabbit
IgG, HRP-linked Antibody #7074). The membranes were then washed three times for
10 min each with TBS/0.1% Tween-20. Protein detection was performed using Pierce™
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ECL Western Blotting Substrate. Densitometry analysis was conducted for all blots by using
the Fiji program, and values were normalized to Ponceau S staining for each condition.
Also, beta-Actin staining was used as a loading control, but showed significant differences
in expression due to varying cell-culture conditions and treatments; therefore, we decided
not to use any housekeeping genes as loading controls and currently present Ponceau-S
staining of blots after transfer as a reliable protein loading control instead. Membrane
stripping was performed using a mild stripping protocol as described in reference [40].

2.10. Statistical Analysis

All experiments including WST-8 assay and RT-PCR were performed at least in tripli-
cate. Statistical analyses of all samples were performed using GraphPad Prism 8.0 (Graph-
Pad Software Inc., La Jolla, CA, USA). One-way ANOVA followed by Tukey’s post hoc test
and column statistics were used for comparisons (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001;
**** p ≤ 0.0001 were considered statistically significant).

3. Results
3.1. UT-SCC-24B and UT-SCC-42B Monocultures and Cocultures in µ-Plate Angiogenesis
96-Well Plate

Firstly, to determine the interaction and optimal cell-culture conditions for CAFs and
HNSCC, a series of experiments with cell monocultures and cocultures was performed.
The effect of the tumor to CAFs ratio on the morphology of three-dimensional organoids
that form in 3D monocultures and cocultures of UT-SCC-24B and UT-SCC-42B tumor cells
with hTERT-immortalized and GFP-labeled CAFs after 5 days of seeding is represented
in Figure 2. The monocultures of UT-SCC-24B and UT-SCC-42B tumor cells resulted in
the formation of well-defined, rounded, and similar-sized organoids when applying the
sandwich model. The stepwise increase of CAF numbers or ratio resulted in increasingly
irregular tumor organoids of reduced size, connected by strings of fibroblasts. Supplemen-
tary Videos S1 and S2 show UT-SCC-42B cells with GFP-labeled CAFs in 3D mono-and
coculture in the sandwich model.

3.2. Replacing hTERT-Immortalized and GFP-Labeled CAFs and Moving from µ-Plate
Angiogenesis 96-Well Plate to Costar® 12-Well Cell Culture Multiple-Well Plate

To further refine our complex model system, changes were made to the 3D cell-
culturing approach and the microtiter plate type used. Even though hTERT-immortalized
and GFP-labeled CAFs showed benefits in facilitating visualization, they were derived
from prostate tumor tissue, while this project aims to recapitulate the authentic tumor
microenvironment of HNSCC. Therefore, prostate CAFs were replaced with patient-derived
primary and unlabeled CAFs from HNSCC biopsies. The identity of unlabeled, primary
patient-derived CAFs was tested by using IF staining with an anti-vimentin antibody.
Furthermore, for molecular techniques such as qPCR and Western blotting, the small scale
of the µ-Plate Angiogenesis 96-Well Plate was not sufficient and therefore replaced with
12-well Cell Culture Multiple-Well Plates. To allow side-by-side comparisons, both the
3D sheet models were performed in parallel in 12-well plates. While the 3D sandwich
model resulted in the formation of increasingly irregular tumor organoids connected by
strings of fibroblasts, the 3D sheet model resulted in the more rapid formation of large
three-dimensional, tissue-like structures but did not feature organoids. Even though the
3:1 ratio resulted in the formation of robust 3D cocultures, the 1:1 ratio of cocultures with
CAFs in both UT-SCC-24B and UT-SCC-42B in the 3D sandwich model resulted in the
increased attachment of “runaway” tumor cells on the bottom of plastic wells. These cells
were actively penetrating the lower gel in the sandwich model, adhered to plastic, and
seriously disturbed 3D culture settings, imaging, and gel integrity, which was not the case
in the 3D sheet model. The 3D sheet model delivered more robust, reproducible results,
and was suitable for maintaining longer-term cell and tissue cultures, at significantly higher
cell densities. Despite its increased density, imaging tissue-like structures and CAFs in



Cancers 2023, 15, 5320 10 of 23

the 3D sheet model by confocal microscopy was not compromised. The comparison of
the 3D sandwich model and 3D sheet model in 3D mono- and cocultures using the UT-
SCC-24B and UT-SCC-42B tumor cells with primary CAFs 5 days after seeding is shown
in Figures 3 and 4. Phase-contrast imaging (EVOS) was used for Figure 3 and 3D cube
images generated by merging stacks of images generated by confocal microscopy are shown
in Figure 4.

Figure 2. Coculture of tumor and stroma cells (CAFs) in the “sandwich model”. (A) Organoids
formed by monoculture (left) and 3D coculture of UT-SCC-24B tumor cells with hTERT-immortalized
and GFP-labeled CAFs (green), seeded between 2 layers of Matrigel/collagen-type-I matrix (2 mg/mL
of Matrigel and 1 mg/mL collagen) at different ratios into each well of an IBIDI µ-angiogenesis plate.
The combined total number of cells seeded per well does not exceed 3000 per well, with 2250 tumor
cells/750 CAFs for a ratio of 3:1, 1500 tumor cells/1500 CAFs for a ratio of 1:1, and 750 tumor
cells/2250 CAFs for a ratio of 1:3. (B) Monoculture (left) and 3D coculture of UT-SCC-42B tumor cells
with hTERT-immortalized and GFP-labeled CAFs, seeded into the same Matrigel/collagen-type-I
matrix (2 mg/mL of Matrigel and 1 mg/mL collagen), and identical cell numbers/ratios to those
described for UT-SCC-24B. Tumor cells and the emerging 3D organoids were labeled with Vybrant™
DiD cell-labeling solution (pink) directly before seeding into the wells. Confocal images of organoids
were taken on day 5 after seeding into the gels, at 200× magnification with a NIKON confocal
microscope. Scale bars indicate 200 µm.

3.3. Immunofluorescence (IF) Staining

The 3D sheet model was our preferred option for testing drug chemosensitivity in
HNSCC microtissues. Even though the 3D sandwich model has several advantages related
mainly to facilitating real-time, life cell imaging and monitoring morphologic changes in
organoids, it also has limitations. In particular, 3D cultures that contain a large ratio of
highly active patient-derived CAFs lead to contraction of the gel after 5 days and often result
in attachment of the cells on the bottom of plastic surfaces. IF staining of UT-SCC-24B and
UT-SCC-42B cells in 3D mono- and cocultures with CFs were performed for the epithelial-
specific antigen e-cadherin (carcinoma cells, organoids, and tissue-like aggregates) and the
mesenchymal marker vimentin (VIM; CAFs and normal fibroblasts), counterstained with
the DNA-dye Hoechst 33342 (Figure 4). The 3D cube images generated by merging a stack
of individual stack images from confocal microscopy show the depth of the tissue-like 3D
structures spontaneously forming after 5 days by the interaction of tumor cells with CAFs.
The 3D cube images taken from the top of the model are represented in more detail in
Supplementary Figure S1, and Supplementary Videos S3 and S4 (UT-SCC-42B cells in 3D
mono- and coculture in the 3D sheet model).
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Figure 3. Comparison of 3D mono- and cocultures in the 3D sandwich models with the 3D sheet
model in Matrigel/collagen type-I mixed matrix. (A) Left: Phase-contrast images of 3D monoculture
of UT-SCC-24B cells embedded in the 3D sandwich model, Middle: Phase-contrast microscopy
images of 3D coculture of UT-SCC-24B cell line with patient-derived primary CAFs at the 3:1 ratio.
Right: Same with CAFs at a 1:1 ratio. (B) Left: 3D monoculture of UT-SCC-42B cells in the 3D
sandwich model. Middle: UT-SCC-42B cell line with patient-derived CAFs at a 3:1 ratio. Right: same
cells with CAFs at a 1:1 ratio. EVOS phase-contrast images were taken on day 5 after seeding cells at
100×magnification. Scale bars indicate 250 µm. (C) Three-dimensional monoculture and coculture
of UT-SCC-24B cancer cells and CAFs (1:1 ratio) on top of a Matrigel/collagen-type-I gel, the “3D
sheet model”. Left: 3D organoid monoculture of UT-SCC-24B cells in the 3D sheet model. Right: 3D
coculture of UT-SCC-24B cell line and CAFs (1:1 ratio). (D) Left: 3D monoculture of UT-SCC-42B cells
and Right: 3D coculture of UT-SCC-42B cell line and CAFs. EVOS images were taken on day 5 after
seeding cells at 40×magnification. Scale bars indicate 600 µm.
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Figure 4. Analysis of multicellular, tissue-like aggregates forming in 3D coculture of tumor cells
(UT-SCC-24B and 42B) with patient-derived CAFs in the “3D sheet model”. (A) Three-dimensional
monoculture of UT-SCC-24B tumor cells, Width (W): 1290.67 µm, Height (H): 1290.67 µm, Depth
(D): 378.10 µm. (B) Cocultures of UT-SCC-24B tumor cells and patient-derived fibroblasts (1:1
ratio), W: 1290.67 µm, H: 1290.67 µm, D: 267 µm. (C) Monocultures of UT-SCC-42B tumor cells, W:
1290.67 µm, H: 1290.67 µm, D: 333.28 µm. (D) Cocultures of UT-SCC-42B tumor cells and patient-
derived fibroblasts (1:1 ratio), W: 1290.67 µm, H: 1290.67 µm, D: 408.63 µm. All structures formed
on the surface of a Matrigel/collagen type I mixed gel. The red color represents E-cadherin, green
vimentin, and blue Hoechst 33342. Confocal images were captured on day 5 post-seeding using a
NIKON confocal microscope at 100×magnification in the cube version.

3.4. qRT-PCR Analysis for 3D Monocultures and Cocultures with Different Tumor/CAF Ratio

The expression of NOTCH1 and NOTCH3 mRNA and fold changes in monocultures
of UT-SCC-42B, UT-SCC-24B, and CAFs, compared to 3D cocultures of different tumor cells
with varying ratios to CAFs (3:1, 1:1, 1:3), was performed by qRT-PCR. It was observed that
the UT-SCC-42B cell line shows the highest NOTCH1 mRNA expression, while patient-
derived CAFs have higher NOTCH3 mRNA levels than UT-SCC-24B, similar to UT-SCC-
42B (Figure 5). A high ratio of CAFs to tumor cells in 3D cocultures leads to an increase in
NOTCH3 expression in cocultures of both UT-SCC-24B (Figure 5) and UT-SCC-42B cells
(Figure 5). The presence of CAFs did not usually affect the NOTCH1 expression levels,
except in the coculture with UT-SCC-24B cells in the 3:1 ratio, which only slightly increased
(Figure 5). In summary, the presence of CAFs generally and most significantly increased the
expression level of NOTCH3 mRNA but not NOTCH1 in all CAFs/HNSCC cell cocultures.
This reproducible and marked effect is positively correlated with the number of CAFs used
in cocultures.
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Figure 5. mRNA fold change measured by qRT-PCR for NOTCH1 and NOTCH3 with different ratios
of patient-derived CAFs. (A) Comparison of NOTCH1 and NOTCH3 expression in 3D monocultures
of UT-SCC-24B, UT-SCC-42B, and CAFs in the 3D sheet model. (B) Comparison of NOTCH1 and
NOTCH3 expression in monocultures of UT-SCC-42B versus cocultures with CAFs at the 3:1 cell
ratio. (C) Same comparison for the 1:1 tumor to CAFs ratio and (D) for the 1:3 tumor to CAFs
ratio. (E) Comparison of NOTCH1 and NOTCH3 signaling in 3D monocultures of UT-SCC-24B cells
versus 3D cocultures with CAFs for the 3:1 tumor to CAFs ratio. (F) Same comparison for the 1:1
tumor to CAFs ratio and (G) for the 1:3 tumor to CAFs ratio, all in the 3D sheet model. Error bar
represents ± SEM for n = 3. Statistically significant differences are indicated by stars ** p ≤ 0.01;
*** p ≤ 0.001; **** p ≤ 0.0001.

3.5. WST-8 Assays

To test whether inhibition of Notch signaling by specific inhibitors (such as CRE) will
affect the sensitivity of HNSCC cells (with and without CAFs) to cytostatic drugs including
cisplatin (CDDP), after 5 days of culture, the 3D culture of UT-SCC-24B and UT-SCC-42B
cell lines with patient-derived CAFs (ratio 1:1) were treated with cisplatin alone or in
combination with crenigacestat. After 2 days of drug exposure, the WST-8 metabolic assay
was performed. Monocultures of UT-SCC-42B were significantly more sensitive to cisplatin
than monocultures. Furthermore, UT-SCC-24B cells were more resistant than UT-SCC-24B
cells (Figure 6A,B). The addition of CAFs in 3D cocultures resulted in similar sensitivity
scores compared to treatments in 3D monoculture. Upon combining CRE with cisplatin
treatment, the two cell lines behaved in opposite directions (Figure 6). Thus, blocking
Notch signaling promoted the differences in the chemosensitivity of both cell lines.
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Figure 6. Sensitivity of 3D cultures and cocultures against cisplatin and cisplatin combination with the
Notch-pathway inhibitor crenigacestat. (A): WST-8 assay results of monocultures and cocultures of
UT-SCC-24B tumor cells with patient-derived fibroblasts without any treatment followed by cisplatin
treatment and combination treatment with cisplatin (CDDP) and crenigacestat (CRE). (B): WST-8
assay results of the same treatments of 3D monocultures and cocultures of UT-SCC-42B cells. Ctr
(M) 3D Monoculture control; Ctr (C) 3D Coculture control. The black color represents control groups
without any drug treatment, the grey color represents only CDDP treatment, white color represents
the combinatory treatment of CDDP and CRE. * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001 vs. Ctr (M)/(C)
was considered statistically significant. Error bar represents ± SD for n = 3.

3.6. Western Blot Analysis

To confirm and verify the qPCR data regarding the increase in activation of Notch
signaling by CAFs in HNSCC/CAFs cocultures, we also analyzed protein expression.
Western blotting was performed for NOTCH1, NOTCH3, and JAG2 proteins after treating
mono- and cocultures of UT-SCC-24B and UT-SCC-42B cells with patient-derived CAFs,
using cisplatin alone, or combined 5 µM cisplatin with 5 µM crenigacestat. In addition,
expression of the NOTCH3 protein was compared between mono- and cocultures of UT-
SCC-24B and UT-SCC-42B cells, and patient-derived CAFs alone. Results from Western
blotting are shown in Figure 7 and, in addition, quantification of differences in protein
expression using densitometry is shown in Supplementary Figure S2. For both UT-SCC-
24B and UT-SCC-42B cells, an increase in the expression of N1ICD, the full length of
NOTCH3 protein, and N3ICD was observed in CAFs/HNSCC cocultures compared to
tumor monocultures, confirming the qPCR results. Interestingly, in 3D monocultures of both
cell lines, exposure to CDDP increased the expression of both N1ICD and N3ICD. However,
co-treatment of CDDP and CRE cocultures of both UT-SCC-42B and UT-SCC-24B cells with
CAFs resulted in opposing effects on NOTCH1 compared to NOTCH3 proteins: with the
co-treatment, we consistently observed an efficient decrease in the expression of NOTCH3
and N3ICD, but no changes in NOTCH1 and N1ICD expression. Finally, for UT-SCC-24B
cells, an increase in the expression of JAG2 protein was observed in cocultures of CAFs
and HNSCC cells, compared to monocultures. In contrast, this effect was not observed for
the UT-SCC-42B cell line. Additionally, JAG2 levels decreased after treatment with both
CDDP and CDDP/CRE combinations in both tested cell lines. The densitometry analyses
for all Western blots assembled in Figure 7 are shown in Supplementary Figure S2. Full
versions of Western blots have been submitted for review. Taken together, our data show
that the presence of CAFs differentially activates Notch signaling in 3D cocultures, which
modifies the drug sensitivity to cisplatin. This demonstrates the potential of combining
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CDDP and CRE treatment to reduce Notch signaling and may be useful to increase the
chemosensitivity of head and neck cancer cells to cisplatin in some patients, depending on
Notch signaling activity.

Figure 7. Western-blot analysis of Notch-pathway-related protein expression. (A) From left to right:
monoculture of UT–SCC–24B without any treatment, versus treated with 10 µM cisplatin (CDDP),
and 5 µM CDDP + 5 µM crenigacestat (CRE), 3D coculture of UT–SCC–24B with patient-derived
fibroblasts, without any treatment, treated with 10 µM CDDP, and treated with 5 µM CDDP +
5 µM CRE. Blots were tested with antibodies against NOTCH1/FL–300 kDa, NOTCH1/N1ICD–
120 kDa, NOTCH3/FL–270 kDa, NOTCH3/NICD–90 kDa, and JAG2–150 kDa. (B) From left to right:
3D monoculture of UT–SCC–42B without any treatment, treated with 10 µM CDDP, 5 µM CDDP +
5 µM CRE, coculture of UT–SCC–42B with CAFs, treated with 10 µM CDDP, treated with 5 µM CDDP
+ 5 µM CRE. Blots were tested for NOTCH1/FL–300 kDa, NOTCH1/NICD–120 kDa, NOTCH3/FL–
270 kDa, NOTCH3/NICD–90 kDa, and JAG2–150 kDa. (C) Controls of UT–SCC–24B, UT–SCC–42B,
and patient-derived fibroblasts (CAFs) for NOTCH3/FL–270 kDa and NOTCH3/NICD–90 kDa.

4. Discussion

Traditional two-dimensional (2D) monolayer cultures on glass or polystyrene surfaces
have been widely used to test anti-cancer drugs for decades. However, these simple but
utterly reductionist cell cultures have a wide range of limitations. They fail to mimic the
basic physiological conditions found in tumor tissues, including, among others: (a) the
lack of proper cell–cell and cell–matrix interactions, (b) the absence of any mechanical
properties prevalent in tumor tissues, (c) inadequate representation of metabolic gradients,
(d) the lack of oxygen gradients and hypoxia [41–43], (e) acquiring a forced apical–basal
polarity not found in tumor cells embedded within cancer tissues, and (f) as a consequence,
they fail to mimic the characteristic tumor histology or architecture. As a result, 2D
monolayer and monoculture models often exhibit marked hypersensitivity to cytostatic
drugs which are preferentially targeting hyperproliferation and induce growth arrest
and/or programmed cell death/apoptosis. This bias is leading to inaccurate drug sensitivity
scores and compromised assessment of drug resistance, e.g., in early-stage drug discovery
and preclinical studies. We also hypothesized that routine 3D organoid models in a
laminin-rich matrix that lack stromal counterparts (=fibroblasts, CAFs) are likely not fully
representative of addressing these questions. To experimentally test the benefit of more
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complex, more organotypic, or more tissue-like model systems, we have chosen 3D cultures
of two selected HNSCC tumor cells (cell lines UT-SCC-24B and -42B) that differ in sensitivity
to cisplatin. These are first cocultured with hTERT-immortalized and GFP-labeled CAFs
either in 96-well angiogenesis plates (optimized for confocal imaging) or, later, with patient-
derived primary CAFs in 12-well plates. To allow a direct side-by-side comparison between
these models, we have used two different 3D coculture settings: the previously described
“sandwich model” [26–28] and the “3D sheet model” which is described by us in this
manuscript. For consistency, both models utilize the same 3D matrix that consists of a
2:1 mix of Matrigel and collagen type I (2 mg/mL of Matrigel and 1 mg/mL of collagen),
which represents an equal 1:1 mix of their protein concentration.

In the initial investigation, we explored the influence of varying numbers and ra-
tios of UT-SCC-24B and UT-SCC-42B tumor cells to CAFs on the formation of organoid
structures in µ-angiogenesis plates. We also utilized pure Matrigel, a laminin-rich base-
ment membrane extract derived from mouse xenografts, which strongly promotes the
growth and differentiation of epithelial cells, including squamous carcinoma cells. Specif-
ically, laminin-rich matrices like Matrigel promote the formation of well-differentiated
and polarized organoids, even from transformed cancer cells and cell lines [26]. However,
Matrigel does not support the growth of stromal components, such as normal fibroblasts
and CAFs. In contrast, collagen type I, a major constituent of the normal connective tissue
and highly enriched in the tumor matrix, provides a favorable environment for the growth
and functional differentiation of mesenchymal or stromal cells, such as normal fibroblasts
and CAFs. Simultaneously, it promotes the growth of most tumor cell lines—but typically
not in the form of organoids since differentiation is not promoted. As a consequence, pure
Matrigel matrix can lead to the rapid loss of stromal cells, while pure collagen type I gels
can result in the excessive proliferation of CAFs and gel contraction within a few days. To
address these challenges, we evaluated a 1:1 mixture of Matrigel and collagen type I, which
simultaneously supports both tumor cells and CAFs, does not result in contraction, and still
promotes organoid formation. Embedding single tumor cells into Matrigel/collagen gels
using the sandwich model results in the formation of well-defined, rounded, and evenly
sized organoids. These organoids are similar to those grown in pure Matrigel and largely
clonal, i.e., each organoid originates from a single tumor cell. Adding a relatively small
number of cancer-associated fibroblasts (ratio tumor/stroma 3:1) results in the forming
of more irregularly shaped tumor organoids or aggregates. Increasing numbers of fibrob-
lasts (ratio 1:1 or 1:3) result in even more irregular and unevenly sized tumor organoids,
connected by strings of fibroblasts. At a later time point of 3D coculture (day 5+) in the
sandwich model, larger numbers of CAFs also result in the contraction of the gel.

Three-dimensional cultures of both UT-SCC-24B and UT-SCC-42B form very similar
multicellular structures (organoids) but differ significantly in drug sensitivity. To be able
to extract a sufficient amount of protein and mRNA for subsequent analyses, we trans-
ferred our experiments to ordinary 12-well microtiter plates instead of the specialized,
imaging-ready µ-angiogenesis 96−well plates. Simultaneously, we replaced the hTERT-
immortalized and GFP-labeled CAFs (originally derived from [30]) with patient-derived
primary CAFs from HNSCC, to better mimic the microenvironment of squamous epithelial
cancers. The 3D sandwich model facilitates real-time confocal imaging of 3D cultures, mak-
ing it suitable for rapid, miniaturized high-content, or imaging-based analyses, especially in
early-stage drug discovery and compound screening [44], and distinction of tumor versus
stromal cells. However, it has limitations for subsequent functional analyses and molecular
biology studies: (a) highly active patient-derived CAFs eventually contract the gel and
tend to attach to the plastic bottom even after 5 days, especially with high CAF/tumor cell
ratios (1:1 and 1:3); (b) the long-term viability of ultra-thin, miniaturized microtissues is
low [44]; and (c) it does not provide sufficient cell numbers for subsequent RNA or protein
extraction required in follow-up molecular analyses. Simply upscaling the assay format
and the size of gels, however, posed a new challenge as the larger gels showed even more
compromised long-term integrity and stability.
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In this context, we made an intriguing observation regarding the spontaneous gen-
eration of flat 3D sheets of living tissue-like structures, which we refer to here as the “3D
sheet model”. The fashion of how tumor and stromal cells were seeded on top of the
gel had a notable impact on the rapid and efficient formation of large-scale, tissue-like
structures in this model. It also did not result in the distinct formation of organoids, which
are not necessarily representative of the histology of squamous carcinomas. When a smaller
number of cells are seeded, they also spontaneously organize themselves in tumor “islands”
surrounded by stromal areas (work in progress, to be published in a follow-up manuscript).
Specifically, we observed a substantial increase in cell proliferation, cell motility, and the
rapid formation of tissue-like tumor masses that contained both tumor and stromal cells.
These complex 3D structures also showed an active expansion and penetration of cells
into the gel matrix, resulting in a significantly thicker layer of relatively dense tissue that
provided additional stability, e.g., for long-term drug exposures. Notably, we did not
observe any gel contraction mediated by fibroblasts, regardless of their numbers; nor did
we observe the characteristic escape of tumor cells through the gel to the plastic bottom, as
frequently observed in the sandwich model.

Both tumor cell lines, UT-SCC-24B and -42B, exhibited a morphology in the 3D sheet
model that closely resembles the characteristic cribriform histopathology often seen in
aggressive HNSCC and adenocarcinomas. When using a 1:1 ratio of tumor cells to CAFs,
there was a uniform distribution of cells, allowing for enhanced tumor–stroma interaction.
The sandwich method gave flexibility to cells to move inside of the gel or to sit on top of the
gel. In contrast, the 3D sandwich model predominantly produced polarized organoids with
varying levels of squamous differentiation, depending on the cell lines utilized. These show
restricted cell movements compared to the 3D sheet model unless extremely aggressive
tumor lines are used that may skip the formation of organoids. The same applies to non-
epithelial tumor types such as melanoma or glioblastoma. In contrast, when the same tumor
cells and CAFs were embedded uniformly in the Matrigel/collagen gel used for the 3D sheet
models they tended to form small, slowly growing organoids surrounded by CAFs similar
to the sandwich model and also yielded limited numbers of cells for subsequent molecular
analyses. The cribriform structure observed upon “on top” seeding of tumor cells in the 3D
sheet model is characterized by the formation of prominent openings or cavitations that
stretch between epithelial areas of proliferation, with monomorphic round cell populations
often observed between and inside these holes. These cribriform-like structures may
form as the result of tension that rapidly forms between tumor cells and CAFs, thus
indicating intense and dynamic cell–cell interactions. The cribriform-like morphology may
be the sign of aggressive HNSCC cells and has been previously associated with hypoxic
growth conditions, altered epigenetic regulation, and poor prognostic outcomes in certain
cancers [45–47]. The 3D sheet model also demonstrates increased cell density, not only
reducing the risk of early gel dissociation but also exhibiting intrinsic resistance against
anti-cancer drugs. This is likely due to dense tissue-like layers of cells and cell membranes,
which can act as barriers to drug delivery [48] and penetration—probably more similar
to the conditions in cancer tissues than organoid models. These characteristics led us to
select the “3D sheet model” for all subsequent qRT-PCR and drug testing with subsequent
molecular analysis, focusing on the relevance of the Notch signaling pathway in HNSCC.

In 3D monoculture, UT-SCC-42B cells exhibited the highest NOTCH1 mRNA levels,
while patient-derived CAFs demonstrated the highest NOTCH3 levels, closely followed
by UT-SCC-42B. Both 3D mono- and cocultures of UT-SCC-24B showed consistently low
NOTCH1 and NOTCH3 expressions. In 3D cocultures of both UT-SCC-42B and UT-
SCC-24B, there was a noticeable increase in NOTCH3 expression as the number of CAFs
increased. This is possibly related to recent observations showing that metastatic (and drug-
resistant) HNSCC lesions may develop a dependency on NOTCH3 (over-)expression, partly
overcoming the initial loss of NOTCH1 observed in many tissues [49]. Our observation,
however, relates to the CAFs contributing to this change, not the tumor cells themselves.
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In contrast, expression of NOTCH1 protein was not significantly induced by coculture
with CAFs. This led us to conclude that NOTCH3 may play a more critical role in the
formation of tissue-like microtumor structures and likely cisplatin resistance, and that this
increased NOTCH3 protein expression is mainly attributed to the contribution of CAFs. We
also speculate that our modified approach may have resulted in the formation of a partial
air–liquid interface (ALI), generating an effective oxygen gradient within the forming
sheet-like microtissues. Oxygen gradients and an ALI have been previously reported to
support tissue formation, cell differentiation, and homeostasis, full validation of which in
our model system will require additional experiments (ongoing research). The advantage
of the 3D sheet model may thus preferentially lie in the localized formation of hypoxia or
oxygen gradients, which typically occur in structures located at a distance of more than
300 µm from the primary oxygen source, such as capillaries. In addition, the formation
of high cell density and tissue-like structures that impede drug delivery and penetration
likely contributes to increased resistance against cytotoxic compounds [50] like the widely
used cisplatin.

In HNSCC, only a few chemotherapeutic drugs are approved for chemotherapy or
combined chemoradiotherapy. These include platinum-based drugs like cisplatin and
carboplatin, the nucleotide analog 5-fluorouracil (5-FU), taxanes such as docetaxel and
paclitaxel, and, occasionally, methotrexate [5,6]. However, drug resistance can develop
against all these compounds in usually advanced patients undergoing chemotherapy. Up
to 50% of patients treated with cisplatin experience acquired drug resistance [10]. For
this reason alone, it is worthwhile to explore the potential synergistic effects of common
standard-of-care drugs with novel, targeted agents that impact “classic” cancer-related sig-
naling like NOTCH signaling. This approach may potentially uncover new combinatorial
effects on drug chemosensitivity. Even more importantly, this approach may eventually
become an important aspect of personalized or individualized medicine, where specific
drug vulnerabilities and even synthetic-lethal effects are tested on a patient-by-patient basis.
NOTCH1 has been identified as one of the most frequently mutated genes in HNSCC, with
inactivating or loss-of-function (LoF) mutations present in 10% to 15% of cases reviewed
in [51]. Even patients without genetic mutations in NOTCH receptors may exhibit very
low expression levels of NOTCH1 due to epigenetic inactivation. Additionally, differential
expression levels of other receptors like NOTCH2, NOTCH3, and Notch ligands like JAG1
and 2 are also observed in HNSCC [49]. However, the role of Notch signaling in HNSCC
remains controversial and may not include only LoF mutations. In contrast, there is increas-
ing evidence that, especially in advanced cases (relapsed and metastatic HNSCC), the tumor
suppressor function of NOTCH receptors—which is highly predominant and defining in
early-stage cancers—may be reversed for the opposite, exerting oncogenic activation [13].
This may further include functional compensation between the four NOTCH receptors,
especially in advanced, aggressive tumor cells, although this potential is currently very
poorly understood and under-researched. Only recently, evidence for a potential com-
pensation between NOTCH1 and NOTCH3, with an increased dependence of metastatic
HNSCC on NOTCH3 overexpression, has been reported [15]. Functional compensation
may overcome the loss of NOTCH1 in the early stages of cancer initiation and recovery
of Notch signaling activity, thus acquiring a potentially oncogenic role that may promote
tumor progression, relapse, invasion, tumor cell plasticity, and drug resistance—similar to
the situation observed in TNBC. This may also be promoted by the simultaneous overex-
pression of Notch ligands like JAG1 and JAG2, which are observed in advanced HNSCC.
Notch signaling further acts as a mechanoreceptor, with the intensity of signaling being
proportional to the area between cells in direct contact [52]. Therefore, the shift from 2D to
3D models and increasingly dense microtissues is likely to result in a significant activation
of Notch signaling. We postulate that implementing strong contacts to stromal CAFs will
further modulate the role of Notch signaling in such cancer models. Also, the formation of
complex tissue-like structures in 3D models, which goes beyond the formation of simple,
but partially de-differentiated organoids, will likely affect Notch signaling and the response
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to Notch inhibitors and/or cisplatin. In a recent study, 45 HPV-negative head and neck
carcinoma cell lines were investigated for drug sensitivity against 250+ drugs, including
cisplatin [31]. Our tests confirmed that UT-SCC-24B indeed shows higher resistance toward
cisplatin than UT-SCC-42B, according to the 2D studies by [31]. Next, we investigated the
combinatorial effects of cisplatin and gamma-secretase/Notch-inhibitor crenigacestat in 3D
monocultures of both UT-SCC-24B and UT-SCC-42B cells, in comparison to 3D cocultures of
these cells with CAFs. Adding CAFs in 3D coculture to the more sensitive UT-SCC-42B cell
line reproducibly lowered the drug sensitivity of this line. In the less sensitive UT-SCC-24B
cells, the opposite was observed. In both cases, the presence of increasing numbers of CAFs
significantly altered the drug sensitivity in comparison to 3D monoculture. We hypothesize
that these effects may be due to altered Notch signaling activity in the complex microtissues
and mediated by the CAFs.

It was suggested that high levels of NOTCH1 and NOTCH3 protein expression, even
without any treatment, may correlate with cisplatin resistance. Crenigacestat is an oral
Notch and gamma-secretase inhibitor that was reported to specifically block the expression
and activity of NOTCH1 [14,18,53]. We were particularly interested in determining whether
Notch signaling, as a stress-response-related pathway, may be specifically affected by cis-
platin treatment and play a role in acquired drug resistance. We initially hypothesized that
high levels of NOTCH1 protein expression before treatment (both the full-length protein
and the N1ICD) might generally indicate increased drug sensitivity [14,54]. However,
our findings showed that the UT-SCC-24B cell line, which exhibited significantly lower
NOTCH1 mRNA and protein expression than UT-SCC-42B, was still more resistant to cis-
platin compared to UT-SCC-42B, regardless of the NOTCH1 levels. In the 3D monoculture
of UT-SCC-24B and coculture with CAFs, both NOTCH1 and NOTCH3 protein expression
notably increased with cisplatin treatment. The more cisplatin-sensitive UT-SCC-42B mono-
cultures displayed a similar, albeit milder increase. However, cocultures of these cells with
CAFs exhibited an unexpectedly sharp decline in both NOTCH1 and NOTCH3 levels. We
concluded that there may be a correlation between cisplatin resistance and increased or
inducible levels of NOTCH1 and NOTCH3 protein expression, regardless of their initial
levels before cisplatin treatment, but it depends on the presence or absence of CAFs.

We assumed that the presence or absence of fibroblasts in tumor/stroma cocultures
may play a decisive role in cisplatin resistance, partly because of their role in Notch signal-
ing. In our experiments, crenigacestat was not exclusively linked to NOTCH1 functions
but, instead, primarily decreased NOTCH3 expression levels and only slightly decreased
NOTCH1 activation. This observation may relate to the specific inhibition of NOTCH3
expression and functionality in CAFs by the drug, especially in 3D cocultures and after
treatment with cisplatin. Finally, we analyzed the expression of the Notch ligand JAG2
expression in 3D cultures. We observed a clear decrease in the JAG2 level after cisplatin
exposure, which correlated with the WST-8 viability test results for both 3D monocultures
and cocultures of both tumor cell lines. We initially expected that JAG2 expression might
correlate with decreased cell viability and increased tumor cell death, but further research
is needed to confirm this.

5. Conclusions

The advancement in understanding the microenvironment of cancer tumors requires
a shift from traditional two-dimensional (2D) models to more complex three-dimensional
(3D) culture systems. Our study underlines the shortcomings of 2D monolayer cultures,
especially in drug sensitivity testing, and emphasizes the need for physiologically relevant
model systems. Using HNSCC cell lines with differential chemosensitivity to cisplatin, we
experimented with drug testing with various 3D culture conditions and identified the “3D
sheet model” as a superior and informative methodology. This model more closely mimics
the TM and tumor histology, by capturing the complex interactions between tumor cells
and their stromal counterparts. We are convinced this approach facilitates a more accurate
drug response assessment.
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Notably, the 3D sheet model displayed characteristic tumor morphologies, such as the
cribriform structures, suggesting its potential to recreate aggressive HNSCC conditions.
These structures, in combination with high cell density and extracellular matrix components,
can significantly affect drug penetration and efficacy, thus impacting chemosensitivity. Our
findings on the Notch signaling pathway, especially the inducible, increased NOTCH3
expression in cocultures, indicate its critical role in tumor development and possibly
acquired drug resistance, according to recent findings. The shift from 2D to 3D cultures
undoubtedly influences Notch signaling and understanding this modulation can pave the
way for targeted therapeutic strategies.

While cisplatin remains the first preferred therapy in HNSCC, resistance remains a
problematic issue. Our study digs into the potential synergies between cisplatin and Notch
inhibitors, emphasizing the relevance of combinatorial approaches. By investigating the
interplay between the tumor microenvironment, Notch signaling, and drug response in
3D models, we are coming closer to a more personalized and effective approach to cancer
therapy. Future research should aim to validate these findings in a larger perspective
and explore other potential drug combinations to expand our therapeutic arsenal against
aggressive HNSCC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15225320/s1, Figure S1: Analysis of multicellular, tissue-
like aggregates forming in 3D coculture of tumor cells (UT-SCC-24B and 42B) with patient-derived
CAFs in the “3D sheet model”; Figure S2: Signal intensity ratio of Western blots by densitometry.
Videos S1–S4: UT-SCC-42B cells in 3D mono- and coculture, in the sandwich model and the 3D
sheet model.

Author Contributions: Conceptualization: A.A. and M.N.; methodology: A.A. and A.C.; software:
A.A., A.C. and M.N.; validation: A.A. and A.C.; formal analysis: A.C.; investigation: A.A. and M.N.;
resources: M.N.; data curation: A.A. and A.C.; writing—original draft preparation: A.A., A.C., and
M.N.; visualization: A.A.; supervision: M.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Polish National Science Centre (NCN): OPUS19 (UMO-
2020/37/B/N24/03920) and OPUS21 (DEC-2021/41/N/NZ5/01938).

Institutional Review Board Statement: The study was conducted according to the guidelines and
approved by the Institutional Review and Ethical Board of the Medical University of Lublin. Ethical
approval by the host institution: KE-0254/17/01/2022. Application approved on 27 January 2022.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the presented article
and Supplementary Materials. Any additional data related to this study are available on request from
the corresponding author.

Acknowledgments: We would like to thank Tomasz Stankiewicz and Andrzej Stepulak for clinical
support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jethwa, A.R.; Khariwala, S.S. Tobacco—Related Carcinogenesis in Head and Neck Cancer. Cancer Metastasis Rev. 2017, 36, 411–423.

[CrossRef]
2. Johnson, D.E.; Burtness, B.; Leemans, C.R.; Lui, V.W.Y.; Bauman, J.E.; Grandis, J.R. Head and Neck Squamous Cell Carcinoma.

Nat. Rev. Dis. Primers 2020, 6, 92. [CrossRef]
3. Gong, Y.; Bao, L.; Xu, T.; Yi, X.; Chen, J.; Wang, S.; Pan, Z.; Huang, P.; Ge, M. The Tumor Ecosystem in Head and Neck Squamous

Cell Carcinoma and Advances in Ecotherapy. Mol. Cancer 2023, 22, 68. [CrossRef]
4. Michaud, D.S.; Langevin, S.M.; Eliot, M.; Nelson, H.H.; Pawlita, M.; McClean, M.D.; Kelsey, K.T. High-Risk HPV Types and Head

and Neck Cancer. Int. J. Cancer 2014, 135, 1653–1661. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers15225320/s1
https://www.mdpi.com/article/10.3390/cancers15225320/s1
https://doi.org/10.1007/s10555-017-9689-6
https://doi.org/10.1038/s41572-020-00224-3
https://doi.org/10.1186/s12943-023-01769-z
https://doi.org/10.1002/ijc.28811
https://www.ncbi.nlm.nih.gov/pubmed/24615247


Cancers 2023, 15, 5320 21 of 23

5. Vermorken, J.B.; Remenar, E.; van Herpen, C.; Gorlia, T.; Mesia, R.; Degardin, M.; Stewart, J.S.; Jelic, S.; Betka, J.; Preiss, J.H.; et al.
Cisplatin, Fluorouracil, and Docetaxel in Unresectable Head and Neck Cancer. N. Engl. J. Med. 2007, 357, 1695–1704. [CrossRef]
[PubMed]

6. Chow, L.Q.M. Head and Neck Cancer. N. Engl. J. Med. 2020, 382, 60–72. [CrossRef]
7. Griso, A.B.; Acero-Riaguas, L.; Castelo, B.; Cebrián-Carretero, J.L.; Sastre-Perona, A. Mechanisms of Cisplatin Resistance in HPV

Negative Head and Neck Squamous Cell Carcinomas. Cells 2022, 11, 561. [CrossRef] [PubMed]
8. Yang, Z.; Liao, J.; Carter-Cooper, B.A.; Lapidus, R.G.; Cullen, K.J.; Dan, H. Regulation of Cisplatin-Resistant Head and Neck

Squamous Cell Carcinoma by the SRC/ETS-1 Signaling Pathway. BMC Cancer 2019, 19, 485. [CrossRef]
9. Lima de Oliveira, J.; Moré Milan, T.; Longo Bighetti-Trevisan, R.; Fernandes, R.R.; Machado Leopoldino, A.; Oliveira de Almeida,

L. Epithelial–Mesenchymal Transition and Cancer Stem Cells: A Route to Acquired Cisplatin Resistance through Epigenetics in
HNSCC. Oral. Dis. 2023, 29, 1991–2005. [CrossRef]

10. Chang, W.-M.; Chang, Y.-C.; Yang, Y.-C.; Lin, S.-K.; Chang, P.M.-H.; Hsiao, M. AKR1C1 Controls Cisplatin-Resistance in Head
and Neck Squamous Cell Carcinoma through Cross-Talk with the STAT1/3 Signaling Pathway. J. Exp. Clin. Cancer Res. 2019, 38,
245. [CrossRef]

11. Misiorek, J.O.; Przybyszewska-Podstawka, A.; Kałafut, J.; Paziewska, B.; Rolle, K.; Rivero-Müller, A.; Nees, M. Context Matters:
NOTCH Signatures and Pathway in Cancer Progression and Metastasis. Cells 2021, 10, 94. [CrossRef]

12. Czerwonka, A.; Kałafut, J.; Wang, S.; Anameric, A.; Przybyszewska-Podstawka, A.; Mattsson, J.; Karbasian, M.; Le Manach, D.;
Toriseva, M.; Nees, M. Evaluation of the Anticancer Activity of RIN-1, a Notch Signaling Modulator, in Head and Neck Squamous
Cell Carcinoma. Sci. Rep. 2023, 13, 13700. [CrossRef]

13. Mohammedsaleh, Z.M.; Moawadh, M.S.; Saleh, F.M.; Jalal, M.M.; Al-Otaibi, A.S.; Saeedi, N.H.; Baskaran, R.; Huang, C.-Y.; Kumar,
V.B. Increased NOTCH1 Expression Is Associated with Low Survival in Moderate/ Poor Differentiated Human Oral Squamous
Cell Carcinoma Patients. J. Cancer 2023, 14, 3023–3027. [CrossRef]

14. Gu, F.; Ma, Y.; Zhang, Z.; Zhao, J.; Kobayashi, H.; Zhang, L.; Fu, L. Expression of Stat3 and Notch1 Is Associated with Cisplatin
Resistance in Head and Neck Squamous Cell Carcinoma. Oncol. Rep. 2010, 23, 671–676. [CrossRef] [PubMed]

15. Kondratyev, M.; Pesic, A.; Ketela, T.; Stickle, N.; Beswick, C.; Shalev, Z.; Marastoni, S.; Samadian, S.; Dvorkin-Gheva, A.; Sayad, A.;
et al. Identification of Acquired Notch3 Dependency in Metastatic Head and Neck Cancer. Commun. Biol. 2023, 6, 538. [CrossRef]
[PubMed]

16. Kałafut, J.; Czerwonka, A.; Anameriç, A.; Przybyszewska-Podstawka, A.; Misiorek, J.O.; Rivero-Müller, A.; Nees, M. Shooting
at Moving and Hidden Targets—Tumour Cell Plasticity and the Notch Signalling Pathway in Head and Neck Squamous Cell
Carcinomas. Cancers 2021, 13, 6219. [CrossRef] [PubMed]

17. Lobov, A.A.; Boyarskaya, N.V.; Kachanova, O.S.; Gromova, E.S.; Shishkova, A.A.; Zainullina, B.R.; Pishchugin, A.S.; Filippov, A.A.;
Uspensky, V.E.; Malashicheva, A.B. Crenigacestat (LY3039478) Inhibits Osteogenic Differentiation of Human Valve Interstitial
Cells from Patients with Aortic Valve Calcification in Vitro. Front. Cardiovasc. Med. 2022, 9, 969096. [CrossRef] [PubMed]

18. Mancarella, S.; Serino, G.; Dituri, F.; Cigliano, A.; Ribback, S.; Wang, J.; Chen, X.; Calvisi, D.F.; Giannelli, G. Crenigacestat, a
Selective NOTCH1 Inhibitor, Reduces Intrahepatic Cholangiocarcinoma Progression by Blocking VEGFA/DLL4/MMP13 Axis.
Cell Death Differ. 2020, 27, 2330–2343. [CrossRef]

19. Mancarella, S.; Gigante, I.; Serino, G.; Pizzuto, E.; Dituri, F.; Valentini, M.F.; Wang, J.; Chen, X.; Armentano, R.; Calvisi, D.F.; et al.
Crenigacestat Blocking Notch Pathway Reduces Liver Fibrosis in the Surrounding Ecosystem of Intrahepatic CCA ViaTGF−β
Inhibition. J. Exp. Clin. Cancer Res. 2022, 41, 331. [CrossRef] [PubMed]

20. Varatanovic, S.; Stoiber, S.; Haas, M.; Lein, A.; Kadletz-Wanke, L.; Brkic, F.F. In Vitro Antineoplastic Effects of MK0752 in
HPV-Positive Head and Neck Squamous Cell Carcinoma. J. Cancer Res. Clin. Oncol. 2023, 149, 14691–14699. [CrossRef]

21. Varatanovic, S.; Maier, T.; Al-Gboore, S.; Stoiber, S.; Kandathil, S.A.; Quint, C.; Brennus, C.; Heiduschka, G.; Kadletz-Wanke, L.;
Brkic, F.F. In Vitro Effects of Gamma-Secretase Inhibition in HPV-Positive and HPV-Negative Head and Neck Squamous Cell
Carcinoma. Investig. New Drugs 2023, 41, 193–201. [CrossRef] [PubMed]

22. Pongjantarasatian, S.; Nowwarote, N.; Rotchanakitamnuai, V.; Srirodjanakul, W.; Saehun, R.; Janebodin, K.; Manokawinchoke, J.;
Fournier, B.P.J.; Osathanon, T. A γ-Secretase Inhibitor Attenuates Cell Cycle Progression and Invasion in Human Oral Squamous
Cell Carcinoma: An In Vitro Study. Int. J. Mol. Sci. 2022, 23, 8869. [CrossRef]

23. Freed, L.E.; Vunjak-Novakovic, G.; Biron, R.J.; Eagles, D.B.; Lesnoy, D.C.; Barlow, S.K.; Langer, R. Biodegradable Polymer Scaffolds
for Tissue Engineering. Nat. Biotechnol. 1994, 12, 689–693. [CrossRef]

24. Jensen, C.; Teng, Y. Is It Time to Start Transitioning From 2D to 3D Cell Culture? Front. Mol. Biosci. 2020, 7. [CrossRef] [PubMed]
25. Breslin, S.; O’Driscoll, L. The Relevance of Using 3D Cell Cultures, in Addition to 2D Monolayer Cultures, When Evaluating

Breast Cancer Drug Sensitivity and Resistance. Oncotarget 2016, 7, 45745–45756. [CrossRef]
26. Härmä, V.; Virtanen, J.; Mäkelä, R.; Happonen, A.; Mpindi, J.-P.; Knuuttila, M.; Kohonen, P.; Lötjönen, J.; Kallioniemi, O.; Nees, M.

A Comprehensive Panel of Three-Dimensional Models for Studies of Prostate Cancer Growth, Invasion and Drug Responses.
PLoS ONE 2010, 5, e10431. [CrossRef] [PubMed]

27. Härmä, V.; Knuuttila, M.; Virtanen, J.; Mirtti, T.; Kohonen, P.; Kovanen, P.; Happonen, A.; Kaewphan, S.; Ahonen, I.; Kallioniemi,
O.; et al. Lysophosphatidic Acid and Sphingosine-1-Phosphate Promote Morphogenesis and Block Invasion of Prostate Cancer
Cells in Three-Dimensional Organotypic Models. Oncogene 2012, 31, 2075–2089. [CrossRef]

https://doi.org/10.1056/NEJMoa071028
https://www.ncbi.nlm.nih.gov/pubmed/17960012
https://doi.org/10.1056/NEJMra1715715
https://doi.org/10.3390/cells11030561
https://www.ncbi.nlm.nih.gov/pubmed/35159370
https://doi.org/10.1186/s12885-019-5664-7
https://doi.org/10.1111/odi.14209
https://doi.org/10.1186/s13046-019-1256-2
https://doi.org/10.3390/cells10010094
https://doi.org/10.1038/s41598-023-39472-0
https://doi.org/10.7150/jca.87128
https://doi.org/10.3892/or_00000683
https://www.ncbi.nlm.nih.gov/pubmed/20127005
https://doi.org/10.1038/s42003-023-04828-9
https://www.ncbi.nlm.nih.gov/pubmed/37202533
https://doi.org/10.3390/cancers13246219
https://www.ncbi.nlm.nih.gov/pubmed/34944837
https://doi.org/10.3389/fcvm.2022.969096
https://www.ncbi.nlm.nih.gov/pubmed/36247471
https://doi.org/10.1038/s41418-020-0505-4
https://doi.org/10.1186/s13046-022-02536-6
https://www.ncbi.nlm.nih.gov/pubmed/36443822
https://doi.org/10.1007/s00432-023-05269-x
https://doi.org/10.1007/s10637-023-01334-x
https://www.ncbi.nlm.nih.gov/pubmed/36809443
https://doi.org/10.3390/ijms23168869
https://doi.org/10.1038/nbt0794-689
https://doi.org/10.3389/fmolb.2020.00033
https://www.ncbi.nlm.nih.gov/pubmed/32211418
https://doi.org/10.18632/oncotarget.9935
https://doi.org/10.1371/journal.pone.0010431
https://www.ncbi.nlm.nih.gov/pubmed/20454659
https://doi.org/10.1038/onc.2011.396


Cancers 2023, 15, 5320 22 of 23

28. Härmä, V.; Schukov, H.-P.; Happonen, A.; Ahonen, I.; Virtanen, J.; Siitari, H.; Åkerfelt, M.; Lötjönen, J.; Nees, M. Quantification of
Dynamic Morphological Drug Responses in 3D Organotypic Cell Cultures by Automated Image Analysis. PLoS ONE 2014, 9,
e96426. [CrossRef]

29. Ahonen, I.; Åkerfelt, M.; Toriseva, M.; Oswald, E.; Schüler, J.; Nees, M. A High-Content Image Analysis Approach for Quantitative
Measurements of Chemosensitivity in Patient-Derived Tumor Microtissues. Sci. Rep. 2017, 7, 6600. [CrossRef]

30. Åkerfelt, M.; Bayramoglu, N.; Robinson, S.; Toriseva, M.; Schukov, H.-P.; Härmä, V.; Virtanen, J.; Sormunen, R.; Kaakinen, M.;
Kannala, J.; et al. Automated Tracking of Tumor-Stroma Morphology in Microtissues Identifies Functional Targets within the
Tumor Microenvironment for Therapeutic Intervention. Oncotarget 2015, 6, 30035–30056. [CrossRef]

31. Lepikhova, T.; Karhemo, P.-R.; Louhimo, R.; Yadav, B.; Murumägi, A.; Kulesskiy, E.; Kivento, M.; Sihto, H.; Grénman, R.; Syrjänen,
S.M.; et al. Drug-Sensitivity Screening and Genomic Characterization of 45 HPV-Negative Head and Neck Carcinoma Cell Lines
for Novel Biomarkers of Drug Efficacy. Mol. Cancer Ther. 2018, 17, 2060–2071. [CrossRef]

32. Peltanova, B.; Liskova, M.; Gumulec, J.; Raudenska, M.; Polanska, H.H.; Vaculovic, T.; Kalfert, D.; Grega, M.; Plzak, J.; Betka,
J.; et al. Sensitivity to Cisplatin in Head and Neck Cancer Cells Is Significantly Affected by Patient-Derived Cancer-Associated
Fibroblasts. Int. J. Mol. Sci. 2021, 22, 1912. [CrossRef] [PubMed]

33. Zhou, J.; Schwenk-Zieger, S.; Kranz, G.; Walz, C.; Klauschen, F.; Dhawan, S.; Canis, M.; Gires, O.; Haubner, F.; Baumeister, P.; et al.
Isolation and Characterization of Head and Neck Cancer-Derived Peritumoral and Cancer-Associated Fibroblasts. Front. Oncol.
2022, 12, 984138. [CrossRef]

34. Baykal, B.; Korkmaz, C.; Kocabiyik, N.; Ceylan, O.M. The Influence of Post-Fixation on Visualising Vimentin in the Retina Using
Immunofluorescence Method. Folia Morphol. 2018, 77, 246–252. [CrossRef]

35. Nürnberg, E.; Vitacolonna, M.; Klicks, J.; von Molitor, E.; Cesetti, T.; Keller, F.; Bruch, R.; Ertongur-Fauth, T.; Riedel, K.; Scholz, P.;
et al. Routine Optical Clearing of 3D-Cell Cultures: Simplicity Forward. Front. Mol. Biosci. 2020, 7. [CrossRef]

36. Kamiloglu, S.; Sari, G.; Ozdal, T.; Capanoglu, E. Guidelines for Cell Viability Assays. Food Front. 2020, 1, 332–349. [CrossRef]
37. Miyamoto, T.; Min, W.; Lillehoj, H.S. Lymphocyte Proliferation Response during Eimeria Tenella Infection Assessed by a New,

Reliable, Nonradioactive Colorimetric Assay. Avian Dis. 2002, 46, 10–16. [CrossRef]
38. Brandt, C.; Nolte, H.; Henschke, S.; Engström Ruud, L.; Awazawa, M.; Morgan, D.A.; Gabel, P.; Sprenger, H.-G.; Hess, M.E.;

Günther, S.; et al. Food Perception Primes Hepatic ER Homeostasis via Melanocortin-Dependent Control of MTOR Activation.
Cell 2018, 175, 1321–1335.e20. [CrossRef] [PubMed]

39. Sander, H.; Wallace, S.; Plouse, R.; Tiwari, S.; Gomes, A.V. Ponceau S Waste: Ponceau S Staining for Total Protein Normalization.
Anal. Biochem. 2019, 575, 44–53. [CrossRef] [PubMed]

40. Kaufmann, S.H.; Ewing, C.M.; Shaper, J.H. The Erasable Western Blot. Anal. Biochem. 1987, 161, 89–95. [CrossRef]
41. Duval, K.; Grover, H.; Han, L.-H.; Mou, Y.; Pegoraro, A.F.; Fredberg, J.; Chen, Z. Modeling Physiological Events in 2D vs. 3D Cell

Culture. Physiology 2017, 32, 266–277. [CrossRef] [PubMed]
42. Baker, B.M.; Chen, C.S. Deconstructing the Third Dimension—How 3D Culture Microenvironments Alter Cellular Cues. J. Cell

Sci. 2012, 125, 3015–3024. [CrossRef] [PubMed]
43. Kyriakopoulou, K.; Koutsakis, C.; Piperigkou, Z.; Karamanos, N.K. Recreating the Extracellular Matrix: Novel 3D Cell Culture

Platforms in Cancer Research. FEBS J. 2023. [CrossRef] [PubMed]
44. Benien, P.; Swami, A. 3D Tumor Models: History, Advances and Future Perspectives. Future Oncol. 2014, 10, 1311–1327. [CrossRef]

[PubMed]
45. Hesterberg, A.B.; Gordetsky, J.B.; Hurley, P.J. Cribriform Prostate Cancer: Clinical Pathologic and Molecular Considerations.

Urology 2021, 155, 47–54. [CrossRef]
46. Destouni, M.; Lazaris, A.C.; Tzelepi, V. Cribriform Patterned Lesions in the Prostate Gland with Emphasis on Differential

Diagnosis and Clinical Significance. Cancers 2022, 14, 3041. [CrossRef]
47. Andreasen, S.; Kiss, K.; Mikkelsen, L.H.; Channir, H.I.; Plaschke, C.C.; Melchior, L.C.; Eriksen, J.G.; Wessel, I. An Update on Head

and Neck Cancer: New Entities and Their Histopathology, Molecular Background, Treatment, and Outcome. APMIS 2019, 127,
240–264. [CrossRef]

48. Sriraman, S.K.; Aryasomayajula, B.; Torchilin, V.P. Barriers to Drug Delivery in Solid Tumors. Tissue Barriers 2014, 2, e29528.
[CrossRef]

49. Rettig, E.M.; Chung, C.H.; Bishop, J.A.; Howard, J.D.; Sharma, R.; Li, R.J.; Douville, C.; Karchin, R.; Izumchenko, E.; Sidransky, D.;
et al. Cleaved NOTCH1 Expression Pattern in Head and Neck Squamous Cell Carcinoma Is Associated with NOTCH1 Mutation,
HPV Status, and High-Risk Features. Cancer Prev. Res. 2015, 8, 287–295. [CrossRef]

50. Choi, K.-Y.G.; Wu, B.C.; Lee, A.H.-Y.; Baquir, B.; Hancock, R.E.W. Utilizing Organoid and Air-Liquid Interface Models as a
Screening Method in the Development of New Host Defense Peptides. Front. Cell Infect. Microbiol. 2020, 10, 534019. [CrossRef]

51. Shah, P.A.; Huang, C.; Li, Q.; Kazi, S.A.; Byers, L.A.; Wang, J.; Johnson, F.M.; Frederick, M.J. NOTCH1 Signaling in Head and
Neck Squamous Cell Carcinoma. Cells 2020, 9, 2677. [CrossRef] [PubMed]

52. Shaya, O.; Binshtok, U.; Hersch, M.; Rivkin, D.; Weinreb, S.; Amir-Zilberstein, L.; Khamaisi, B.; Oppenheim, O.; Desai, R.A.;
Goodyear, R.J.; et al. Cell-Cell Contact Area Affects Notch Signaling and Notch-Dependent Patterning. Dev. Cell 2017, 40,
505–511.e6. [CrossRef] [PubMed]

https://doi.org/10.1371/journal.pone.0096426
https://doi.org/10.1038/s41598-017-06544-x
https://doi.org/10.18632/oncotarget.5046
https://doi.org/10.1158/1535-7163.MCT-17-0733
https://doi.org/10.3390/ijms22041912
https://www.ncbi.nlm.nih.gov/pubmed/33671869
https://doi.org/10.3389/fonc.2022.984138
https://doi.org/10.5603/FM.a2017.0082
https://doi.org/10.3389/fmolb.2020.00020
https://doi.org/10.1002/fft2.44
https://doi.org/10.1637/0005-2086(2002)046[0010:LPRDET]2.0.CO;2
https://doi.org/10.1016/j.cell.2018.10.015
https://www.ncbi.nlm.nih.gov/pubmed/30445039
https://doi.org/10.1016/j.ab.2019.03.010
https://www.ncbi.nlm.nih.gov/pubmed/30914243
https://doi.org/10.1016/0003-2697(87)90656-7
https://doi.org/10.1152/physiol.00036.2016
https://www.ncbi.nlm.nih.gov/pubmed/28615311
https://doi.org/10.1242/jcs.079509
https://www.ncbi.nlm.nih.gov/pubmed/22797912
https://doi.org/10.1111/febs.16778
https://www.ncbi.nlm.nih.gov/pubmed/36929947
https://doi.org/10.2217/fon.13.274
https://www.ncbi.nlm.nih.gov/pubmed/24947267
https://doi.org/10.1016/j.urology.2021.05.028
https://doi.org/10.3390/cancers14133041
https://doi.org/10.1111/apm.12901
https://doi.org/10.4161/tisb.29528
https://doi.org/10.1158/1940-6207.CAPR-14-0366
https://doi.org/10.3389/fcimb.2020.00228
https://doi.org/10.3390/cells9122677
https://www.ncbi.nlm.nih.gov/pubmed/33322834
https://doi.org/10.1016/j.devcel.2017.02.009
https://www.ncbi.nlm.nih.gov/pubmed/28292428


Cancers 2023, 15, 5320 23 of 23

53. Man, C.-H.; Wei-Man Lun, S.; Wai-Ying Hui, J.; To, K.-F.; Choy, K.-W.; Wing-Hung Chan, A.; Chow, C.; Tin-Yun Chung, G.; Tsao,
S.-W.; Tak-Chun Yip, T.; et al. Inhibition of NOTCH3 Signalling Significantly Enhances Sensitivity to Cisplatin in EBV-Associated
Nasopharyngeal Carcinoma. J. Pathol. 2012, 226, 471–481. [CrossRef] [PubMed]

54. Lee, S.H.; Do, S.I.; Lee, H.J.; Kang, H.J.; Koo, B.S.; Lim, Y.C. Notch1 Signaling Contributes to Stemness in Head and Neck
Squamous Cell Carcinoma. Lab. Investig. 2016, 96, 508–516. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/path.2997
https://www.ncbi.nlm.nih.gov/pubmed/22009689
https://doi.org/10.1038/labinvest.2015.163

	Introduction 
	Materials and Methods 
	Cell Lines and Cell Culture 
	Use of the Sandwich Model in -Angiogenesis 96-Well Plates 
	Isolation of Patient-Derived Fibroblasts from Tumor Biopsies 
	Preparation of “3D Sheet Model” and “3D Sandwich Model” in Costar® 12-Well Plate 
	Immunofluorescence Staining 
	Isolation of Cell Cultures from Matrigel Collagen Mixture Gel 
	Quantitative PCR (qRT-PCR) Analysis 
	WST-8 Metabolic Assay 
	Protein Extraction and Western Blotting 
	Statistical Analysis 

	Results 
	UT-SCC-24B and UT-SCC-42B Monocultures and Cocultures in -Plate Angiogenesis 96-Well Plate 
	Replacing hTERT-Immortalized and GFP-Labeled CAFs and Moving from -Plate Angiogenesis 96-Well Plate to Costar® 12-Well Cell Culture Multiple-Well Plate 
	Immunofluorescence (IF) Staining 
	qRT-PCR Analysis for 3D Monocultures and Cocultures with Different Tumor/CAF Ratio 
	WST-8 Assays 
	Western Blot Analysis 

	Discussion 
	Conclusions 
	References

