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ABSTRACT Objective: Squamous cell carcinoma (SCC) represents the most common histotype of all head and neck malignancies and includes 

oropharyngeal squamous cell carcinoma (OSCC), a tumor associated with different clinical outcomes and linked to human papilloma 

virus (HPV) status. Translational research has few available in vitro models with which to study the different pathophysiological 

behavior of OSCCs. The present study proposes a 3-dimensional (3D) biomimetic collagen-based scaffold to mimic the tumor 

microenvironment and the crosstalk between the extracellular matrix (ECM) and cancer cells.

Methods: We compared the phenotypic and genetic features of HPV-positive and HPV-negative OSCC cell lines cultured on 

common monolayer supports and on scaffolds. We also explored cancer cell adaptation to the 3D microenvironment and its impact 

on the efficacy of drugs tested on cell lines and primary cultures.

Results: HPV-positive and HPV-negative cell lines were successfully grown in the 3D model and displayed different collagen fiber 

organization. The 3D cultures induced an increased expression of markers related to epithelial–mesenchymal transition (EMT) and 

to matrix interactions and showed different migration behavior, as confirmed by zebrafish embryo xenografts. The expression of 

hypoxia-inducible factor 1α (1α) and glycolysis markers were indicative of the development of a hypoxic microenvironment inside 

the scaffold area. Furthermore, the 3D cultures activated drug-resistance signaling pathways in both cell lines and primary cultures.

Conclusions: Our results suggest that collagen-based scaffolds could be a suitable model for the reproduction of the pathophysiological 

features of OSCCs. Moreover, 3D architecture appears capable of inducing drug-resistance processes that can be studied to better our 

understanding of the different clinical outcomes of HPV-positive and HPV-negative patients with OSCCs.
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Introduction

Head and neck carcinomas (HNCs) represent the sixth 

most common non-skin cancer worldwide1, with an annual 

incidence of about 400,000 new cases and a 50% mortality 

rate2,3. Squamous cell carcinomas (SCCs) represent approxi-

mately 90% of all HNCs4. Although the primary risk factors 

are alcohol abuse and tobacco, human papilloma virus (HPV) 

has now been linked to the development of some tumor 

types5. HPV-positive SCCs arise mainly in the oropharynx 

and have different pathological and clinical characteristics 

with respect to HPV-negative tumors6-8. Oropharyngeal squa-

mous cell carcinomas (OSCCs) show a more favorable clinical 

outcome than alcohol- and tobacco-related SCCs9. Standard 

treatment options for SCCs include radiation, surgery, chemo-

therapy, targeted therapies, and immunotherapy. In OSCCs, 
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chemotherapy is often used in advanced stages of the disease. 

5-fluorouracil (5-FU) and platinum-based drugs [cisplatin 

(CIS) and carboplatin] represent the most widely used chem-

otherapeutic agents, whereas taxol-based treatments are pre-

ferred in the metastatic setting10. The only targeted  therapy 

approved for OSCCs, regardless of HPV status, is cetuxi-

mab (CETU), an epidermal growth factor receptor (EGFR)-

targeting monoclonal antibody used alone or in combination 

with chemotherapy11. Immune checkpoint inhibitors show 

great promise for the treatment of HNCs, and several clinical 

trials and preclinical studies of anti-cytotoxic T-lymphocyte–

associated antigen 4, anti-programmed death 1, anti-pro-

grammed death ligand 1, and novel immunotherapeutic drugs 

are currently ongoing to identify new treatment options12.

Despite these innovative therapeutic approaches, disease 

relapse and drug resistance remain a challenge in OSCCs. 

Response to treatment is influenced by many factors, includ-

ing interaction with the extracellular matrix (ECM)13. Like 

other cancers, SCCs are dynamic masses that remodel the 

 3-dimensional (3D) ECM structure and interact constantly 

with stromal components14. The ECM has a fiber network 

that provides physical support and is also involved in regulat-

ing numerous cellular processes15. For example, during can-

cer progression, the association between integrins and ECM 

components induces cell adhesion-mediated drug resistance16. 

Integrin signaling supports ECM biosynthesis, increases 

 collagen fiber crosslinking, and sustains chemotaxis-driven 

cell invasion17. Given that the reproduction of these tumor 

microenvironment features is virtually impossible in mon-

olayer models, 3D cultures have been developed in an attempt 

to mimic the architecture of the tumor niche18-20.

In the present study we investigated, as far as we know, for 

the first time, the impact of a 3D biomimetic collagen-based 

scaffold on the phenotypic and genotypic features of OSCC 

cells. We also evaluated the role of scaffold architecture in the 

response of cell lines and patient-derived primary cultures to 

standard treatments.

Materials and methods

Collagen-based scaffold synthesis

Collagen scaffolds were synthesized using chemicals pur-

chased from Sigma-Aldrich (St. Louis, MO, USA). Bovine type 

I collagen (1 wt%) was suspended and precipitated to pH 5.5. 

The collagen was crosslinked with 1.4-butanediol diglycidyl 

ether (1 wt%) to control porosity and stabilize the collagen 

matrix. A freeze-drying process was used to generate the final 

monolithic scaffold. An established freezing and heating ramp 

yielded scaffolds with optimal levels of pore interconnectivity, 

porosity, and size (as previously reported)21. Obtained scaf-

folds were immersed in 70% ethanol for 1 h for complete steri-

lization and followed by 3 washes of 5′ each in sterile Dulbecco 

phosphate-buffered saline (Life Technologies, Carlsbad, CA, 

USA).

Two-dimensional (2D) and 3D cell cultures and 
reagents

UPCI:SCC090 OSCC cell line was purchased from American 

Type Culture Collection (Rockville, MD, USA), and UM-SCC6 

HPV-negative OSCC cell line was obtained from MD Millipore 

(Merck SpA, Darmstadt, Germany). UPCI:SCC090 cells were 

maintained in Eagle’s minimum essential medium (ATCC, 

Rockville, MD, USA) supplemented with 1% of l-glutamine 

(PAA, Piscataway, NJ, USA) and 10% of fetal bovine serum 

(FBS; Euroclone, Milan, Italy). UM-SCC6 cell line was cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) High 

Medium (Euroclone) supplemented with 1% penicillin/strep-

tomycin (PAA), 1% non-essential amino acids (Euroclone), 

and 10% FBS. Cells were counted and seeded in monolayer cul-

tures or in collagen-based scaffolds13. The growth curves were 

generated on 2D and 3D cultures (concentration of 3.5 × 106 

cells for scaffold) through MTT tests (Sigma-Aldrich) at 24 h, 

72 h, and 5 days. All cell lines were maintained in a 5% CO2 

atmosphere at 37 °C.

Immunohistochemical and immunofluorescence 
staining

For staining protocols, collagen-based scaffolds were embed-

ded in paraffin, using cryomold (25 × 20 × 5 mm). To eval-

uate the culture’s morphological features, 5-µm-thick slides 

were used for staining. Slides were hydrated and stained with 

hematoxylin and eosin (H&E; Sigma-Aldrich) or with phalloi-

din and 4′,6-diamidino-2-phenylindole (Invitrogen, Carlsbad, 

CA, USA).

Hypoxia-inducible factor 1α (HIF-1α) expression was 

determined in 5-µm sections and on cells cytospinned onto 

glass slides with Ventana BenchMark ULTRA system (Ventana 

Medical Systems, Tucson, AZ, USA) according to the manu-

facturer’s instructions. The samples were stained with rabbit 
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monoclonal anti-HIF-1α antibody (1:100, ab51608) and glu-

cose transporter 1 (GLUT-1, 1:1,000, ab115730) (both from 

Abcam, Cambridge, UK). Counterstaining was performed with 

hematoxylin. Stained slides were analyzed using an inverted 

microscope (Axioskop; Carl Zeiss, Gottïngen, Germany). 

Images of phalloidin-stained samples images were acquired 

by a confocal microscope and analyzed with the NIS Elements 

software (both from Nikon Corporation, Tokyo, Japan).

Gene expression analysis

mRNA extraction and quantitative polymerase chain reac-

tion (qPCR) assay were performed as previously described21. 

2D culture cells were collected by trypsinization and resus-

pended in TRIzol reagent (Invitrogen); meanwhile, 3D culture 

cells were processed with TRIzol directly on the scaffolds. All 

 specimens were conserved at −80 °C. RNA (500 ng) was retro- 

transcribed to obtain cDNA using iScript cDNA Synthesis 

Kit (BioRad, Hercules, CA, USA). A 2× Taqman Universal 

PCR Master Mix and a 7,500 Real-Time PCR System (both 

from Applied Biosystems, Foster City, CA, USA) were used 

for the amplification of 2 µL of cDNA by real-time poly-

merase chain reaction assay. The following genes were ana-

lyzed: CDH1, vimentin (VIM), SNAIL, MMP2, MMP9, LOX, 

GAPDH, NT5E, FOXM1, FLT1, ABCA3, CXCR4, TP53, and 

TGFβ. ACTB and HPRT were used as housekeeping genes. 

The obtained data were normalized to the housekeeping genes 

with the  delta-delta Ct (2-ΔΔCt) method.

Zebrafish husbandry

Tg(fli1:EGFP) transgenic zebrafish strain was handled in com-

pliance with local animal welfare regulations (authorization 

No. prot. 18311/2016; the authorization for zebrafish breeding 

in the IRST facility was released by the “Comune di Meldola”, 

09/11/2016) and in conformity with the Directive 2010/63/EU. 

Fertilized eggs were collected by natural spawning and raised 

at 28 °C in embryo water with 0.1% methylene blue, accord-

ing to Kimmel et al.22. Before manipulation, zebrafish embryos 

were anesthetized in 0.02% tricaine solution (Sigma-Aldrich).

Tumor xenograft in zebrafish embryos

Tg(fli1:EGFP) transgenic zebrafish embryos were decho-

rionated at 48 h post-fertilization (hpf). Cells from 2D cul-

tures were collected by trypsinization, whereas cells seeded 

on scaffolds were obtained after 2 mg/mL collagenase type I 

digestion (Millipore Corporation, Billerica, MA, USA) 1:1 

in DMEM High Medium for 15 min at 37 °C under stirring 

conditions. Cells were labeled with a red fluorescent dye 

(CellTracker™ CM-DiI; Invitrogen) and resuspended in PBS at 

a concentration of 2.5 × 105/µL. 300/500 cells were implanted 

in the sub-peridermal space of 48-hpf embryos after tricaine 

anesthetization. Embryos injected in the yolk sack or/and that 

show cancer cells in circulation were excluded. The 2 groups 

injected with 2D or 3D culture cells were incubated at 32 °C. 

At 24 h post-injection (hpi), the presence of circulating cells 

and micro-metastasis development was evaluated using a fluo-

rescence stereomicroscope (Nikon SMZ 25 equipped with NIS 

Elements software).

Drug sensitivity test

Drug sensitivity assays were performed on 2D and 3D cul-

tures. Two days after seeding, the cell lines were treated with 

plasmatic peak concentrations of CIS, 5-FU, CETU, and gem-

citabine (GEMCI) in accordance with the pharmacokinetic/

clinical data for each drug. CIS was administered at a con-

centration of 4.1 µg/mL23, 5-FU at 55.44 µg/mL24, CETU at 

130 µg/mL25, and GEMCI at 15.83 µg/mL26. After 72 h of treat-

ment, surviving cell fractions were measured using the MTT 

test (Sigma-Aldrich) following the manufacturer’s protocol27.

Establishment of primary cell cultures

The study involved 2 patients affected by SCCs. Patients under-

went surgical treatment after having signed informed writ-

ten consent. Patient-derived primary cultures were obtained 

from surgical specimens. The tissue samples were analyzed 

by an experienced pathologist, and a section of cancer tissue 

was transported under sterile conditions to the Biosciences 

Laboratory of our institute (IRST IRCCS) within 45 min of 

removal. Tumor samples were washed twice with PBS and 

minced with surgical scalpels into fragments of approxi-

mately 0.5–1 mm3 as previously reported28. Fragments were 

incubated in a PBS solution of 2 mg/mL collagenase type I 

(Millipore Corporation) 1:1 in DMEM High Medium for 

15 min at 37 °C and then at room temperature for a further 

15 min. The suspension was then filtered with a 100-µm ster-

ile mesh filter (CellTrics; Partec, Münster, Germany). Single-

cell suspensions were seeded in monolayer or 3D cultures and 

maintained at 37 °C in a 5% CO2-humidified atmosphere. 
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All the experiments were performed within 2 weeks and ana-

lyzed by an experienced pathologist. The present study was 

approved by the IRST-Area Vasta Romagna Ethics Committee 

(Approval No. 4751/2015) and performed according to Good 

Clinical Practice standards and with the principles laid down 

in the Declaration of Helsinki (1964).

Statistical analysis

Each experiment was repeated at least 3 times. Data are shown 

as mean ± standard deviation or mean ± standard error, as 

stated, with n indicating the number of replicates. Two-tailed 

Student’s t-test was used to define the differences between 

groups, and P values < 0.05 were considered significant.

Results

3D collagen-based scaffold reproduces 
different tissue-like organizations and 
phenotypes

The proliferation curves of UM-SCC6 HPV-negative cells and 

UPCI:SCC090 HPV-positive cells were analyzed by MTT assay 

at different time points. Monolayer cultures grew rapidly and 

constantly for up to 5 days post-seeding. Conversely, scaffold 

cultures did not show an exponential growth phase at the same 

time points, maintaining a constant proliferation over time in 

culture (Figure 1A). Confocal microscopy imaging was used 

to study the distribution and proliferation in different regions 

of the scaffold area (core and edge) (Figure 1B–1D). The 

cells of both lines showed a high concentration in the scaf-

fold core 24 h post-seeding: 75% for UM-SCC6 and 76.5% 

for UPCI:SCC090. However, cell distribution changed after 5 

days’ culture, with images showing higher cell concentrations 

at the edge of the scaffold area in both cell lines (54.5% for 

UM-SCC6 and 69.55% for UPCI:SCC090).

The cell organization in the 3D scaffold matrix of the 2 cell 

lines was analyzed by H&E staining and confocal imaging 

(Figure 1E). UM-SCC6 displayed a mesenchymal-like pheno-

type with homogeneous distribution along the collagen fib-

ers, with low cell-to-cell contact. Conversely, UPCI:SCC090 

showed a dense clustered organization with a higher mean 

cellularity. Confocal images reflected the migration tendency 

of UM-SCC6 and showed Indian filing, an aligned distribu-

tion over the collagen fibers that reflects an aggressiveness 

phenotype29. Conversely, UPCI:SCC090 images confirmed the 

tendency to grow in aggregates within the porous area and to 

display an epithelial-like morphology.

Gene expression analysis on 2D and 3D cultures revealed 

 different gene expression modulations in the 2 cell lines (Figure 1F 

and 1G). UM-SCC6 showed a higher CDH1 (E-cadherin) 

expression after 72 h culture in the 3D model (P = 0.01). No 

change was detected between the different UPCI:SCC090 cul-

tures. The expression of 2 epithelial–mesenchymal transition 

(EMT)-related markers, VIM and SNAIL, was also analyzed. In 

UM-SCC6 cells, VIM and SNAIL mRNA levels increased con-

stantly since 72 h in 3D culture. UPCI:SCC090 expressed similar 

VIM levels in both culture systems, but SNAIL expression signif-

icantly increased in the scaffold microenvironment.

The interaction between cancer cells and 
collagen matrix induces an aggressive 
phenotype

We analyzed 2 ECM-degrading metalloenzymes, metallopro-

teinase 2 and 9 (MMP2 and MMP9), and lysyl oxidase (LOX) 

expression to understand how OSCC cells interact with colla-

gen fibers29-32. Over time in culture, the 3D microenvironment 

induced the overexpression of both MMPs in UM-SCC6 (after 

72 h for MMP2, P = 0.002; after 48 h and 72 h for MMP 9, P = 

0.004 and P = 0.01, respectively) (Figure 2A). No modulation 

in MMP expression was observed in UPCI:SCC090 (Figure 

2B). Conversely, LOX was the most upregulated marker in 

both cell lines cultured in 3D, with expression levels 11.15- 

and 7.38-fold higher than those of monolayer cultures of 

UM-SCC6 and UPCI:SCC090, respectively (after 48 and 72 h 

for UM-SCC6, P = 0.003 and P = 0.009, respectively; after 24, 

48, and 72 h for UPCI:SCC090, P = 0.02, P = 0.02, and P = 

0.01, respectively).

We used the zebrafish in vivo model to evaluate the phe-

notype of cells grown on collagen-based scaffolds and on 

monolayers (Figure 2C and 2D), confirming, as expected, 

the more aggressive phenotype of the former. Cells injected 

in the perivitelline space migrated inside the vessels and 

formed metastases. As previously stated, HPV-negative cells 

showed higher in vitro aggressiveness than the HPV-positive 

line. This result was further confirmed by the higher number 

of metastatic embryos at 24 hpi. Both 3D cultures showed 

a higher number of migrated cells inside the circulation 

than their monolayer culture counterparts (P = 0.03 for 

UM-SCC6 and P = 0.05 for UPCI:SCC090) (Figure 2E and 

2F, respectively).
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Figure 1 Characterization of the 3D oropharyngeal squamous cell carcinoma culture model. (A) Fold changes in percentage of cell pro-
liferation (relative to hour 0) of UM-SCC6 and UPCI:SCC090 in monolayer (2D) and in scaffolds (3D) after 24 h, 72 h, and 5 days. (B) Whole 
images of histological sections of scaffold cultured with UM-SCC6 and UPCI:SCC090 on days 1 and 5. Cells are stained with DAPI (blue) and 
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The scaffold structure induces a hypoxic 
microenvironment

Hypoxia is one of the consequences of the development of tum-

ors, including OSCCs19. 3D culture systems have proven capable 

of reproducing the low oxygenation of the tumor environment, 

closely mimicking clinical practice/a real-world setting33,34. We 

evaluated whether the oxygenation pattern changed inside the 

scaffold structure by analyzing the expression of the hypoxic 

marker HIF-1α (Figure 3A). Over time, the cell lines cultured 

in monolayers showed little or no HIF-1α positivity. Conversely, 

3D cultures showed high immunohistochemical expression of 

HIF-1α. In particular, HPV-negative cells exhibited increased 

HIF-1α positivity (15.52%, 29.03%, and 28.33% of positive 

cells at 24, 48, and 72 h, respectively), whereas HPV-positive 3D 

cultures showed decreased expression of the marker during the 

time in culture (91.42%, 73.12%, and 31.39% of positive cells at 

24, 48, and 72 h, respectively) (Figure 3B and 3C).

In the event of oxygen deficiency, it is known that cancer 

cells take advantage of glycolysis as a source of energy35. We 

determined the expression of glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), an enzyme involved in glycolysis 

processes to evaluate glycolysis stimulation in the hypoxic 

core. Results revealed an increment in GAPDH mRNA in 

UPCI:SCC090 grown on scaffolds (P = 0.02, P = 0.0002, and 

P = 0.004 at 24, 48, and 72 h, respectively), whereas UM-SCC6 

maintained the same expression levels in 2D and 3D cultures 

(Figure 3D). We also measured the immunohistochemical 

expression of the glucose transporter (GLUT-1) to confirm 

glycolysis stimulation. Images displayed a higher membrane 

expression of GLUT-1 in both cell lines seeded in the 3D scaf-

fold than in 2D monolayer cultures (Figure 3E).

3D scaffold induces mechanisms of drug-
resistance

Hypothesizing that 3D collagen-based scaffolds can success-

fully predict drug-induced cytotoxic effects, we treated 2D and 

3D cultures with drugs used in clinical practice for OSCCs 

CIS, 5-FU, CETU, and GEM. The plasma peak concentration 

was used for all drugs. UM-SCC6 displayed a low response to 

each treatment when seeded on scaffolds (CIS, P = 0.03; 5-FU, 

P = 0.0002; CETU, P = 0.0002; GEM, P = 0.0001) (Figure 4A). 

A similar behavior was observed for UPCI:SCC090 (Figure 

4B), with the exception of a higher response to CETU in 2D 

cultures than in 3D models (5-FU, P = 0.003; GEM, P = 0.04).

We analyzed the expression of several genes involved in 

drug-resistance processes, including NT5E, FOXM1, FLT1, 

and ABCA3 (Figure 4C and 4D). Findings showed higher 

expression levels of NT5E and FOXM1 in 3D HPV-positive 

cells (4.57- and 1.73-fold higher expression at 72 h, respec-

tively) and lower levels in the HPV-negative cell line. 

The expression levels of FLT1 in UM-SCC6 3D cells were 

1.63-fold higher than that in 2D cultures. Conversely, there 

was no overexpression of FLT1 in UPCI:SCC090 in scaffold 

cultures. qPCR analysis revealed increased ABCA3 expres-

sion in HPV-negative 3D cultures (4.3-fold higher than in 

monolayer cultures at 72 h), not observed in HPV-positive 

cells.

3D patient-derived primary cultures confirm 
the induction of drug resistance

Patient-derived primary cultures were established from fresh 

surgery specimens obtained from 2 patients with SCCs. Patient 

characteristics are summarized in Table 1. mRNA extracted 

from healthy tissue (HN2 H and HN14 H) and cancer tissue 

(HN2 K and HN14 K) was used to detect genes involved in 

tumor pathological processes (Figure 5A and 5B). VIM, CDH1, 

CXCR4, TP53, TGFβ, MMP2, and MMP9 were valuated. HN2 

and HN14 tumor samples expressed higher levels of VIM (0.7 

and 2.1, respectively), CXCR4 (1.4 and 2.8, respectively), TP53 

(0.9 and 1.4, respectively), and MMP9 (17.9 and 4.7, respec-

tively) than healthy tissue. CDH1 and TGFβ were downregu-

lated in HN2 K and upregulated in HN14 K, whereas MMP2 

displayed an inverse behavior.

green is the collagen scaffold autofluorescence. Scale bars: 1 mm. (C, D) Cell percentage in the core and at the edge of the scaffold area. Data  
represent mean ± standard deviation. *P < 0.05, 2-tailed Student’s t-test. (E) Images of H&E-stained histological sections and confocal images 
of UM-SCC6 and UPCI:SCC090 scaffold cultures. From above: H&E images at 4× magnification (scale bars: 100 µm) and 20× magnification 
(scale bars: 50 µm); confocal images of sections stained with phalloidin in red and DAPI in blue (scale bar: 20 µm). (F, G) CDH1, VIM, and 
SNAIL relative mRNA expression in UM-SCC6 and UPCI:SCC090 within the scaffold vs. 2D cultures after 24, 48, and 72 h. Data represent 
mean ± standard deviation. *P < 0.05, 2-tailed Student’s t-test. 3D, 3-dimensional; 2D, 2-dimensional; H&E, hematoxylin and eosin; DAPI, 
4′,6-diamidino-2-phenylindole.
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images of HIF-1α-stained cytospinned cells and histological sections of 2D and 3D cultures (scale bar: 50 µm). (B, C) Percentage of HIF-1α-
positive cells in 2D and 3D cultures of UM-SCC6 and UPCI:SCC090 after 24, 48, and 72 h. Data represent mean ± standard deviation. *P < 0.05, 
2-tailed Student’s t-test. (D) GAPDH mRNA expression levels in 3D vs. 2D cultures after 24, 48, and 72 h. Data represent mean ± standard devi-
ation. *P < 0.05, 2-tailed Student’s t-test. (E) Representative images of GLUT-1-stained cytospinned cells and histological sections of 2D and 3D 
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Primary cultures preserved tumor stroma components, a 

key factor in maintaining the tumor microenvironment and 

the crosstalk between healthy and malignant cell  populations36. 

H&E staining highlighted different morphology features in 

HN2 and HN14 primary cultures (Figure 5C and 5D). HN2 

showed approximately 20% of cancer cells isolated or in 

small clusters characterized by prominent nuclei, clear central 

nucleolus and large eosinophilic cytoplasm. Conversely, HN14 

cultures colonized the scaffold area with approximately 30% 

of malignant cells, isolated or aggregated in small clusters. The 

cells had a spindle morphology and eosinophilic cytoplasm, 

whereas the nuclei showed dispersed chromatin and a single, 

central, and clear nucleolus.

Cells seeded on scaffolds and on monolayer supports were 

treated with the same drugs used for cell lines (Figure 5E 

and 5F). Drug resistance was induced in 3D primary cul-

tures respect 2D counterparts (HN2: CIS, P = 0.035; GEM, 

P = 0.008; HN14: CIS, P = 0.05; CETU, P = 0.02) but was less 

pronounced than in UM-SCC6 and UPCI:SCC090 cell lines. 

5-FU was the only treatment more effective in cells in 3D 

HN14 cultures than in 2D HN14 cultures.

Discussion

In recent years, the incidence of OSCCs has been increasing, 

especially in younger patients and in western countries37,38. 

Table 1 Patient characteristics

Patient Gender Age (years) at surgery Site Size (cm) Histological subtype TNM staging

HN2 M 78 Oral cavity (gingiva) 8 × 4.5 × 1.1 SCC T4aN2bM0

HN14 F 61 Oral cavity (gingiva and mandible) 8 × 7 × 5 SCC T4aN0M0

M, male; F, female; SCC, squamous cell carcinoma.
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The HPV status for these tumor types has a profound impact 

on patient outcome, i.e., HPV-positive OSCCs are associated 

with better prognosis and have different biological features 

with respect to HPV-negative disease8,37,38. A better under-

standing of the role played by the tumor microenvironment 

and of its involvement in disease pathogenesis and drug-resist-

ance mechanisms is needed.

In the last few decades, new in vitro models have been devel-

oped to better mimic the structure of the tumor niche18. One 

such approach is the 3D model. An ideal cancer 3D culture 

should resemble the tissue architecture and microenviron-

ment features of the tumor niche that enable cancer cells to 

reproduce characteristics such as differentiation, heterogene-

ity, proliferation, migration, and metabolism39. An example 

of this is a kind of spheroids, which are spherical 3D cultures 

developed from cell-cell interactions that drive the aggregation 

processes of cancer cells18. Usually developed from a single cell, 

spheroids are normally characterized by different organized 

areas that contribute to the reproduction of the tumor micro-

environment40. The different oxygen and nutrient distribution 

within the spheroid induces an organized structure composed 

of an outer, actively proliferative layer and an inner apoptotic 

core40,41. Spheroids can also be originated from cell lines or 

from ex vivo primary cultures called cancer tissue-originated 

spheroids, which preserve the genetic and phenotypic fea-

tures of a patient’s tumor42,43. Although these features make 

spheroids an ideal technology for studying the many aspects 

of a tumor, the lack of a complex 3D architecture limits their 

use to understand ECM-cancer interactions44. Organoids 

represent a different approach. Unlike cultures derived from 

single cells, organoids are tissue fragments cultured in vitro 

that maintain the heterogeneity and 3D spatial organization 

of the original cancer niche cell populations while also con-

serving the ECM structure and composition of the tumor of 

origin44. Thus, the nature of organoids endows this model 

with an important translational value, but it also confers some 

limitations. Surgical samples are often difficult to obtain by 

laboratories and their management is complex. In the pres-

ent work, we successfully established a new 3D OSCC model 

using collagen-based scaffolds. Biomimetic porous scaffolds 

composed of biologically derived matrices are simple, inex-

pensive models for mimicking the tissue structure, tumor–

stroma interactions, and structural/physical support of cancer 

cells18. Conversely, the biochemical and physical properties 

of the material (i.e., biocompatibility, porosity, and stiffness) 

partially condition cell behavior and the reproducibility of the 

structure. Our aim was to understand whether these 3D cul-

tures can successfully reproduce the different features of HPV-

positive and HPV-negative OSCC cells.

We demonstrated that the 3D structure affected cell growth 

dynamics and that the analyzed cell lines showed a different 

collagen fiber organization. Monolayer cultures displayed 

the typical proliferation rate characterized by an exponential 

growing phase, whereas 3D cultures showed different prolifer-

ation dynamics, resulting in a proliferation rate that remained 

virtually unaltered over time. Confocal imaging revealed a 

difference in the proliferation behavior between the core and 

the edge of the scaffold, e.g., 5 days after seeding, there was a 

higher proportion of cells from both cell lines in the edge than 

in the core area. The edge of the collagen matrix has closer 

contact with media nutrients and oxygen than the inner parts, 

and this microenvironment characteristic may partly explain 

the different proliferation rates between the 2 scaffold dis-

tricts. Moreover, the cell distribution along the collagen fib-

ers differed substantially in the 2 cell lines. HPV-negative cells 

showed a spindle-shaped mesenchymal phenotype and an 

aligned fiber distribution. These features are known as Indian 

filing, a morphology pattern often associated with aggressive 

invasive lobular breast carcinoma33. Conversely, HPV-positive 

cells showed an epithelial-like phenotype, growing in clusters 

that occupied much of the pore surface. We previously studied 

the alterations induced by 3D scaffolds in 2 breast cancer cell 

lines with different levels of aggressiveness19. The cells asso-

ciated with high invasiveness displayed the same Indian file 

organization as that of HPV-negative cells, whereas less aggres-

sive breast cancer cells and HPV-positive cell lines had similar 

epithelial-like morphologies and cell distribution. Overall, 

these results suggest that collagen-based scaffolds are capable 

of reproducing morphology features driven by cell aggressive-

ness that cannot be recreated by monolayer supports.

To better characterize our 3D model, we studied the influ-

ence of scaffolds on different pathways and processes involved 

in cancer progression. First, we investigated whether EMT 

processes play a role in the different behavior of the 2 cell lines. 

We analyzed the expression of SNAIL and VIM, 2 genes asso-

ciated with mesenchymal phenotype45,46. During the culture 

period, SNAIL expression increased in both cell lines, whereas 

VIM expression was only upregulated in UM-SCC6. The 2 cell 

lines interacted differently with the 3D microenvironment, 

activating EMT pathways when seeded on scaffolds. These 

data provide evidence of the ability of our 3D model to induce 

a more mesenchymal phenotype than 2D cultures.
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Then, our 3D model enabled us to study the interaction 

between cancer cells and the ECM, which affects several can-

cer processes47. This is not normally possible with 2D in vitro 

models. We used our 3D device to mimic the hierarchically 

organized ECM structure. Collagen, which is present in all 

human tissues, stimulates intracellular signaling through the 

activation of cell receptors and provides physical support 

for cell migration and proliferation48. We thus evaluated the 

expression of genes involved in the remodeling of the ECM: 

MMP2, MMP9, and LOX. MMPs are a group of endopepti-

dases responsible for modifying extracellular components49. 

Their interaction with scaffold collagen fibers induced MMP 

overexpression in the HPV-negative OSCC cell line but not 

in HPV-positive UPCI:SCC090. Conversely, the expression 

of LOX, an enzyme involved in ECM remodeling through the 

crosslinking of collagen and elastin, increased over time in the 

3D cultures of both cell lines50. The interaction of OSCC cells 

with collagen fibers allowed this crosslinking activity. ECM is 

the product of several proteins that differ from tissue to tissue 

and from tumor to tumor51,52. Type I collagen represents a key 

structural component of ECM, influencing tumor invasion 

and progression53. It is composed of a 2-chain heterotrimer of 

collagen type I α1 and collagen type I α2, encoded by COL1A1 

and COL1A2, respectively54. We analyzed the TCGA and GTEx 

project databases using the Human Protein Atlas (https://

www.proteinatlas.org/about) and GEPIA255 (Supplementary 

Figure S1A and S1B) tools, identifying cancers expressing high 

levels of COL1A1 and COL1A2. Head and neck cancer, breast 

cancer, and sarcomas are all malignancies with increased type I 

collagen expression. Our model could thus represent a suitable 

tool to study the role of the ECM in tumors with a high type 

I collagen content, including head and neck cancers. It could 

also facilitate the in vitro evaluation of cancer cell–ECM inter-

actions in OSCC pathophysiology, which standard in vitro 

models cannot reproduce. However, its reliability in other 

cancer types warrants further investigation.

We looked at the potential involvement of hypoxia signaling 

in our 3D model as the development of a hypoxic microenvi-

ronment is one of the causes of altered growth dynamics and 

phenotypes. HIF-1α expression was observed in 3D in the 

nuclei along the whole scaffold surface. The hypoxia pheno-

type was associated with a change in cancer cell metabolism, 

with a switch toward glycolysis as a means of adapting to low 

oxygen levels56. GAPDH upregulation was observed in HPV-

positive cells, and a high GLUT-1 expression was detected in 

both cell lines with respect to 2D monolayer cultures. These 

findings suggest that the hypoxic microenvironment could, 

in part, be responsible for phenotype alterations and drug 

resistance.

We used the zebrafish embryo model to confirm the 

aggressiveness of the phenotype acquired by OSCC cell lines 

grown in 3D scaffolds. In recent years, the number of avail-

able transgenic zebrafish strains has increased, offering new 

in vivo systems for several applications18. The transgenic strain 

Tg(fli1:EGFP) has green fluorescent blood vessels and repre-

sents a suitable model for the study of cancer migration pro-

cesses. As far as we know, this is the first time that OSCC cells 

grown on biomimetic scaffolds have been injected into zebraf-

ish. At 24 hpi, a higher number of embryos showed diffuse 

micrometastases when injected with scaffold cells with respect 

to 2D culture cells. In agreement with our in vitro results, the 

scaffolds increased the migration capability of OSCC cells.

Zhang et al.57 previously showed that the 3D structure of a 

polyester-based scaffold reduced the radiosensitivity of OSCC 

cell lines. Conversely, we investigated the sensitivity of our dif-

ferent biomimetic scaffold cultures to standard chemothera-

peutic agents used to treat OSCC. Significant drug resistance 

to all treatments was observed in the 3D model compared with 

monolayer cultures, with the exception of CIS and CETU in 

UPCI:SCC090 cells. The cytotoxic effect of higher concentra-

tions of CIS and CETU requires further investigation to elu-

cidate the scaffold implication in the drug responses in these 

2 conditions. HPV status is a strong and independent prog-

nostic factor6. Patients with HPV-positive OSCC have a good 

prognosis, and their risk of death is half that of HPV-negative 

individuals58. Comparing the response to single treatments 

in monolayer cultures, the HPV-negative cell line exhibited 

higher sensitivity to 5-FU, CETU (P = 3.2 × 10−5), and GEM 

than the HPV-positive line UPCI:SCC090 (Supplementary 

Figure S2). Conversely, HPV-positive cells in 3D scaffolds 

were more sensitive to drugs than HPV-negative cultures: CIS 

(P = 0.004), 5-FU, CETU (P = 0.002), and GEM (P = 0.006). 

Overall, these results suggest that the biomimetic scaffold is 

capable of reproducing the response to drug regimens seen in 

real-life HPV-positive and HPV-negative patients. However, 

further investigation is needed to confirm this potentially 

important finding.

We assessed whether some of the mechanisms known to 

be involved in drug resistance, e.g., NT5E, FOXM1, FLT1, and 

ABCA3, are modulated in 3D compared with standard mon-

olayer cultures59-64. NT5E and FOXM1 genes encode for gly-

cosylphosphatidylinositol-anchored cell surface protein and 

https://www.proteinatlas.org/about
https://www.proteinatlas.org/about
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oncogenic transcription factor Forkhead box protein M1, 

respectively. FLT1 encodes for vascular endothelial growth 

factor receptor 1, a gene associated with anti-EGFR drug 

 resistance50. ABCA3 is a member of the ATP-binding cassette 

family, which includes transporters driving chemotherapeutic 

agents outside the cell64. In our study, mRNA relative quan-

tification highlighted a different expression pattern in the 2 

culture systems. Both cell lines grown in 3D showed increased 

NT5E expression, albeit with different modulations, whereas 

only UPCI:SCC090 overexpressed FOXM1. Conversely, 

UM-SCC6 showed an upregulation of FLT1 and ABCA3 when 

seeded in scaffolds, but this was not observed in UPCI:SCC090. 

These findings suggest that collagen-based scaffolds are capa-

ble of activating drug-resistance mechanisms but via differ-

ent pathways and depending on the cell type. For example, 

FLT1, which is associated with anti-EGFR drug resistance, was 

upregulated in HPV-negative UM-SCC6 and downregulated 

in HPV-positive UPCI:SCC090 3D cultures. CETU, an EGFR 

inhibitor, induced a different effect on UM-SCC6 2D and 3D 

systems, but not on the 2 UPCI:SCC090 culture types. Thus, 

CETU effects on our scaffold cultures match with the expres-

sion of FLT1.

We used patient-derived primary cultures to confirm the 

ability of collagen-based scaffolds to induce drug resistance. 

Immortalized cell lines are cells that have been manipulated to 

proliferate indefinitely, and a prolonged length of time in an 

in vitro environment contributes to altering the original nature 

of the cell population. Ex vivo samples have the advantage of 

preserving many of the original features of the cancer lesion 

that are essential for the reproduction of the tumor microen-

vironment18. We used, for the first time, primary cultures and 

collagen-based scaffold devices to investigate the impact of 

chemotherapy treatments in head and neck cancers. The impact 

of drug treatments on 2D and 3D primary cultures was simi-

lar to that on cell lines. Primary cultures conserve part of the 

stromal populations and different subclones of patient tumor 

tissue. The crosstalk between healthy and malignant compo-

nents plays a role in the induction of drug resistance16,18. In this 

scenario, the modest differences between primary cultures and 

cell lines might be ascribable to the presence of stromal cells. 

However, further analysis is needed to better understand the 

behavior of primary cultures in collagen-based scaffolds.

The above findings indicate the substantial influence 

exerted by the 3D structure on the phenotype and genotype 

of cancer cells. The alterations seem to be different for each 

cancer cell type but might be oriented by the HPV status of the 

tumor. HPV-negative UM-SCC6 cells in 3D cultures acquired 

a spindle- shaped morphology and showed an aligned distri-

bution of fibers, overexpresion of EMT-related genes, and 

enhanced in vitro and in vivo migration ability. Some of these 

features were also induced in HPV-positive UPCI:SCC090 

cells, but with substantial differences. HPV-positive cells grew 

in clusters that filled up scaffold pores, acquired an epitheli-

al-like phenotype, expressed low levels of MMPs, and showed 

less accentuated migration behavior than HPV-negative cells. 

Conversely, both cell lines on 3D scaffolds were less sensitive 

to treatments but activated the expression of different drug- 

resistance markers. In conclusion, the induction of migration 

properties and of EMT marker expression are 2 bio logical 

characteristics associated with cancer aggressiveness. Our 

results thus suggest that 3D scaffolds are capable of reproduc-

ing the different nature of HPV-related malignancies.

Conclusions

Our biomimetic scaffold proved to be a simple and cost- effective 

model to study the interactions between ECM and cancer cells. 

It is also the first study using zebrafish models to investigate 

the behavior of HPV-positive and HPV-negative OSCC cancer 

cells and to compare the aggressiveness induced by 3D colla-

gen-based scaffold. The characterization of HPV-positive and 

HPV-negative cell lines in our 3D cultures underlined the dif-

ferent pathophysiological nature and drug sensitivity of these 2 

tumor types. Overall, our results confirm the ability of 3D scaf-

folds to reproduce the microenvironment features of OSCC that 

are difficult to study with other in vitro systems.

Acknowledgements

We would like to thank Gráinne Tierney for editorial assis-

tance and Silvia Carra and Germano Gaudenzi for their sup-

port in the zebrafish model experiments.

Conflict of interest statement

The authors declare no competing financial interests.

References

1. Liu C, Mann D, Sinha UK, Kokot NC. The molecular mechanisms 

of increased radiosensitivity of HPV-positive oropharyngeal 

squamous cell carcinoma (OPSCC): an extensive review. J 

Otolaryngol Head Neck Surg. 2018; 47: 59.



Cancer Biol Med Vol 18, No 2 May 2021 515

2. Duray A, Descamps G, Decaestecker C, Remmelink M, Sirtaine N, 

Lechien J, et al. Human papillomavirus DNA strongly correlates 

with a poorer prognosis in oral cavity carcinoma. Laryngoscope. 

2012; 122: 1558-65.

3. Stransky N, Egloff AM, Tward AD, Kostic AD, Cibulskis K, 

Sivachenko A, et al. The mutational landscape of head and neck 

squamous cell carcinoma. Science. 2011; 333: 1157-60.

4. Osei-Sarfo K, Tang X, Urvalek AM, Scognamiglio T, Gudas LJ. 

The molecular features of tongue epithelium treated with the 

carcinogen 4-nitroquinoline-1-oxide and alcohol as a model for 

HNSCC. Carcinogenesis. 2013; 34: 2673-81.

5. Argiris A, Karamouzis MV, Raben D, Ferris RL. Head and neck 

cancer. Lancet. 2008; 371: 1695-709.

6. Kian Ang K, Harris J, Wheeler R, Weber R, Rosenthal DI, Felix 

Nguyen-Tân P, et al. Human papillomavirus and survival of patients 

with oropharyngeal cancer. N Engl J Med. 2010; 363: 24-35.

7. Subbarayan RS, Arnold L, Gomez JP, Thomas SM. The role of 

the innate and adaptive immune response in HPV-associated 

oropharyngeal squamous cell carcinoma. Laryngoscope Investig 

Otolaryngol. 2019; 4: 508-12.

8. Gillison ML, Chaturvedi AK, Anderson WF, Fakhry C. 

Epidemiology of human papillomavirus-positive head and neck 

squamous cell carcinoma. J Clin Oncol. 2015; 33: 3235-42.

9. Paver EC, Currie AM, Gupta R, Dahlstrom JE. Human papilloma 

virus related squamous cell carcinomas of the head and neck: 

diagnosis, clinical implications and detection of HPV. Pathology. 

2020; 52: 179-91.

10. Alsahafi E, Begg K, Amelio I, Raulf N, Lucarelli P, Sauter T, et al. 

Clinical update on head and neck cancer: molecular biology and 

ongoing challenges. Cell Death Dis. 2019; 10: 540.

11. Sacco AG, Worden FP. Molecularly targeted therapy for the 

treatment of head and neck cancer: a review of the ErbB family 

inhibitors. Onco Targets Ther. 2016; 9: 1927-43.

12. Bauml JM, Aggarwal C, Cohen RB. Immunotherapy for head and 

neck cancer: where are we now and where are we going? Ann Transl 

Med. 2019; 7: S75.

13. Sun Y. Tumor microenvironment and cancer therapy resistance. 

Cancer Lett. 2016; 380: 205-15.

14. Junttila MR, de Sauvage FJ. Influence of tumour micro-

environment heterogeneity on therapeutic response. Nature. 2013; 

501: 346-54.

15. Martino MM, Briquez PS, Güç E, Tortelli F, Kilarski WW, Metzger 

S, et al. Growth factors engineered for super-affinity to the 

extracellular matrix enhance tissue healing. Science. 2014; 343: 

885-8.

16. Klemm F, Joyce JA. Microenvironmental regulation of therapeutic 

response in cancer. Trends Cell Biol. 2015; 25: 198-213.

17. Levental KR, Yu H, Kass L, Lakins JN, Egeblad M, Erler JT, et al. 

Matrix crosslinking forces tumor progression by enhancing 

integrin signaling. Cell. 2009; 139: 891-906.

18. Miserocchi G, Mercatali L, Liverani C, De Vita A, Spadazzi C, Pieri 

F, et al. Management and potentialities of primary cancer cultures 

in preclinical and translational studies. J Transl Med. 2017; 15: 229.

19. Bredell MG, Ernst J, El-Kochairi I, Dahlem Y, Ikenberg K, 

Schumann DM. Current relevance of hypoxia in head and neck 

cancer. Oncotarget. 2016; 7: 50781-804.

20. Makki J. Diversity of breast carcinoma: histological subtypes and 

clinical relevance. Clin Med Insights Pathol. 2015; 8: 23-31.

21. Liverani C, La Manna F, Groenewoud A, Mercatali L, Van Der 

Pluijm G, Pieri FD, et al. Innovative approaches to establish and 

characterize primary cultures: an ex vivo 3D system and the 

zebrafish model. Biol Open. 2017; 6: 133-40.

22. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. 

Stages of embryonic development of the zebrafish. Dev Dyn. 1995; 

203: 253-310.

23. Jehn CF, Boulikas T, Kourvetaris A, Possinger K, Lüftner D. 

Pharmacokinetics of liposomal cisplatin (lipoplatin) in combination 

with 5-FU in patients with advanced head and neck cancer: first 

results of a phase III study. Anticancer Res. 2007; 27: 471-5.

24. Casale F, Canaparo R, Serpe L, Muntoni E, Della Pepa C, Costa M, 

et al. Plasma concentrations of 5-fluorouracil and its metabolites in 

colon cancer patients. Pharmacol Res. 2004; 50: 173-9.

25. Delbaldo C, Pierga J, Dieras V, Faivre S, Laurence V, Vedovato J, 

et al. Pharmacokinetic profile of cetuximab (Erbitux) alone and in 

combination with irinotecan in patients with advanced EGFR-

positive adenocarcinoma. Eur J Cancer. 2005; 41: 1739-45.

26. Nakata B, Amano R, Nakao S, Tamura T, Shinto O, Hirakawa 

T, et al. Plasma pharmacokinetics after combined therapy of 

gemcitabine and oral S-1 for unresectable pancreatic cancer. J Exp 

Clin Cancer Res. 2010; 29: 15.

27. De Vita A, Recine F, Mercatali L, Miserocchi G, Liverani C, Spadazzi 

C, et al. Myxofibrosarcoma primary cultures: molecular and 

pharmacological profile. Ther Adv Med Oncol. 2017; 9: 755-67.

28. De Vita A, Recine F, Mercatali L, Miserocchi G, Spadazzi C, Liverani 

C, et al. Primary culture of undifferentiated pleomorphic sarcoma: 

molecular characterization and response to anticancer agents. Int J 

Mol Sci. 2017; 18: 2662.

29. Xu X, Wang Y, Chen Z, Sternlicht MD, Hidalgo M, Steffensen B. 

Matrix metalloproteinase-2 contributes to cancer cell migration on 

collagen. Cancer Res. 2005; 65: 130-6.

30. Huang H. Matrix metalloproteinase-9 (MMP-9) as a cancer 

biomarker and MMP-9 biosensors: recent advances. Sensors 

(Basel). 2018; 18: 3249.

31. Webb AH, Gao BT, Goldsmith ZK, Irvine AS, Saleh N, Lee RP. 

Inhibition of MMP-2 and MMP-9 decreases cellular migration, and 

angiogenesis in in vitro models of retinoblastoma. BMC Cancer. 

2017; 17: 434.

32. Liverani C, Mercatali L, Cristofolini L, Giordano E, Minardi S, Della 

Porta G. Investigating the mechanobiology of cancer cell-ECM 

interaction through collagen-based 3D scaffolds. Cell Mol Bioeng. 

2017; 10: 223-34.

33. Liverani C, De Vita A, Minardi S, Kang Y, Mercatali L, Amadori 

D, et al. A biomimetic 3D model of hypoxia-driven cancer 

progression. Sci Rep. 2019; 9: 12263.

34. Edmondson R, Jenkins Broglie J, Adcock AF, Yang L. Three-

dimensional cell culture systems and their applications in drug 



516 Miserocchi et al. Collagen-based scaffold to study OSCC microenvironment and drug resistance

discovery and cell-based biosensors. Assay Drug Dev Technol. 2014; 

12: 207-18.

35. Eales KL, Hollinshead KER, Tennant DA. Hypoxia and metabolic 

adaptation of cancer cells. Oncogenesis. 2016; 5: e190.

36. De Vita A, Miserocchi G, Recine F, Mercatali L, Pieri F, Medri L, 

et al. Activity of eribulin in a primary culture of well-differentiated/

dedifferentiated adipocytic sarcoma. Molecules. 2016; 21: 1662.

37. Chaturvedi AK, Anderson WF, Lortet-Tieulent J, Curado MP, Ferlay 

J, Franceschi S, et al. Worldwide trends in incidence rates for oral 

cavity and oropharyngeal cancers. J Clin Oncol. 2013; 31: 4550-9.

38. Hussein AA, Helder MN, de Visscher JG, Leemans CR, Braakhuis 

BJ, de Vet HCW, et al. Global incidence of oral and oropharynx 

cancer in patients younger than 45 years versus older patients: a 

systematic review. Eur J Cancer. 2017; 82: 115-27.

39. Langhans SA. Three-dimensional in vitro cell culture models in drug 

discovery and drug repositioning. Front Pharmacol. 2018; 9: 6.

40. Zanoni M, Pignatta S, Arienti C, Bonafè M, Tesei A. Anticancer 

drug discovery using multicellular tumor spheroid models. Expert 

Opin Drug Discov. 2019; 14: 289-301.

41. Katt ME, Placone AL, Wong AD, Xu ZS, Searson PC. In vitro tumor 

models: advantages, disadvantages, variables, and selecting the right 

platform. Front Bioeng Biotechnol. 2016; 4: 12.

42. Kondo J, Endo H, Okuyama H, Ishikawa O, Iishi H, Tsujii M, et al. 

Retaining cell–cell contact enables preparation and culture of 

spheroids composed of pure primary cancer cells from colorectal 

cancer. Proc Natl Acad Sci U S A. 2011; 108: 6235-40.

43. Tanaka N, Osman AA, Takahashi Y, Lindemann A, Patel AA, 

Zhao M, et al. Head and neck cancer organoids established by 

modification of the CTOS method can be used to predict in vivo 

drug sensitivity. Oral Oncol. 2018; 87: 49-57.

44. Zanoni M, Cortesi M, Zamagni A, Arienti C, Pignatta S, Tesei A. 

Modeling neoplastic disease with spheroids and organoids. 

J Hematol Oncol. 2020; 13: 97.

45. Lu W, Kang Y. Epithelial-mesenchymal plasticity in cancer 

progression and metastasis. Dev Cell. 2019; 49: 361-74.

46. Wang Y, Shi J, Chai K, Ying X, Zhou BP. The role of Snail in EMT 

and tumorigenesis. Curr Cancer Drug Targets. 2013; 13: 963-72.

47. Nazemi M, Rainero E. Cross-talk between the tumor 

microenvironment, extracellular matrix, and cell metabolism in 

cancer. Front Oncol. 2020; 10: 239.

48. Egeblad M, Rasch MG, Weaver VM. Dynamic interplay between the 

collagen scaffold and tumor evolution. Curr Opin Cell Biol. 2010; 

22: 697-706.

49. Gonzalez-Avila G, Sommer B, Mendoza-Posada DA, 

Ramos C, Garcia-Hernandez AA, Falfan-Valencia R. Matrix 

metalloproteinases participation in the metastatic process and their 

diagnostic and therapeutic applications in cancer. Crit Rev Oncol 

Hematol. 2019; 137: 57-83.

50. Johnston KA, Lopez KM. Lysyl oxidase in cancer inhibition and 

metastasis. Cancer Lett. 2018; 417: 174-81.

51. Walker C, Mojares E, del Río Hernández A. Role of extracellular 

matrix in development and cancer progression. Int J Mol Sci. 2018; 

19: 3028.

52. Mercatali L, La Manna F, Miserocchi G, Liverani C, De Vita A, 

Spadazzi C, et al. Tumor-stroma crosstalk in bone tissue: the 

osteoclastogenic potential of a breast cancer cell line in a co-culture 

system and the role of EGFR inhibition. Int J Mol Sci. 2017; 18: 

1655.

53. Shin K, Lee J, Guo N, Kim J, Lim A, Qu L, et al. Hedgehog/Wnt 

feedback supports regenerative proliferation of epithelial stem cells 

in bladder. Nature. 2011; 472: 110-14.

54. Mori K, Enokida H, Kagara I, Kawakami K, Chiyomaru T, 

Tatarano S, et al. CpG hypermethylation of collagen type I alpha 

2 contributes to proliferation and migration activity of human 

bladder cancer. Int J Oncol. 2009; 34: 1593-602.

55. Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: an enhanced web 

server for large-scale expression profiling and interactive analysis. 

Nucleic Acids Res. 2019; 47: W556-60.

56. Yu L, Chen X, Wang L, Chen S. The sweet trap in tumors: aerobic 

glycolysis and potential targets for therapy. Oncotarget. 2016; 7: 

38908-26.

57. Zhang M, Rose B, Soon Lee C, Hong AM. In vitro 3-dimensional 

tumor model for radiosensitivity of HPV positive OSCC cell lines. 

Cancer Biol Ther. 2015; 16: 1231-40.

58. Mirghani H, Blanchard P. Treatment de-escalation for HPV-driven 

oropharyngeal cancer: where do we stand? Clin Transl Radiat 

Oncol. 2017; 8: 4-11.

59. Gao Z, Dong K, Zhang H. The roles of CD73 in cancer. Biomed Res 

Int. 2014; 2014: 460654.

60. Ren Z, Lin C, Cao W, Yang R, Lu W, Liu Z, et al. CD73 is  

associated with poor prognosis in HNSCC. Oncotarget. 2016; 7: 

61690-702.

61. Liu C, Shi J, Li Q, Li Z, Lou C, Zhao Q, et al. STAT1-mediated 

inhibition of FOXM1 enhances gemcitabine sensitivity in 

pancreatic cancer. Clin Sci (Lond). 2019; 133: 645-63.

62. Luo Y, Ding X, Du H, Wu Y, Li H, Wu H, et al. FOXM1 is a novel 

predictor of recurrence in patients with oral squamous cell 

carcinoma associated with an increase in epithelial-mesenchymal 

transition. Mol Med Rep. 2019; 19: 4101-8.

63. Bianco R, Rosa R, Damiano V, Daniele G, Gelardi T, Garofalo S, 

et al. Vascular endothelial growth factor receptor-1 contributes 

to resistance to anti–epidermal growth factor receptor drugs in 

human cancer cells. Clin Cancer Res. 2008; 14: 5069-80.

64. López-Verdín S, Lavalle-Carrasco J, Carreón-Burciaga RG, Serafín-

Higuera N, Molina-Frechero N, González-González R, et al. 

Molecular markers of anticancer drug resistance in head and neck 

squamous cell carcinoma: a literature review. Cancers (Basel). 2018; 

10: 376.

Cite this article as: Miserocchi G, Cocchi C, Vita AD, Liverani C, Spadazzi C, 

Calpona S, et al. Three-dimensional collagen-based scaffold model to study 

the microenvironment and drug-resistance mechanisms of oropharyngeal 

squamous cell carcinomas. Cancer Biol Med. 2021; 18: 502-516. doi: 10.20892/ 

j.issn.2095-3941.2020.0482


