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Abstract: Cytoglobin has been implicated in a range of pathological conditions including fibrosis
and cancer, where cytoglobin expression is linked to hypoxia- and drug-resistance. One disease
where there is evidence of a role for cytoglobin is head and neck squamous cell carcinoma, a disease
with a poor prognosis and where clinical resistance to platinum-based drugs is common. In the
current study, we demonstrate that 3D-culture of head and neck cancer cells (PE/CA-PJ41, Liv-22K)
and normal oral keratinocyte cells (NOK-hTERT) results in changes in sensitivity to cisplatin cyto-
toxicity compared to 2D-cultures. Relative to 2D-cultures, 3D-cultures of PE/CA-PJ41 and NOK-
hTERT cells demonstrated increased cisplatin resistance. In contrast, 3D-cultures of Liv-22K cells
were more sensitive to cisplatin. Evidence for cisplatin genotoxicity was observed in the form of
GADD45A activation in PE/CA-PJ41 cells but not the other two cell types investigated. Furthermore,
DNA-strand breaks were also detected by the alkaline comet assay in PE/CA-PJ41 cells although
levels were not significantly affected by 3D-culture. Cytoglobin expression levels were elevated by
3D-culture in all three cell lines investigated and there were also changes in expression of genes
related to cell division (MKI57, GJB6), cell adhesion (CDHI), stress response (NFkB, NQO1) and
apoptosis (Casp3) but these changes were cell line specific. We also observed consistent transcrip-
tional activation of HIF1a in 3D-cultures of all three cell lines, suggestive of hypoxic conditions in
spheroids. In support of a direct role of hypoxia in cytoglobin induction, the HIF1a stabiliser cobalt
chloride also induced cytoglobin expression in spheroids. Transcriptomic profiling of PE/CA-PJ41
cells over-expressing cytoglobin identified 121 differentially regulated genes, when cells were cul-
tured under hypoxic conditions. Major changes identified included, upregulation of G1/S cell cycle
regulation as well as wnt- and RhoGTPase-signalling pathways. In conclusion, 3D-cultures are a
useful model to further study the biological function of cytoglobin in head and neck cancer and we
provide evidence that further supports a role for cytoglobin in hypoxia-dependent cellular prolifer-
ation and phenotypic changes that could contribute to cisplatin resistance in vivo.
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1. Introduction

Cytoglobin (CYGB) is a hexacoordinated heme-containing protein with reported
functions in cancer progression through mechanisms involving antioxidant defense'* and
enhancement of cell survival>'°. Evidence has shown that cytoglobin may have a role to
play in head and neck cancer progression?!!, however, uncertainties persist with regard
to cytoglobin’s function in this process. Head and neck squamous cell carcinomas
(HNSCC:s) are a group of genetically diverse oral cavity, larynx, and oropharynx cancers,
which are difficult to treat, have a poor prognosis and accounted for almost 4,000 deaths
in the UK between 2015-2017. Furthermore, there has only been a small (9 %) decline in
mortality since the 1970’s due to the complex pathophysiology and difficulty in providing
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targeted treatment'?. Presently, treatment includes surgical resection, radiotherapy, and
platinum-based chemotherapy, all of which have fallen short of substantially improving
the treatment success in this cancer. Major issues include uncertainties about treatment
combinations, treatment stratification based on biochemical and genetic markers and
chemoresistance.

The tumour microenvironment'>!* and epigenetic regulation'>1¢ are both key factors
in determining tumour phenotype and difficulties in modelling these in vitro using 2D-
cultures has presented a key challenge to improving treatment success. A better under-
standing cytoglobin expression and function may provide useful insights into the mecha-
nisms underlying cisplatin resistance in HNSCC in vivo. As stated above, a major difficulty
in examining oncogenesis and treatment approaches in HNSCC and many other cancer
types is the availability of an in vitro model that recapitulates the tumour microenviron-
ment in vitro. Therefore, development of more realistic in vitro models is central to the
effort to develop greater understanding of tumour physiology and mechanistic therapeu-
tic action. Recently, 3D Multi Cellular Tumour Spheroids (MCTS) have demonstrated a
greater ability to mimic the tumour microenvironment and therefore provide a superior
model to study phenotypic changes like hypoxic and epigenetic regulation mechanisms
that are important in vivo'”18. One of the consequences of changes in tumour microenvi-
ronment is its contribution to the phenomena of drug resistance’®. Cisplatin remains one
of the most important chemotherapeutic currently in use in head and neck cancer treat-
ment however, despite its extensive use in general oncology, therapeutic resistance per-
sists in HNSCC and optimal dosages are still being debated in clinical practice?-22.

Cytoglobin has been strongly linked to tumour hypoxia and particularly the action
of Hypoxia Inducible Factor-1 Alpha (HIF1A)71.2-25 HNSCC 3D tumour models have
been previously utilised to study tumour physiology and therapeutic responses?-2°. With
the uncertainties surrounding the specific regulatory mechanisms of cytoglobin in hy-
poxia, 3D tumour spheroid models provide a good tool to investigate the various aspects
of this complex regulation mechanism. Additionally, Epidermal Growth Factor (EGF) is
commonly overexpressed in head and neck cancer and as such has been another target for
therapeutic action®. Cytoglobin has been associated with the action of Fibroblast Growth
Factor?®. While these have been therapeutic targets for head and neck cancer it is clear
that other factors play a pivotal role in oncogenesis and tumour progression. Cytoglobin
has been shown to be active in many of these underlying processes, however its role in
the tumour hypoxia and cisplatin sensitivity are yet to be resolved. In the current study,
we demonstrate that when compared to 2D-cultures, cytoglobin expression is upregu-
lated in 3D-cultures of two cancer and one normal cell line derived from the upper airway.
Furthermore, 3D-culture results in increased resistance to cisplatin in 2 of the 3 cell lines
investigated. We also present evidence of multiple cell specific changes in stress-response
genes and that upregulation of CYGB is related to hypoxia and HIFla signalling in 3D
culture. Finally, microarray data in PE/CA-PJ41 cells provides further insights into the
role of cytoglobin under conditions of cellular hypoxia including changes in RhoGTPase-
and wnt-signalling pathways, that may contribute to cisplatin resistance in vivo.

2. Materials and Methods
2.1. Mammalian cell culture conditions and maintenance

The PE/CA-PJ41 (Clone D2, Cat No. 98020207) were purchased from the European
Collection of Authentication Cell Cultures (ECACC), Public Health England. NOK-
hTERT (normal oral keratinocyte cell) and Liv-22K (cancerous keratinocyte derived from
lateral tongue) were a kind gift from Dr Janet Risk at University of Liverpool. PE/CA-PJ41
cells were grown in Roswell Park Memorial Institute media (RPMI-1640) (Sigma, R8758)
supplemented with 10 % Foetal Bovine Serum (Sigma, F2442), 2 % L-glutamine 200mM
(Sigma, G7513) and 2% Penicillin-Streptomycin (5,000 U/ml) (Gibco, 15070063) in T75 cell
culture flasks (Sigma, CLS3276). NOK-hTERT and Liv-22K cells were grown in Keratino-
cyte Serum-Free Media supplemented with L-glutamine, Epidermal Growth Factor 1-53
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(EGF 1-53) and Bovine Pituitary Extract (BPE) (Gibco, 17005042) in T75 cell culture flasks.
Cultures were confirmed free of mycoplasma contamination by PCR (EZ-PCR Myco-
plasma Test Kit, Geneflow). Cells cultures were incubated at 37 °C in a 5 % CO2 humidi-
fied atmosphere. Cells were kept in cell culture media until 80 % confluent and sub-cul-
tured using TrypLE Express (Gibco, 12605028) solution. Dissociation reagent was inacti-
vated in PE/CA-PJ41 cells using FBS supplemented RPMI-1640 while filter sterilised Soy-
bean Trypsin Inhibitor (Gibco, 17075029) in Dulbecco’s Phosphate Buffered Saline (Gibco,
14190094) was used to neutralise the catalytic activity of TrypLE Express in NOK-hTERT
and Liv-22K cells.

2.2. 3D cell culture

PE/CA-PJ41, NOK-hTERT and Liv-22K were grown as detailed above until conflu-
ency of 80 % was achieved. Cells were removed from T75 flasks using TrypLE Express
dissociation reagent and counted using a haemocytometer. Cells were seeded in 96-well
Ultra Low Attachment (ULA) Plates (Greiner, Cat No. 650970) at 2,000 cells per well. Cells
were allowed to settle for 10 min at room temperature in a Biosafety Cabinet and were
subsequently centrifuged at 150 g for 10 min and incubated 37 °Cin a 5 % CO: humidified
atmosphere for 3 days. After 72 h incubation, 50 % of the cell culture media was exchanged
with fresh cell culture media and the culture returned to incubation conditions.

2.3. Cytotoxicity assessment

Cisplatin (Sigma, P4394) was dissolved in sterilised 0.9 % saline and made to an ini-
tial concentration of 2 mM. A working solution of 1.56-400 uM cisplatin was made in sup-
plemented RPMI-1640 for PE/CA-PJ41 cells and EGF, BPE supplemented KSFM for NOK-
hTERT and Liv-22K cells. Cytotoxicity assessment of cells in 2D culture was carried out
by seeding 10,000 cells into 96-well tissue culture plates and incubated the cells for an
initial 24 h prior to addition of cisplatin. Cell culture media was removed and replaced
with cisplatin working solution. Cells were incubated for 24 h as described above. CellTi-
tre-Glo® Luminescent Cell Viability Assay (Promega, Cat No G7571) was used to evaluate
the cisplatin dose-response®. The CellTitre-Glo® Luminescent Cell Viability Assay rea-
gent was incubated in a 1:1 ratio in each well of 96-well plate. Cells were covered and
placed on a plate shaker for 10 min. Seventy-five pL of the resulting luminescent lysate
solution was transferred to a clear-bottomed white walled 96-well plate. The 96-well plate
was covered for 10 min prior to reading auto-luminescence on the Tecan Infinite F200 PRO
plate reader. MCTS cultures were grown as described above. MCTS of PE/CA-PJ41, NOK-
hTERT and Liv22K were incubated in cisplatin working solution for 24 h after the initial
MCTS formation period. CellTitre Glo® 3D Cell Viability Assay (Promega, Cat No G9682)
was used to evaluate the cisplatin dose-response of the MCTS cells. The CellTitre Glo®
3D Cell Viability Assay reagent was incubated in a 1:1 ratio in each well of the 96-well
ULA plate. Cells were covered and lysed on a plate shaker for 1 h. The resulting lumines-
cent lysate solution (75 uL) was transferred to a clear-bottomed white walled 96-well plate
and the luminescence recorded similarly to 2D cell cultures. Both assays for 2D and MCTS
cultures were performed in triplicate and contained untreated, vehicle and positive (1 %
v/v Triton X-100 in cell culture media) controls.

The MTT assay measures the reductive capacity of mitochondria following cytotoxic
insult and is commonly used to measure cellular viability®*. Cobalt Chloride (Sigma,
C8661) was initially dissolved in HyClone™ Cell Culture Grade Water (Fischer, Cat No
10001342) and made up to 25 mM. A working solution in the range of 6.25-800 uM was
made in cell culture media. Antimycin A (Sigma, A8674) was initially dissolved in ethanol
to a concentration of 1 mg/ml. A working solution in the range of 5-25 pg/ml was made in
cell culture media. 5-Azacytadine (Sigma, A2385) was initially dissolved in Dimethyl Sul-
foxide (DMSO) (Sigma, D2650) to a concentration of 100 uM. A working solution in the
range of 0.156-20 uM was made in cell culture media. PE/CA-PJ41, CG-NOK and Liv-22K
cell lines were removed from T75 flasks using the dissociation solution TrypLE Express
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as described above. The cells were counted using a haemocytometer and 5,000 cells were
seeded in a 96-well plate. The cells were incubated for 24 h prior to drug exposure. Cell
culture media was removed and 100 pL of the working solution of either Cobalt Chloride,
Antimycin A or 5-azacytadine was added to the cells followed by a 24 h incubation as
described above. After the 24 h exposure, the cells were washed with DPBS and incubated
with 0.5 mg/mL Thiazolyl Blue Tetrazolium Bromide (MTT) (Sigma, M5655) solution (5
mg/mL stock solution in DPBS, diluted 1:10 in cell culture media) for 3 h at 37 °Cin 5 %
CO: humidified atmosphere. The cells were removed and washed twice with DPBS. The
formazan salt was dissolved in 100 uL and absorbance read at 595 nm using the Tecan
Infinity F200 PRO plate reader.

2.4. Alkaline Comet Assay

The comet assay was carried out on both 2D and 3D MCTS cultured PE/CA-PJ41 cells.
PE/CA-PJ41 were initially cultured in T75 flasks and chemically dissociated using TrypLE
Express as above. Cells were transferred to T25 flasks. 3D MCTS PE/CA-PJ41 were gener-
ated as described above. PE/CA-PJ41 cells in T25 and ULA plates (3D MCTS) were ex-
posed to their respective 24 h ICso concentration and incubated for 24 h. Cells were disso-
ciated in TrypLE Express and re-suspended in DPBS to give a final cell concentration of
250,000 cells/ml. Low melting point agarose (0.7 %) (Sigma, A9045) was made in DPBS
mixed with cell suspension in a 3:1 ratio (3 parts agarose to 1 part cells). The resulting
mixture was used to form 2 mini gels (20 pL each) on a comet slide pre-coated in 1 %
normal molecular grade agarose (Sigma, 05066) dissolved in deionised water before being
left to dry at 4 °C for 10 min. Comet slides were then incubated in lysis solution (2.5 M
NaCl, 0.1 M Na2EDTA, 10 mM Tris base, 1 % sodium N-lauryl sarcosinate, 10 % DMSO
and 1 % Triton X-100, adjusted to pH 10.0) overnight at 4 °C and then placed in electro-
phoresis buffer (75 mM NaOH and 1 mM Na:EDTA, adjusted to pH 12.1) for 20 min. Elec-
trophoresis was carried out at 4 °C, and run at 20 V and 300 mA for 20 min, removed from
the tank, covered with neutralisation buffer (0.4 M Tris, adjusted to pH 7.5) for 5 min and
fixed in ethanol. Slides were left drying overnight at RT and stained with SYBR gold
(Thermo, S11494) (1:1000 in dH20 at 4°C for 1 h). Cells were visualised on the Axiovert 10
fluorescent microscope (Zeiss, Germany) with a FITC filter installed. Counting and scor-
ing were conducted using Komet IV software (Instem, UK). Fifty cells were counted and
scored for each mini gel to give one replicate. Measurement of the percent (%) tail DNA
were conducted as a measure of the extent of DNA damage.

2.5. Gene expression analysis of cytoglobin and hypoxia regulating genes

2.5.1. Microarray analysis of cytoglobin transfected PE/CA-PJ41 cells in hypoxic condi-
tions

Cytoglobin over-expressing PE/CA-PJ41 cells were transfected with the pCMV6-Neo
plasmid containing the human cytoglobin cDNA sequence using Turbofectin 8.0 (Ori-
gene, United States) as a transfection agent. Stable clones were selected using the cloning
ring method and were expanded in G418 sulfate (Sigma, G418-RO) supplemented RPMI-
1640 cell culture media. An additional transfection with an empty plasmid vector was also
performed (Mock). PE/CA-PJ41 cells transfected with an empty vector were labelled
“Mock” and those with cytoglobin as “CYGB”. PE/CA-PJ41 cells expressing CYGB and
Mock were labelled with cyanine 5 and 3, respectively, and cRNA (300 ng) was hybridised
to an Agilent SurePrint G3 Human Gene Expression 8x 60K v1 Microarray by the Genomic
Facility (University of Birmingham) according to the manufacturer's protocol. RNA qual-
ity and quality was determined using the 2100 Agilent Bioanalyser.

2.5.2. RNA extraction, cDNA synthesis and qPCR analysis

Cell were washed with DPBS and then removed from the 6-well plates/ 96-well ULA
plates (3D MCTS) using TrypLE Express as described above. Cells grown in 2D culture
were centrifuged at 120 g for 5 min and re-suspended in fresh DPBS. Cell grown as 3D
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MCTS were pelleted at 120 g for 5 min, DPBS removed and pellets snap frozen in liquid
nitrogen prior to RNA extraction. Cell grown in 2D culture were pelleted as above, DPBS
removed before RNA extraction. RNA extraction was carried out using the RNeasy mini
kit (Qiagen, Cat No 74104). The cell pellets were re-suspended and disrupted in 350 pL of
RLT buffer. An equal volume of ethanol was added to the lysate followed by its addition
to the spin column, which was placed in the collection tube. Samples were spun at 8000 g
for 30 sec and flow through discarded. The columns were washed with a series of buffers
as per the manufacturer’s instructions. The final wash buffer was centrifuged through the
columns and was subsequently left to dry for 10 min. The RNA was eluted using 30 pL of
non-DEPC treated nuclease free water (Thermo, AM9932). The RNA was quantified and
qualified using the NanoDrop™ 8000 Spectrophotemeter with the RNA samples being
normalized to 20 ng/uL. cDNA conversion was performed using the High-Capacity
cDNA Reverse Transcription Kit (Thermo, 4374966). The normalised RNA samples were
mixed with an equal volume of cDNA master mix containing 10 X RT Buffer, 25 X ANTP
Mix, 10 X RT Random Primers, MultiScribe™ Reverse Transcriptase, RNase Inhibitor and
nuclease free water to a total reaction volume of 20 uL. cDNA was amplified using the
Mastercycler® Gradient (Eppendorf, USA) using the following conditions; 25 °C for 10
min, 37 °C for 120 min and 85 °C for 5 min. qPCR was conducted on the cDNA converted
templates using Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix (Agilent, 600882).
Target and reference genes used for qPCR analysis are displayed in Table S1 Master mixes
for each gene of interest and reference gene was prepared using 2X SYBR Green QPCR
master mix, upstream primer (500 nM), downstream primer (500 nM), ROX reference dye
(30 nM), nuclease-free PCR-grade water and 1 ul of template cDNA (20 ng) to a final vol-
ume of 20 ul in each PCR reaction. PCR amplification and melt curve dissociation curves
were generated with the AriaMX Real-time PCR System (Agilent, USA) using the follow-
ing thermal parameters; 95 °C for 3 min, 40 cycles of 95 °C 5 sec and 60 °C 10 sec, followed
by a melt dissociation curve. Experiments were performed in triplicate with each reaction
technically replicated twice. Template controls were used to confirm the absence of sig-
nificant autofluorescence. ROX reference dye was included in order to account for small
variations in pipetted volume.

2.6. Statistical analysis

CellTitre-Glo® luminescent assay data was normalized to both the positive and ve-
hicle controls with changes in luminescence calculated relative to vehicle control lumines-
cence. The ICs of the cisplatin dose-response was calculated using least squares non-lin-
ear regression. Statistical differences between the cisplatin ICso concentrations of the 2D
and 3D MCTS of each cell lines was calculated using a Brown-Forsythe and Welch
ANOVA test with Dunnett’s multiple corrections. The MTT assay data analysed in a sim-
ilar manner to the CellTitre-Glo® luminescent assay. DNA damage in the comet assay
was determined by using the median percent DNA tail in three separate experiments and
was statistically analysed using ANOVA and post-hoc Student’s t-tests. Relative gene ex-
pression analysis was conducted using the geometric mean Ct value from the actin refer-
ence gene. Average Ct values for target genes along with standard deviations were calcu-
lated. Gene expression values were normalized in accordance with the Livak and
Schmittgen method® and displayed as Log(2) transformed values relative to the untreated
2D cell culture. Microarray data was analysed using t-tests between mock and CYGB
transfected PE/CA-PJ41 cells with False Discovery Rate (FDR) set to 0.05. Gene Set Enrich-
ment Analysis (GSEA) was performed using the online platform Metascape
(http://www.metascape.org)® on statistically significant differentially abundant genes as
determined using Perseus software platform (http://www.perseus-framework.org)¥.
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3. Results
3.1. 3D cell culture alters cellular response to cisplatin and expression of markers of proliferation

All three cell lines investigated formed condensed, roughly spherical spheroids with
a diameter in the region of 200 pm when grown on ultralow attachment plates. Spheroids
formed within 48 hours and were maintained for up to 144 hours in culture (Figure 1). To
assess the cytotoxic response of cells to cisplatin in 2D- and 3D-culture we quantified cel-
lular ATP levels, a widely used marker of cellular viability3. The ICs0 concentration were
determined using non-linear least square regression analysis (Figure S1-53) and are pre-
sented in Figure 2. The Head and neck cancer cell line PE/CA-PJ41 demonstrated mod-
erate resistance to cisplatin exposure (ICs 72.9 uM), which statistically significantly in-
creased to 110.3 uM in 3D-culture (Figure 2). The primary normal cell line, NOK-hTERT
was more sensitive to cisplatin in 2D culture (ICso 14.79 pM) but also showed an increase
in resistance in 3D-culture (ICs 65.6 pM) (Figure 2). In contrast, the primary cancer cell
Liv-22K demonstrated a different response profile to cisplatin to that of PE/CA-PJ41 and
NOK-hTERT cells with an ICso of 93.2 uM, comparable to PE/CA-PJ41 in 2D culture but
became significantly more sensitive to cisplatin when cultured as spheroids (IC5042.2 uM)
(Figure 2).

PE/CA-PJ41 CG-NOK LIV22K

k | r

Figure 1. Representative images of 3D MCTS of PE/CAPJ41, NOK-hTERT and Liv-22K cells 72 and
144 h after seeding in 96-well ULA plates.
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-

144 hours
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Figure 2. Cisplatin ICso concentrations measured using the CellTitre Glo luminescent assay in
PE/CAPJ41, NOK-hTERT and Liv-22K cell lines both in 2D and in 3D MCTS culture. Statistical com-
parison calculated using Brown-Forsythe and Welch ANOVA test with Dunnetts multiple correc-
tions. p <0.05.

The cellular proliferation markers MKI67, G/B6 and CDH1 were quantified using
gqPCR gene expression analysis (Figure 3). Compared to untreated 2D-cultures, expression
of MKI67 was downregulated in PE/CA-PJ41 in response to both cisplatin and 3D-culture.
Treatment of 3D-cultures with cisplatin had no further effect on expression. In contrast,
in primary cancer cells (Liv-22K) MKI67 expression was not affected by cisplatin treatment
in 2D-cultures but was strongly induced by 3D-culture an effect that was further enhanced
by treatment with cisplatin. Finally, in primary normal cells (NOK-hTERT) MKI67 expres-
sion was also strongly induced by cisplatin and 3D-culture. Gap junction B6 (GJB6) was
upregulated by both cisplatin and 3D culture in PE/CA-PJ41, in contrast, in Liv-22K and
NOK-hTERT cell lines it was strongly induced by cisplatin but downregulated in response
to 3D-culture. Finally, E-cadherin (CDH1I) gene expression was upregulated in 3D-cul-
tures of PE/CA-PJ41, an effect that was further increased by treatment with cisplatin. In
contrast, in both Liv-22K and NOK-hTERT cell lines E-cadherin expression was upregu-
lated in response to cisplatin treatment in both 2D and 3D-cell cultures, but 3D-culture
alone had no effect on expression levels.
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Proliferation associated gene expression
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Figure 3. Represents the relative expression of proliferation associated genes to the 2D untreated
cultures of the indicated cell lines. Expression of genes measured in cisplatin treated (ICs concen-
tration), 3D MCTS untreated and 3D MCTS cisplatin treated (ICso concentration) PE/CAPJ41, NOK-
hTERT and Liv22K cells. nd=not detected. N=3.

3.2. Cisplatin genotoxicity and transcriptional response

The alkaline comet assay (Figure 4) demonstrated that cisplatin treatment in both 2D-
and 3D-cultures of PE/CA-PJ41 cells induced significant DNA-strand breaks in this cell
line. However, there was no significant difference in levels of DN A-strand breaks induced
by cisplatin in 2D- and 3D-cultures. Interestingly, there was a small but statistically sig-
nificant increase in background levels of DNA-strand breaks in 3D-cultures compared to
2D-cultures. qPCR analysis (Figure 5) of genotoxicity and transcriptional response quan-
tified changes in expression of GADD45A, a transcriptional marker of DN A-strand breaks,
Casp3 the executioner caspase involved in cell death by apoptosis and NF«B, a marker of
early-stage inflammation. Consistent with DNA-strand breaks, GADD45A was strongly
induced by cisplatin in both 2D- and 3D-cultures of PE/CA-PJ41 cells but was down reg-
ulated under control 3D culture conditions. Interestingly, in contrast, GADD45A showed
negative regulation in NOK-hTERT and Liv22K cells. Casp3 demonstrated upregulation
in 3D-cultures of PE/CA-PJ41, which was further enhanced by treatment with cisplatin. In
Liv22K cells, Casp3 was upregulated by 3D-culture but not affected by treatment with cis-
platin and finally was downregulated in all cultures of NOK-hTERT. NFxB demonstrated
strong induction in PE/CA-PJ41 cells in response to cisplatin and 3D culture (16-fold in-
duction) but interestingly only minor increases were observed in response to cisplatin or
culture conditions in either NOK-hTERT or Liv22K cells.
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Figure 4. Comet assay illustrating DNA damage (comet “tail”) in PE/CAPJ41 cells after exposure to
cisplatin (ICso concentration) in 2D and 3D MCTS culture. Statistical comparison using Welch’s t-
test, p <0.05. N=3.
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Figure 5. Represents the relative expression of DNA damage and cytotoxicity associated genes to
the 2D untreated cultures of the indicated cell lines. Expression of genes measured in cisplatin
treated (ICso concentration), 3D MCTS untreated and 3D MCTS cisplatin treated (IC50 concentra-
tion) PE/CAPJ41, NOK-hTERT and Liv22K cells. N=3.

3.3.3. D culture regulates expression of cytoglobin and other stress response genes

Expression of cytoglobin was measured using both flow cytometry (immunodetec-
tion, Figure 6 A—C) and qPCR analysis (Figure 6 D). Immunofluorescence demonstrated
no significant change in cytoglobin protein levels after cisplatin treatment (ICso concentra-
tion) in 2D-cultures of PE/CA-PJ41 and NOK-hTERT but a significant increase in Liv22K
cells after treatment with cisplatin. Gene expression analysis of cytoglobin (CYGB)
demonstrated only minor or no induction after treatment with cisplatin in 2D cell cultures.
However, in 3D culture, induction was observed in PE/CA-PJ41 (32-fold), Liv22K (2-fold)
and NOK-hTERT (8-fold) (Figure 6D). In addition, levels of CYGB remained elevated or
where enhanced further following treatment with cisplatin (Figure 6D). Interestingly,
treatment of PE/CA-PJ41 and Liv22K cells with 5-azacytadine also resulted in an increase
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in CYGB expression which was enhanced in 3D-culture. In contrast, CYGB expression was
downregulated in NOK-hTERT cells following treatment with 5-azacytadine. Together,
these results suggest a possible role for epigenetic regulation of CYGB in HNSCC cell cul-
tures but that this appears to be cell specific. To investigate a possible role of hypoxia in
3D-cultures, HIF1A expression was quantified. HIF1A expression was upregulated in 3D
untreated (8-fold), and cisplatin treated PE/CA-PJ41 cells (8-fold) but interestingly, in con-
trast was downregulated in both 3D untreated and cisplatin treated Liv22K and NOK-
hTERT cells suggesting that different extents of hypoxia exist in spheroids derived from
different cell lines. Furthermore, treatment with 5-azacytadine resulted in induction of
HIF1A in all cell lines. The quinone reductase NQO1 has a major role in cellular redox
control and was also quantified. Expression of NQO1 followed the same upregulation in
PE/CA-PJ41 as CYGB with induction of approximately 4-fold under both culture condi-
tions. However, NQO1 was downregulated following 3D-culture and cisplatin treatment
in the other 2 cell lines investigated. Finally, to further investigate potential epigenetic
regulation, the methyl transferase DNMTI1 was also quantified by qPCR. Expression of
DNMT1 was generally downregulated over most of the cell lines and experimental con-
ditions investigated. PE/CA-PJ41 cells were relatively insensitive to the methyl transferase
inhibitor, however 5-azacytadine induced substantial downregulation of DNMT1 in both
the 3D Liv22K and NOK-hTERT cells.
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Figure 6. A) represents the induction of cytoglobin in PE/CAPJ41 cells untreated and after cisplatin
treatment (ICso concentration) for 24 h. B) represents induction of cytoglobin in NOK-hTERT cells
untreated and after cisplatin treatment (ICso concentration) for 24 h. C) represents the induction of
cytoglobin in Liv-22K cells untreated and after cisplatin treatment (ICso concentration) for 24 h. D)
represents the relative expression of cytoglobin associated genes to the 2D untreated cultures of the
indicated cell lines. Expression of genes (CYGB, HIF1A, NQO1 and DNMT1) measured in cisplatin
treated 2D/3D (ICso concentration), 3D untreated and 2D/3D 5-azacytadine treated (100 nM)
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PE/CAPJ41, NOK-hTERT and Liv22K cells. * Indicates p < 0.05 based on Welsh’s t-test comparing
untreated cells with cisplatin treated cells. ns = no significant difference. N=3.

3.4. Transcriptomic profiling of cytoglobin expressing PE/CA-PJ41 cells in hypoxic conditions

Because expression of CYGB and HIF1A was strongly upregulated in 3D-cultures of
PE/CA-PJ41 cells (Figure 6), we wanted to further investigate transcriptional changes reg-
ulated by CYGB by hypoxia in this cell line. Therefore, a cDNA microarray experiment
was undertaken to identify differentially expressed genes under conditions of cellular hy-
poxia in PECA/PJ41 cells genetically engineered to overexpress CYGB described previ-
ously®. Control and CYGB expressing PE/CA-PJ41 were exposed to hypoxia (1 % Oz, 12
hours) and gene expression analysed using an Agilent SurePrint G3 Human Gene Expres-
sion 8x Microarray. Statistical analysis using Principal Component Analysis (PCA) (Fig-
ure S4A), volcano plot (Figure 54B) and Hierarchical Clustering (Figure S5) identified 121
statistically significantly differentially expressed genes in CYGB expressing cells com-
pared to non-expressing cells. Of these, 54 were significantly differentially upregulated in
CYGB expressing cells (Figure S4B) and 67 genes down regulated (Figure S4B). GSEA
analysis was performed on the 54 differentially upregulated gene in the CYGB expressing
cells. (Table S2) GSEA analysis (Figure 7) identified significant enrichment of the Reac-
tome gene set for Cyclin E associated events during G1/S transition (R-HAS-69202). Gene
ontology molecular functions demonstrated significant enrichment of Rho GTPase bind-
ing (GO:0017048). Gene ontology biological processes demonstrated significant enrich-
ment of the following processes: Rho protein signal transduction (GO:0007266), Wnt sig-
nalling pathway (GO:0016055) and cell division (GO:0051301). GSEA also identified sig-
nificant enrichment of the KEGG pathway Axon guidance (hsa04360). Additionally, sev-
eral of the enriched genes are present in more than one category. Differentially down-
regulated genes are shown in Table S3. To further investigate the role of hypoxia and re-
dox stress in gene expression response of CYGB, HIFIA and DNMT1 in PE/CA-PJ41,
Liv22K and NOK-hTERT cells were examined after exposure to the hypoxia inducer co-
balt chloride, the redox inducers hydrogen peroxide and antimycin A and the demethyl-
ating nucleoside analogue 5-azacytadine. After initial cytotoxicity assessment to establish
ICso values (Figure S6) changes in gene expression where quantified by qPCR (Figure 8).
Cobalt chloride exposure resulted in the upregulation of HIF1A expression in all cell lines
however; Liv22K demonstrated the highest upregulation. CYGB and DNMT1 were upreg-
ulated following cobalt chloride treatment in PE/CA-PJ41 and Liv22K but slightly down-
regulated in NOK-hTERT cells. In contrast, exposure to hydrogen peroxide (1 uM) or an-
timycin A (ICso concentration) results in only minor changes in the levels of expression of
CYGB, HIF1A and DNMTT1 in PE/CA-PJ41, Liv22K and NOK-hTERT cells.
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Figure 7. Significantly enriched gene ontology categories after GSEA using Metascape. Inset table
displays gene component of each enrichment category. Bold indicates genes that enrich more than
one category.
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4. Discussion

The ability to culture cancer cells as 3D-spheroids has provided a new model to study
therapeutic response to chemotherapeutic agents including cisplatin'®!928. Cytoglobin has
previously been shown to be involved in cancer progression®* along with potential roles
in oxygen sensing®, detoxification of ROS*#4!4? as well as protection against hypoxia®!4.
The enhanced ECM environment and generation of a hypoxic core in the centre of cancer
cell line spheroids provides an opportunity to evaluate the contribution of cytoglobin and
hypoxia to the cisplatin therapeutic response in a more physiologically relevant in vitro
model. Generation of spheroid from PE/CA-PJ41 cells has previously been demonstrated#
and in this study they were used as a “reference” immortalised HNSCC cancer cell line.
Additionally, the primary normal oral Keratinocyte NOK-hTERT and cancerous Liv-22K
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provided a basis for comparing primary cells with an established cell line. Cell viability
assays demonstrated changes in cisplatin ICso values when cells were grown as 3D sphe-
roids. Typically making cell lines more resistant to cisplatin. In agreement with our find-
ings, previous studies have demonstrated similar increases in resistance profiles to vari-
ous drugs in tumour spheroid, which are believed to better model in vivo solid tu-
mours'®#, In our study, the PE/CA-PJ41 and Liv22K cells showed a greater resistance to
cisplatin than the primary normal NOK-hTERT cells.

A major mode of action of cisplatin is through the formation of genotoxic DNA-cross-
links and DNA-strand breaks were confirmed directly in both 2D- and 3D-PECAPJ/41
cultures using the alkaline comet assay. CYGB has been previous linked to p53 dependent
apoptosis*#” and protection from cisplatin-induced cytotoxicity through regulation of the
mitochondrial redox sensitive cardiolipin family of lipids®. Intriguingly, there is evidence
that haemoglobin and myoglobin can physically interact with cisplatin®®. Although it is
not known if cisplatin is able to interact with cytoglobin this could be represent another
direct mechanism of cellular protection from cisplatin. The cellular response to genotoxic
stress involves upregulation of GADD45A expression and loss of CYGB expression has
been linked to decreased expression of GADD45A and other p53-dependent pro-apoptosis
factors®. Interestingly, in the current study, in primary cell lines we observed down reg-
ulation of GADD45A in response to both cisplatin treatment and 3D cell culture suggest-
ing that a p53 independent damage response mechanism may be occurring in these cell
lines. Caspase 3 (Casp3) is a key effector gene in the intrinsic apoptosis pathway and is
upregulated in PE/CA-PJ41, and to a lesser extent in the primary cancer cells Liv22K. In
contrast, the primary normal cell line NOK-hTERT demonstrated downregulation of
caspase 3 and GADD45A, which are strongly associated with p53-dependent action®.
NOK-hTERT cells overexpress telomerase reverse transcriptase and in doing so function
as an immortalised primary derived model of oral keratinocytes®. Over expression of
hTERT is known to suppress p53-mediated apoptosis®?, which may explain the disparity
between the PE/CA-PJ41 and Liv22K cells with the NOK-hTERT cell. Early stage inflam-
mation measured through NF«B expression presented a similar pattern of expression to
that of Casp3 expression. Upregulation of NFxB has been associated with cytoglobin me-
diated cell survival against oxidative stress!. Surprisingly, the same level of upregulation
is not observed in the Liv22K and NOK-hTERT suggesting that the formation of spheroids
and exposure to cisplatin in 3D has a limited ability to initiate the apoptotic response
through GADD45A, Casp3 and NF«B and that regulation of these pathways appears to be
cell line specific. The alkaline comet assay demonstrated that growth of cell as 3D-cutures
induced a small but significant increase in background levels of DNA damage. The induc-
tion of hypoxia in the 3D-cultures has been shown to initiate greater DNA damage when
transitioning from 20 % to 1 % O: tension®. However, cisplatin treatment showed no sig-
nificant difference between 2D- and 3D-cultures suggesting that the induction of hypoxia
may be a greater driving force behind the DNA damage than cisplatin exposure in this
model. Additionally, from the gene expression panel the increasing induction of
GADD45A, Casp3 and NF«xB in 2D towards 3D cisplatin treatment demonstrates the po-
tential role of p53-dependent PI3K/AKT-caspase3 pathways in cytotoxicity®.

Immunofluorescence analysis of cytoglobin protein levels determined that no signif-
icant changes occurred between untreated, and cisplatin treated PE/CA-PJ41 and NOK-
hTERT. Analysis by gqPCR showed transcriptional activation of CYGB in 3D-cultures of all
three cell lines investigated. However, this was not markedly affected further by treatment
with cisplatin except in PE/CA-PJ41 cells. Evidence of hypoxia in 3D-cultures was as-
sessed by quantification of expression of HIF1A. Previously, studies have shown a link
between induction of hypoxia and the expression of cytoglobin''2324. In this study, HIF1A
expression was upregulated in 3D untreated (8-fold), and cisplatin treated PE/CA-PJ41
cells (8-fold) but interestingly, in contrast was downregulated in both 3D untreated and
cisplatin treated Liv22K and NOK-hTERT cells suggesting that different extents of hy-
poxia exist in spheroids from different cell lines or that the response is cell line specific.
The observation that cobalt chloride, a known activator of HIFla induces cytoglobin
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expression, further supports a direct role of hypoxia and HIF1a in the regulation of cyto-
globin in spheroid cultures. Interestingly, while HIF1A expression is upregulated in 5-
azacytadine treated 3D cultures, the activity of the demethylating enzyme DNMT1 is
downregulated in all 5-azacytadine treated 3D spheroids indicating that methylation may
play role in the regulation of HIF1A in 3D spheroids while HIF1A appears to be exclusively
associated with CYGB expression in PE/CA-PJ41 cells. Furthermore, induction of hypoxia-
inducible factor is known to have a role in epigenetic regulation of different cellular pro-
cess®. Cytoglobin expression has previously been shown to be downregulated by promo-
tor hypermethylation and upregulated by tumour hypoxia'l. Our data suggests that hy-
permethylation of HIF1IA and CYGB in 3D-culture may be a possible regulator of CYGB
expression in PE/CA-PJ41, but this would need to be confirmed directly (e.g., by pyrose-
quencing). There is evidence to suggest that hypoxia is not only a driver of epigenetic
regulation but it itself is also effected by methylation status®”. NAD(P)H quinone oxidore-
ductase 1 (NQO1) is induced in many cellular stress conditions including oxidative
stress®. NQO1 is considered a marker of cancer progression and has demonstrated an
ability to upregulated anti-apoptosis factors such as XIAP* and inhibit the proteasome-
mediated degradation of HIF1A®, thereby potentiating the hypoxia response. Interest-
ingly, PE/CA-PJ41 cells only demonstrate upregulation of NQO1 in 3D untreated and cis-
platin treated cells, possibly as a response to either hypoxia through HIF1IA and CYGB
regulation although further experiments are required to confirm this.

The expression of E-cadherin (CDH1) is often associated with the formation of 3D
spheroid cultures and its absence usually results in lack of spheroid formation or loose
aggregatess!. Our study demonstrates increases in CDH1 expression along with decreases
in MKI67 during spheroid formation which has been previously demonstrated in the suc-
cessful formation of PE/CA-PJ41 spheroids®. Interestingly, the production of 3D sphe-
roids of Liv22K and NOK-hTERT cells occurs in the absence of strong CDH1 expression
and is accompanied by increases in the proliferation marker MKI67, which is absent in
PE/CA-PJ41 cells. The primary Liv22K and NOK-hTERT express EGFR and are supple-
mented with EGF in culture. EGF signalling has been shown to be involved in the for-
mation of spheroids in head and neck cancer?®. In addition to MKI67 and CDH1, the gap
junction gene GJB6, often upregulated with detoxification processes,* is also upregulated
in PE/CA-PJ41 spheroids but only cisplatin treated Liv22K and NOK-hTERT 2D cells, in-
dicating that the G/B6 may contribute to the increased resistance to cisplatin in PE/CA-
PJ41 spheroids®. The GSEA-analysis conducted on the microarray dataset determined
that CYGB expression in hypoxia-enriched pathways was associated with regulation of
cell division and other related process. Enrichment of the Rho- and Wnt-signalling path-
way has been shown to be closely associated with cells division and motility®*¢>, however,
Wnt-signalling has more recently become recognised as a mechanism that contributes to
oncogenesis®. Indeed, the combination of hypoxia and Wnt signalling has been associated
with the progression of lung cancer®” and hepatocellular carcinoma®. Overall, cytoglobin
expression in cells appears to result in an increased proclivity to for cell cycle progression,
changes in mobility and division under conditions of hypoxia that contribute to a malig-
nant phenotype and drug resistance in vivo. Although more research is required, this
could potentially be through use of hypoxia related activation of Rho- and Wnt-signalling
pathways.

5. Conclusions

In summary, this study investigated the regulation of cytoglobin in normal and can-
cer-derived primary head and neck cells along with the cell line model PE/CA-PJ41. All
cell lines demonstrated the ability to form 3D-cultures and CYGB-expression was elevated
in all 3D-cultures examined compared to 2D-cultures of the same cell line. In the PE/CA-
PJ41 cell line there was a correlation between hypoxia induction and cytoglobin expres-
sion, which was also accompanied by an increase in cisplatin resistance. Furthermore, mi-
croarray analysis also revealed that expression of cytoglobin might aid in hypoxia
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dependent cellular proliferation and phenotypic changes that could contribute to cisplatin
resistance in vivo.
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