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Abstract. Background/Aim: This study aimed to assess the
impact of hypoxia on epithelial-mesenchymal transition (EMT)
in head and neck squamous cell carcinoma (HNSCC), focusing
on the involvement of transcription factors hypoxia inducible
factor 1 (HIF-1a) and Jumonji Domain-Containing Protein 1A
(JMJDIA). Materials and Methods: FaDu and Cal33 cell lines
were subjected to hypoxic and normoxic conditions. Cell
proliferation was quantified electronically, while PCR and
western blot analyses were used to measure mRNA and protein
levels of HIF-1a, JMJDIA, and EMT markers. EMT was
further characterized through immunofluorescence, migration,
and invasion assays. Results: Hypoxic conditions significantly
reduced cell proliferation after 48 hours in both cell lines. HIF-
la mRNA levels increased initially during short-term hypoxia
but declined thereafter, while JMJDIA mRNA levels showed a
sustained increase with prolonged hypoxia. Western blot
analysis revealed contrasting trends in protein levels. EMT
marker expression varied markedly over time at both the
mRNA and protein levels, suggesting EMT induction in hypoxia
within 24 hours. Immunofluorescence, migration, and invasion
assays supported these findings. Conclusion: The study
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provides evidence of hypoxia-induced EMT in HNSCC,
although conflicting results suggest a complex interplay among
molecular regulators involved in this process.

Hypoxia, characterized by reduced oxygen availability, poses
a significant challenge to cellular homeostasis and survival in
mammalian cells (1). However, paradoxically, many malignant
tumors thrive in environments with heterogeneous oxygen
concentrations. Within tumors, hypoxic regions emerge due to
inadequate oxygen supply to rapidly proliferating tumor cells
(2). This phenomenon is notably observed in head and neck
squamous cell carcinomas (HNSCC) (3).

The transcription factor hypoxia-inducible factor (HIF)
emerges as a pivotal player in tumor progression and
physiological and pathological adaptations to hypoxia (4).
Comprising an oxygen-sensitive o subunit and a
constitutively expressed [ subunit, HIF orchestrates gene
expression under hypoxic conditions. There are three known
o subunits 1a, 2o and 3a, while the latter is not ubiquitously
expressed and is underexplored (5). HIF-1a has a half-life
of only a few minutes in normoxia, is stabilized during
continuous hypoxia and can accumulate in the nucleus (6).
Stable HIF-10 accumulates in the cytosol and translocates to
the nucleus where it dimerizes with the constitutively
expressed HIF-1B and can bind the hypoxia response
element (HRE) of target genes (7).

HIF-1ao typically responds within shorter time intervals (2-
24 h) and lower oxygen levels (<0.1% O,) whereas HIF-2a
usually reacts in a higher oxygen level (<5% O,) with a
longer maintenance time (48-72 h) in some cell lines (8). In
simplified terms, HIF-1a could be seen as a driver of acute
hypoxia (<24 h) while HIF-2a is active in the chronic
response (>24 h) (9). Primary endothelial cells exhibit a
transition from HIF-1a to HIF-2a under conditions shifting
from acute to prolonged hypoxia (10). Notably, both
subtypes may exhibit tumor-suppressive effects in specific
contexts (6,7, 11).
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Elevated HIF expression is observed in primary and
metastatic tumors (12, 13). It correlates with tumor hypoxia
and is often exacerbated by loss of function of tumor
suppressor genes like p53 or von Hippel-Lindau via a
decreased degradation of HIF-1a. The clonal selection of
cancer cells exhibiting heightened HIF-1a activity drives the
malignant progression of the tumor (14). Herein, HIF-1a
expression has been demonstrated as an early event in oral
carcinogenesis (15). Conversely, in the recent literature, there
is increasing evidence that hypoxia-independent mechanisms
of HIF signaling activation may confer advantageous traits to
cancer cells, promoting their survival and development (16).
However, it is widely acknowledged that tumor hypoxia
significantly hampers the efficacy of tumor therapies,
stemming from reduced levels of chemotherapeutics and the
intrinsic radiation resistance of hypoxic regions (17).
Therefore, HIF presents itself as a promising target for future
tumor therapies, given the emergence of novel regulators of
HIF-1a. in the current literature (18).

HIF activation heralds a cascade of downstream effects,
including expression of over a hundred genes influencing
angiogenesis, energy metabolism, proliferation, and apoptosis
(19-21). IMIDIA, a histone demethylase, emerges as a key
mediator of HIF signaling (22, 23). Its oxygen-dependent and
HIF-mediated expression has been demonstrated both in vitro
and in vivo (24). Its demethylase function regulates the
transcription of additional genes, amplifying HIF effects and
promoting tumor proliferation and adaptation to the hypoxic
microenvironment (25). There are also studies that provide
evidence that the HIF-1o/JMJDI1A signaling pathway is
involved in inflammation and oxidative stress induced by
hypoxia, among others (26). Our findings demonstrate that HIF-
loo and JMJDIA serve as pertinent hypoxia-dependent
regulators of carcinogenesis in HNSCC cell lines (27). IMJID1A
regulates cell proliferation in hepatocellular carcinoma under
hypoxia through the peptide adrenomedullin, while promoting
urinary bladder cancer progression via coactivation of HIF-1a
(28). Additionally, JMJD1A promotes the proliferation and
progression of prostate cancer, emphasizing its potential as a
therapeutic target for advanced prostate cancer (29). Under
hypoxic conditions, JMJD1A modulates radioresistance in
esophageal squamous cell carcinoma cells (30). A recent review
underscores the growing importance of histone demethylases
such as JMJDIA as prognostic markers and potential
therapeutic targets in HNSCC (31).

An integral event in tumor progression activated by hypoxia
is epithelial-mesenchymal transition (EMT) (25). In the past,
EMT was perceived as a process wherein epithelial tumor cells
diminished their epithelial characteristics by downregulating
epithelial markers and upregulating mesenchymal ones. This
facilitated their migration from the epithelial tumor tissue to
distant locations via the bloodstream or lymphatic system (32).
Recent findings challenge this notion, suggesting that migratory
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behaviors do not conform to distinct, mutually exclusive
categories. Instead, they represent various degrees or
combinations of epithelial and mesenchymal features, forming
a continuum of morphological diversity among cells and
manifesting an array of migratory behaviors (33). This process
is also reversible, as elucidated by the concept of mesenchymal-
epithelial transition (MET) (34).

Various signaling pathways for hypoxia-induced EMT
have been identified, including the transforming growth
factor p (TGF-f3), wnt-B-catenin, and hedgehog pathways
(8). These pathways involve alterations in several EMT
transcription factors. Twist stands out as an essential and
non-redundant factor in HIF-la-mediated EMT. Co-
expression of Twist with another EMT marker, snail, and
HIF-1a correlates with a poor prognosis in HNSCC patients
(35). HIF-1a-induced activation of snail has been observed
in various tumor entities (36, 37). Additional relevant EMT
transcription factors include slug, smad interacting protein 1
(SIP1) and zinc finger E-box binding homeobox 1 (ZEB1).
EMT entails the loss or downregulation of epithelial markers
such as E-cadherin, alongside the gain or upregulation of
mesenchymal markers like N-cadherin and vimentin (38).

Despite the known influence of hypoxia, HIF, and
JMID1A on EMT, particularly in HNSCC, the underlying
mechanisms remain elusive. This study aims to elucidate the
impact of hypoxia and the roles of HIF-1a and JMJDI1A in
EMT in HNSCC. Understanding these mechanisms could
inform future cancer treatment strategies, enhancing
therapeutic efficacy against this challenging disease.

Materials and Methods

Tumor cell incubation. The HNSCC cell lines FaDu and Cal33 were
acquired from ATCC (via LGC Standards, Wesel, Germany) (39, 40).
FaDu cells were cultured in Modified Eagle’s Medium (MEM) (Sigma-
Aldrich, Schnelldorf, Germany) and Cal33 cells were grown in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco Invitrogen,
Karlsruhe, Germany). Both media were supplemented with 10% FCS
and 1% penicillin/streptomycin (Sigma-Aldrich) and MEM additionally
with L-Glutamine (Sigma-Aldrich). Cultures were maintained at 37°C
with 5% CO,, with medium replacement every other day. Upon
reaching 70-80% confluence, cells were trypsinized with 0.25% trypsin
(Gibco Invitrogen), washed with phosphate-buffered saline (PBS)
(Roche Diagnostics GmbH, Mannheim, Germany) and seeded into new
culture flasks or treatment wells. Experiments were performed using
cells in the exponential growth phase.

Tumor cell proliferation. Tumor cells were initially seeded onto
culture plates and incubated for 24 h at 37°C, 19% O, and 5% CO,.
Subsequently, five plates (N;, N3, Ng, Ny and Nyg) were
maintained in normoxic conditions, while another five plates were
subjected to hypoxia at 37°C with 5% CO, and 1% O, (H,, Hs, Hg,
H,4 and Hyg) for 1, 3, 6, 24 and 48 h, respectively. Following
incubation, the supernatant was aspirated, cells were detached with
0.25% trypsin, DMEM with supplements [10% FCS and 1%
penicillin/streptomycin (Sigma-Aldrich)] was added, and cell



von Fournier et al: Impact of Hypoxia, HIF-1a and JMJD1A on EMT

a FaDu cell viability
ns
100+
Il normoxia
B 4 = hypoxia
; 90
z
S 804
)
>
E 70+
60_
0 1 3 6 24 48
timeinh
b FaDu cell proliferation
ns
1,500,000 X
Il normoxia
1 hypoxia
+ 1,000,000
=
8
8 500,000~
0_

0 1 3 6 24 48
timeinh

Cal33 cell viability
ns
100+
Il normoxia
2 g4 1 hypoxia
£
2
T 804
8
S
8 70
60-
0 1 3 6 24 48
timein h
Cal33 cell proliferation
ns
1,500,000
Il normoxia
3 hypoxia
= 1,000,000
=
o
o
8 500,000

0 1 3 6 24 48
timeinh

Figure 1. FaDu and Cal33 cell viability (a) after 0, 1, 3, 6, 24 and 48 h in normoxia and in hypoxia. FaDu and Cal33 cell proliferation (b) after 0,

1, 3, 6, 24 and 48 hours in normoxia and in hypoxia.

counting was performed electronically (Casy® Technologies,
Innovatis AG, Reutlingen, Germany).

Quantitative real-time PCR. Harvesting of tumor cells for Real-time
polymerase chain reaction (rt-PCR) was conducted on ice to prevent
degradation of HIF-1a mRNA. After removing the supernatant, Sml
PBS was added and cells were scraped, resuspended, and
centrifuged for 5 min at 4°C and 1500 rpm. RNA extraction was
performed using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
following the manufacturer’s protocol. RNA concentration was
determined spectrophotometrically (Eppendorf AG, Hamburg,
Germany). cDNA synthesis was carried out using 50 ng of RNA
using SuperScript VILO Mastermix (Thermo Fisher Scientific,
Waltham, MA, USA) at 42°C. Two microliters of template cDNA
were added to a final volume of 20 pl of reaction mixture consisting
of 10 ul TagMan Gene Expression Master Mix, 1 upl of the
corresponding TagMan Gene Expression Assays (assay IDs: HIF-
1a=Hs00153153_m1, HIF-2=Hs01026149_m1l, KDM3A/JMJDI1A=
Hs00218331_ml, E-Cadherin=Hs01023895_m1, Occludin=Hs00
170162_m1, Snail=Hs00195591_m1, Twist=Hs01675818_m1,
Vimentin=Hs00958111_m1, all from Thermo Fisher Scientific) and
7 ul RNAse free water. PCR cycle parameters included an initial
step at 50°C for 2 min, enzymatic activation for 10 min at 95°C,
followed by 40 cycles involving denaturation at 95°C for 15 s,
followed by the annealing and the extension of the primer, and
subsequently amplification at 60°C for 1 min. Relative gene
expression levels of HIF-1a and KDM3A/JMJDIA were quantified
using fluorescent TagMan® technology. GAPDH (Hs02758991_¢l1,
Thermo Fisher Scientific) served as an endogenous control.

Additionally, each sample was measured in triplicate and the
comparative Ct method was employed for relative quantification of
gene expression as described previously (41). Data were expressed
as the mean of three independent experiments.

Western blot. For western blot analysis, cell harvesting was
performed on ice to prevent degradation of HIF-la protein.
Following removal of the supernatant, the lysis buffer [comprised
of 25% NuPAGE™ LDS sample buffer (Thermo Fisher Scientific)
and 3% 2-mercaptoethanol] was added for homogenization. Cell
lysates were then heated at 70°C for 10 min and subsequently
centrifuged after cooling. Supernatants were utilized for western
blot analysis, where 20 ul of the lysate was electrophoresed and
transferred to a nitrocellulose membrane. After washing in distilled
water for 5 min, membranes were blocked for 60 min with blocking
buffer [5% non-fat dry milk, TBST (10 mM Tris-HCI pH 8.0, 150
mM NaCl, 0.1% Tween 20)]. Subsequently, membranes were
washed in TBST three times for 5 min and incubated with primary
antibodies (pAb) at 7°C overnight, with the following dilutions:
anti-E-Cadherin  1:500 (Cat. No. Sc-21791, Santa Cruz
Biotechnology, Dallas, TX, USA), anti-HIF-1o 1:1000 (Cat. No.
MA1-516, Thermo Fisher Scientific), anti-HIF-2 1:1000 (Cat. No.
PA1-16510, Thermo Fisher Scientific), anti-JMJD1A 1:1000 (Cat.
No. PA5-88279, Thermo Fisher Scientific), anti-Occludin 1:1000
(Cat. No. 40-4700, Thermo Fisher Scientific), anti-Snail 1:1000
(Cat. No. C15D3, Cell Signaling Technology, Danvers, MA, USA),
anti-Twist 1:1000, (Cat. No. MA5-38652, Thermo Fisher Scientific)
and anti-Vimentin 1:1000 (Cat. No. D21H3, Cell Signaling
Technology). After three washes with TBST, membranes were
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Figure 2. mRNA levels in the quantitative real-time PCR in FaDu and Cal33 cells. HIF-1a mRNA (a), HIF-2a. mRNA (b), JMJD1A mRNA (c), Snail
mRNA (d), Twist mRNA (e), Vimentin mRNA (f), E-Cadherin mRNA (g), Occludin mRNA (h).
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incubated for 1 h with horse radish peroxidase-conjugated anti-
mouse (Cat. No. A9044, Sigma-Aldrich) or anti-rabbit (Cat. No.
111-035-003, Jackson ImmunoResearch, West Grove, PA, USA)
IgG at a dilution of 1:10000. Finally, the signals were developed
using the SuperSignal West Atto Maximum Sensitivity Substrate
Enhanced Chemiluminescence (Thermo Fisher Scientific) and
transferred to the iBright™ CL1500 Imaging System (Thermo
Fisher Scientific). Protein expression levels were quantified using
the iBright™ Analysis Software (Thermo Fisher Scientific).

Immunofluorescence. Tumor cells were seeded onto microscopic slides
and cultured on plates, similarly to the proliferation experiments.
Following incubation, the medium was removed, and cells were fixed
in a fixation solution [4% paraformaldehyde (Carl Roth, Karlsruhe,
Germany) in PBS] for 30 min, followed by two washes in PBS.
Subsequently, cells were incubated in 1% Triton X-100 (Merck,
Darmstadt, Germany) for 15 min and in a blocking solution [0.1%
Tween, 0.5% Triton X-100, 1% Albumin Fraction V (Carl Roth) and
10% normal horse serum (NHS, Gibco Invitrogen) in PBS] for one
hour. Cells were then incubated with pAb at 4°C overnight, with the
following dilutions: anti-E-Cadherin 1:100 (Cat. No. Sc-21791, Santa
Cruz Biotechnology), anti-HIF-1a 1:100 (Cat. No. MA1-516, Thermo
Fisher Scientific), anti-HIF-2 1:150 (Cat. No. PA1-16510, Thermo
Fisher Scientific), anti-IMJD1A 1:100 (Cat. No. PA5-88279, Thermo
Fisher Scientific), anti-Occludin 1:1,000 (Cat. No. 40-4700, Thermo
Fisher Scientific), anti-Snail 1:100 (Cat. No. 14-9859-82, Thermo
Fisher Scientific), anti-Twist 1:500, (Cat. No. MA5-38652, Thermo
Fisher Scientific) and anti-Vimentin 1:100 (Cat. No. D21H3, Cell
Signaling Technology). After three washes with PBS, cells were
incubated for 1 h with horse radish peroxidase-conjugated anti-mouse
(Cat. No. A32766, Invitrogen) or anti-rabbit (Cat. No. A32794,
Invitrogen) IgG at a dilution of 1:1000. Following three additional
washes with PBS, cells were incubated with 0.03% 4’ ,6-diamidino-2-
phenylindole (DAPI) (Cat. No. D9542, Merck) in PBS. After two
washes in PBS, cells were fixed with Aqua-Poly/Mount (Polysciences,
Warrington, PA, USA). Visualization of cells was performed under the
Leica DMi8 Microscope (Leica, Wetzlar, Germany) at 20x
magnification with fixed exposure times. Morphological cell analysis
without immunostaining was conducted using the Leica DMI4000 B
Microscope (Leica) at 10x and 40x magnification.

Scratch and invasion assay. For the scratch assay, cells were seeded
in culture plates and allowed to reach 70-80% confluence. A gap
was then created in the middle of the plate by scratching with a
pipette tip. Following this, the medium was changed, and any loose
cells were removed. Imaging was conducted using the Leica
DMI4000 B Microscope at 4x magnification immediately after
scratching and again after 24 and 48 h in both normoxia and
hypoxia conditions. Image analysis was performed using ImageJ
1.53a Software (National Institute of Health, Bethesda, MD, USA).

For the invasion assay, Matrige]™ Matrix Basement Membrane (Ref
No 354230) (Corning, Corning, NY, USA) was applied to 8 um pore
Transwell™ plates (Greiner Bio One, Frickenhausen, Germany) and
incubated at 37°C for 30 min. The lower chamber of the well was filled
with FCS-free medium, and cells were seeded in the transwell in FCS-
free medium and incubated for 24 h. Subsequently, the medium was
changed, and cells were further incubated for 24 and 48 h in normoxia
and hypoxia, respectively. After incubation, the Matrigel™ Matrix was
removed, and the cells were stained for 20 min in 1% crystal violet
solution (K. Hollborn & Sohne, Leipzig, Germany). The plates were
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then washed with distilled water and 10% acetic acid. To remove any
loose, stained cells, the supernatant was centrifuged for one min. The
intensity of the staining, indicative of the number of invaded cells, was
quantified by measuring the absorbance in the microplate reader Bio
ELx800 (BioTek Instruments, Friedrichshall, Germany).

Statistical analysis. All data were compiled into standard spreadsheets
and subjected to statistical analysis (GraphPad Prism 9.3.1 Software,
La Jolla, CA, USA). Given the assessment of multiple factors in the
proliferation experiments (various oxygenation levels across different
incubation periods), a 2-way ANOVA was employed to assess
statistical significance. To account for multiple comparisons, Siddk’s
multiple comparison test was applied.

For the statistical analysis of PCR and western blot data, a one-
way ANOVA was utilized since the comparison was made across
different hypoxia incubation periods rather than against normoxic
conditions. To address potential lack of sphericity, a Geisser-
Greenhouse correction was applied. Tukey’s multiple comparison
test was then conducted for correction of multiple testing.

Correlations between different targets in PCR and Western Blot
analyses were examined using Spearman’s rank-order correlation.
In contrast, paired #-tests were performed to analyze the scratch and
invasion assays. Statistical significance was considered at p<0.05,
with asterisks indicating significant differences.

Results

Tumor cell viability and proliferation. The viability of FaDu
and Cal33 was stable between 88 and 95% in normoxia and
hypoxia until 48 h, without any significant differences between
these two conditions (Figure 1a). FaDu cell proliferation was
low in the first h both in normoxia and hypoxia. After 24 h,
proliferation increased more intensely in normoxia (262+37%)
than in hypoxia (228+46%). After 48 h, differences in
proliferation increased to 552+66% in normoxia and 363+34%
in hypoxia. Differences were not statistically significant
(p=0.30 for different levels of oxygenation).

Cal33 cell proliferation was similar to FaDu. After 24 h,
proliferation increased to 272+85% in normoxia and
241+£74% in hypoxia. After 48 h, the proliferation benefit in
normoxia increased to 499+38% compared to 364+41% in
hypoxia. Differences were not statistically significant
(p=0.38 for different levels of oxygenation, Figure 1b).

Real-time PCR, western blot and immunofluorescence.
Statistical analysis found several significant correlations
between the studied genes and proteins in PCR and Western
Blot. Immunofluorescence staining was performed for the same
periods of hypoxia as in PCR and Western Blot. The results in
normoxia and after 24 and 48 h of hypoxia are shown.

HIF-1a. For FaDu cells in hypoxia, HIF-1a mRNA levels
increased after 1 and 3 h (H5:111+28%), then decreased below
the baseline after 6 h (Hg:85+4%) and further after 48 h
(Hyg:34+5%). Differences were statistically significant
(p=0.002 between 6 and 48 h). For Cal33 cells in hypoxia,



CANCER GENOMICS & PROTEOMICS 217: 591-607 (2024)

a Correlation FaDu Occludin/HIF-1a
1.5+
[ ]
[ ]
c 1.0 L ]
:E [ ]
3
8
O 0.5
° [ ]
0.0 T T 1
0.0 0.5 1.0 1.

HIF-1a

Correlation FaDu Occludin/dJMJD1A

1.5+
[
[ ]
[ 1.0 [ ]
5 .
3
°
(&)
O 0.54
b .
0.0 1 1 1 1
0 1 2 3 4
JMJD1A

HIF-1ao mRNA levels also initially increased after 1 h
(H{:120+68%), and then continuously decreased to about the
half of the baseline after 24 h (H,4:54+5%). After 48 h levels
increased again (H,q:87+44%). Differences were statistically
significant (p=0.002 between 0 and 24 h, Figure 2a).
Concerning the PCR in FaDu, HIF-1ae mRNA showed a direct
correlation with occludin mRNA (p=0.008), and an indirect
correlation with IMJID1A mRNA (p=0.008) (Figure 3a).

In the Western blot, for FaDu in hypoxia, HIF-1a protein
showed a continuous decrease up to 6 h (Hg:60+21%) and
increased again up to 48 h (Hyg:105+66%). Differences were
not statistically significant. For Cal33 in hypoxia, HIF-1a
protein continuously increased after 48 h (H,g:204+68%).
Differences were statistically significant (p=0.009 between
1 and 48 h, Figure 4a). In Cal33, HIF-1a protein showed
a direct correlation with twist protein (p=0.001) and
E-cadherin protein (p=0.008) and an indirect correlation with
vimentin protein (p=0.008) and JMJD1A protein (p=0.029)
(Figure 3b).

Concerning immunofluorescence in FaDu cells, there was
nearly no signal for HIF-1a in normoxia while there was a
strong signal in the cytosol after 24 h in hypoxia which
further increased after 48 h in hypoxia. In Cal33, the signal
for HIF-1a increased after 24 h in hypoxia. After 48 h in
hypoxia the low number of surviving cells showed an even
stronger signal (Figure 5).
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Figure 3. Continued

JMJDIA. Concerning FaDu cells in hypoxia, differences in
JMJDIA mRNA levels were not statistically significant. For
Cal33 cells in hypoxia, JMJ/DIA mRNA levels continuously
increased after 6 h (Hg:221+26%) and reached a maximum
after 48 h (H,4:469+373%). Differences were statistically
significant up to 24 h (p=0.028 between 0 and 24 h, Figure
2¢). IMJD1A mRNA in FaDu correlated indirectly with
occludin mRNA (p=0.017). In Cal33, IMIDIA mRNA
showed an indirect correlation with snail (p=0.008) and
vimentin mRNA (p=0.029, Figure 3a).

In the Western blot for FaDu cells in hypoxia, IMIDI1A
protein showed a slight increase up to 6 h (Hg:111£58%),
followed by a decrease after 24 h (H,4:50+15%) and another
increase after 48 h (H,5:80+27%). Differences were statistically
significant up to 24 h (p=0.031 between 0 and 24 h). For Cal33
in hypoxia, JMJD1A protein showed a strong decrease in the
first h (H;:72+16%), followed by stable levels up to 6 h and
another decrease up to 48 h (Hyg:29+12%). Differences were
statistically significant (p=0.006 between 0 and 48 h, Figure 4c).
In FaDu cells, IMJID1A protein levels correlated indirectly with
twist protein levels (p=0.029). In Cal33, JMJD1A protein
correlated indirectly with Twist (p=0.029) and E-cadherin
protein (p=0.008, Figure 3b).

In immunofluorescence, the JMJDI1A signal was slightly
stronger after 24 h of hypoxia while it was similarly weak
both in normoxia and hypoxia after 48 h. Some cell nuclei
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appeared more prominently stained in normoxia (Figure 6a).
In Cal33, JMJDI1A signal was strong in hypoxia and
normoxia with a focus on the nuclei. The overlay with DAPI
shows a slightly lower signal of JMJD1A in both incubation
periods of hypoxia (Figure 6b).

HIF-2a, Snail, Twist, Vimentin, E-cadherin, Occludin. The
change in mRNA levels in the quantitative real-time PCR in
FaDu and Cal33 cells can be seen in Figure 2b and d-h and in
the protein levels in the Western Blot in Figure 4b and d-h.
Immunofluorescence staining for Snail and Occludin in FaDu
cells. The corresponding immunofluorescence staining is
shown in Figure 5, Figure 6, Figure 7, and Figure 8.
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Migration and invasion assay. Migration assay. For FaDu,
the area of the scratch decreased to half of the baseline after
24 h in normoxia (N4=49+17%) and was stable after 48 h
in normoxia (Nyg=52+8%). The difference between the
baseline and 48 h in normoxia was statistically significant
(p=0.008). The area of the scratch was stable after 24 h in
hypoxia (H,4=90+19%) and decreased similarly to the same
time in normoxia after 48 h in hypoxia (H,g=56+24%) while
the difference to the baseline was not statistically significant.
There were no statistically significant differences between
normoxia and hypoxia (Figure 9a).

For Cal33, the area of the scratch decreased to about two
thirds of the baseline after 24 h in normoxia (N,4=66+7%)
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100 pm 100 pm 100 pm

Figure 5. (a) Immunofluorescence staining for HIF-1a and HIF-2a in FaDu cells. From left to right HIF-1o, HIF-2a. and overlay. Top row corresponds
to 24 h hypoxia, middle row to 48 h hypoxia, bottom row to normoxia. (b) Immunofluorescence staining for HIF-1a and HIF-2o. in Cal33 cells. From
left to right HIF-1a, HIF-2a and overlay. Top row corresponds to 24h hypoxia, middle row to 48 h hypoxia, bottom row to normoxia.
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Figure 6. (a) Immunofluorescence staining for Twist and JMJDIA in FaDu cells. From left to right Twist, IMJDIA and overlay. Top row corresponds
to 24 h hypoxia, middle row to 48 h hypoxia, bottom row to normoxia. (b) Immunofluorescence staining for Twist and JMJDIA in Cal33 cells. From
left to right Twist, overlay, JMID1A and overlay. Top row corresponds to 24 h hypoxia, middle row to 48 h hypoxia, bottom row to normoxia.
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Figure 7. (a) Immunofluorescence staining for Snail and Occludin in FaDu cells. From left to right Snail, Occludin and overlay. Top row 24h
hypoxia, middle row 48 h hypoxia, bottom row normoxia. (b) Immunofluorescence staining for Snail and Occludin in Cal33 cells. From left to right
Snail, Occludin and overlay. Top row 24 h hypoxia, middle row 48 h hypoxia, bottom row normoxia.
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Figure 8. (a) Immunofluorescence staining for E-Cadherin and Vimentin in FaDu cells. From left to right E-Cadherin, Vimentin and overlay. Top
row 24 h hypoxia, middle row 48 h hypoxia, bottom row normoxia. (b) Immunofluorescence staining for E-Cadherin and Vimentin in Cal33 cells.
From left to right E-Cadherin, Vimentin and overlay. Top row 24 h hypoxia, middle row 48 h hypoxia, bottom row normoxia.
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Figure 9. Migration and invasion assays. Migration assay in FaDu cells (a) and in Cal33 cells (b). Invasion assay in FaDu cells (c) and in

Cal33 cells (d).

and further decreased to nearly half of the baseline after
48 h in normoxia (N4g=49+19%). The difference between the
baseline and 48 h in normoxia was statistically significant
(p=0.045). The area of the scratch decreased to a slightly
lesser extent after 24 h in hypoxia (H,4=74+10%) and then
decreased more after 48 h in hypoxia (Hyg=47+17%) when
compared to normoxia. The difference between the baseline
and 48 h in normoxia was statistically significant (p=0.032).
There were no statistically significant differences between
normoxia and hypoxia (Figure 9b).

Invasion assay. For FaDu, the differences after 24 h in
normoxia (N,,=105+21%) compared to the baseline and
after 48 h in normoxia (N4g=126+26%) were not statistically
significant. The extinction slightly increased after 24 h in
hypoxia (Hy4=118+35%) and increased more strongly after
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48 h in hypoxia compared to normoxia (Hyg=145+8%). The
difference between the baseline and 48 h in hypoxia was
statistically significant (p=0.011). There were no statistically
significant differences between normoxia and hypoxia
(Figure 9c).

For Cal33, the extinction was again stable after 24 h in
normoxia (Np,=106+24%). After 48 h in normoxia, the
extinction increased to nearly twofold (N4g=175+16%). The
difference between the baseline and 48 h in normoxia was
statistically significant (p=0.014). The extinction increased
more clearly after 24 h in hypoxia when compared to
normoxia (Hy4=137+15%) and then was mainly stable after
48 h in hypoxia (Hyg=146+39%). The difference between the
baseline and 24 h in hypoxia was statistically significant
(p=0.049). There were no statistically significant differences
between normoxia and hypoxia (Figure 9d).
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Discussion

In our study, we investigated the impact of hypoxia and the
roles of the transcription factors HIF-1a and JMJDIA on
EMT in two HNSCC cell lines. We observed that the
viability of FaDu and Cal33 cells remained stable around
90% under both hypoxic and normoxic conditions. However,
proliferation was notably reduced after 48 hours of hypoxia
compared to normoxia, consistent with previous findings of
our group with FaDu and HLaC78 cells (23).

Analysis of HIF-1a mRNA levels revealed slight increases
after 1 and 3 h of hypoxia, followed by a continuous decrease
up to 48 hours in FaDu cells, consistent with previous findings
with FaDu and HLaC78 cells (23). Cal33 cells showed similar
trends up to 24 h but continued to exhibit increased levels up
to 48 h. JMJDIA mRNA levels increased to more than
threefold in hypoxia in both FaDu and Cal33 while there was
a singular decrease after 24 h in FaDu. FaDu and HLaC78 had
shown similarly distinct increases in our previous work (27).
Furthermore, other works also showed an accumulation of
HIF-1a in FaDu cells already after just 1 h of hypoxia (42). In
renal cell carcinoma, JMJDIA mRNA was increased in a
hypoxic environment (43).

Western blot analysis demonstrated increased HIF-1a protein
levels in hypoxic FaDu and Cal33 cells, with a temporary
decrease observed after 6 h in FaDu cells. Previously, we have
shown contradictory results in FaDu and HLaC78 cells with a
maximum of HIF-la protein after 6 h and a subsequent
decrease (27). IMID1A protein levels showed inconsistent
patterns in hypoxia with an undulatory course in FaDu and a
mix of decrease and stable levels in Cal33. In contrast, our
previous results showed stable levels in HLaC78 and an
increase after prolonged hypoxia in FaDu (23). In synopsis, the
effects of hypoxia on IMJD1A mRNA and protein clearly differ
within different HNSCC cell lines. Interestingly, Park er al.
found an upregulation of IMJD1A mRNA and protein under 24
h of hypoxia in the two different hepatoma cell lines HepG2
and Hep3B, whereas no changes were observed in the breast
cancer cell line MDA-MB-231 (44). The authors conclude that
JMJD1A might be a key regulatory factor for hypoxia-induced
cell proliferation in hepatoma, but not in the aforementioned
breast cancer cell line. Our results suggest a similarly differing
impact of IMJD1A in HNSCC cell lines, indicating variability
in their response to hypoxia.

Evaluation of EMT markers through PCR, western blot,
and immunofluorescence staining revealed a broad range of
expression patterns. Within the first 24 hours of hypoxia,
both cell lines exhibited indications of EMT, characterized
by increased expression of mesenchymal markers (vimentin,
snail, twist) and decreased expression of epithelial markers
(E-cadherin in FaDu cells. Cal33 exhibited comparable
trends, albeit with E-cadherin mRNA levels remaining
constant. Occludin increased in both FaDu and Cal33, which
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does not support the previous findings. After longer periods
of hypoxia up to 48 h, the changes of EMT markers were
inconclusive in FaDu and even contradicted a possible EMT
in Cal33.

Within 24 h, western blot analysis hinted at an EMT in
Cal33 cells, evidenced by increased snail and vimentin levels
alongside decreased occludin expression. Twist and E-
cadherin remained relatively stable. However, after 48 hours
of hypoxia, these trends reversed. In FaDu, western blot
analysis was inconclusive within the first 24 h and, like in
Cal33, also contradicted EMT after 48 h.

To pinpoint the observed EMT marker alterations within cells,
we performed immunofluorescence staining corresponding to the
respective incubation periods under hypoxic conditions. In FaDu,
the changes of twist, snail, occludin and E-cadherin within 24 h
of hypoxia suited a possible EMT. The changes of vimentin,
however, were inconclusive. In Cal33, snail, occludin and E-
cadherin supported EMT, but twist and vimentin showed
contradicting results.

Functional assays including migration and invasion assays
supported the presence of EMT features, albeit with differing
timelines between the two cell lines. The migration assay
revealed an increased migration and thus a tendency for an
EMT in FaDu cells only after more than 24 h in hypoxia.
The results of Cal33, however, suggested an EMT within 24
h in hypoxia, whereas migration was reduced after 48 h. The
invasion assay suggested changes apposite to an EMT only
after longer incubation of 48 h in hypoxia.

Overall, our findings suggest that hypoxia induces EMT
in FaDu and Cal33 cells within the first 24 hours, with
opposing effects observed after prolonged hypoxia. These
results align with previous literature indicating a role for
hypoxia in promoting EMT in HNSCC. Essid et al. found
that in Cal33 spheroids, a combination of hypoxia and
growth factors was essential to induce EMT (45). Hypoxia-
induced EMT has been documented in the HNSCC cell line
Tu686. Moreover, hypoxia was found to enhance Tu686
migration and invasion, with the oncogene metadherin
implicated in facilitating these processes (46). In
nasopharynx carcinoma, hypoxia promoted EMT, and this
effect could be reversed by a specific microRNA (47).

The role of HIF-2a for EMT and metastasis in HNSCC is
still unclear. As mentioned before, HIF-1a could be seen as
a driver of acute hypoxia up to 24 h while HIF-2a is active
in a chronic response. In pancreatic cancer, HIF-2a promotes
EMT by regulating Twist2 binding to the promoter of E-
cadherin, making HIF-2a and this pathway a possible
therapeutic target for pancreatic cancer (48). We found stable
or decreasing levels of HIF-2oo mRNA in both FaDu and
Cal33 and only a slight increase after 48 h in Cal33. In
FaDu, HIF-2a protein strongly increased up to 24 h in
hypoxia and decreased afterwards. In Cal33, HIF-2a protein
steadily increased up to 48 h in hypoxia. In summary, there
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are hints for an upregulation of HIF-2a in prolonged hypoxia
in Cal33, but contradictory results in FaDu. Taking into
account that the activation of JMJDIA, for example, is
specific for HIF-1a while it is not activated by isoforms like
HIF-2a., there might be a similarly distinct impact of HIF-
la and HIF-2a for EMT (49).

The precise mechanisms linking hypoxia and EMT in
HNSCC remain elusive. However, the induction of EMT by
hypoxia-inducible factor (HIF) through oncogenic pathways
has emerged as a pivotal determinant for metastasis in oral
squamous cell carcinoma (34). In prostate cancer, a potential
mechanism through which hypoxia and HIF regulate EMT has
been elucidated, involving the FoxM1 pathway (50). In the
colorectal cancer cell line LoVo, growth differentiation factor
15 has been identified as a promoter of cell viability, invasion,
and migration by inducing EMT (51). Several signaling
pathways are currently under investigation. For instance, in an
intestinal epithelial cell line, the constitutive activation of the
MAP kinase MEK1 has been linked to the induction of EMT.
This transition is associated with tumor invasion and
metastasis in vivo, likely mediated by the upregulation of
oncogenic factors (52). As previously noted, the transcription
factor of interest, IMIDI1A, has been demonstrated to facilitate
the proliferation and advancement of prostate cancer cells by
enabling Snail transcriptional activation. This underscores
JMID1A’s potential as a therapeutic target for advanced
prostate cancer (29). The literature on the molecular
mechanisms of EMT in HNSCC remains relatively sparse.
However, a noteworthy study discovered that silencing snail,
a key regulator of EMT, can reverse the process and enhance
radiosensitivity in hypopharyngeal carcinoma (53).

Conclusion

In summary, hypoxic conditions lasting up to 24 h in two
HNSCC cell lines appear to induce EMT, as evidenced by
molecular-level changes and functional analyses. However,
contradictory results within different tumor cells suggest a
complex interplay among the involved molecular regulators.
Future studies will aim to elucidate the underlying regulatory
mechanisms driving these phenomena. By highlighting the
exact time- and quantity-dependent effects of the involved
transcription factors, it might be possible to develop a deeper
understanding of the influence of hypoxia on EMT.
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