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Abstract: Cervical cancer (CC) arises from premalignant cervical intraepithelial neoplasia (CIN) induced by a persis-
tent infection with human papillomaviruses. The multi-stepwise disease progression is driven by genetic and epigen-
etic alterations. Our previous studies demonstrated a clear downregulation of inter-a-trypsin-inhibitor-heavy chain 5
(ITIH5) at mRNA and protein levels in CC compared to CIN2/3 and normal cervical tissue. Initial in vitro functional
analyses revealed a suppressive effect of ITIH5 on relevant mechanisms for cancer progression in conventional
two dimensional (2D) cell culture model systems. Based on these studies, we aimed to investigate the functional
relevance of ITIH5 in multicellular tumor spheroid (MCTS) models, which resemble in vivo tumors more closely.
We successfully established CC cell line-derived MCTS using the hanging-drop technique. ITIH5 was ectopically
overexpressed in HelLa and SiHa cells and its functional relevance was investigated under three dimensional (3D)
culture conditions. We found that ITIH5 re-expression significantly suppressed tumor spheroid growth and spheroid
invasiveness of both HeLa and SiHa spheroids. Immunohistochemical (IHC) analyses revealed a significant reduc-
tion in Ki-67 cell proliferation index and CAIX-positive areas indicative for hypoxia and acidification. Furthermore, we
observed an increase in cPARP-positive cells suggesting a higher rate of apoptosis upon ITIH5 overexpression. An ef-
fect of ITIH5 expression on the susceptibility of cervical MCTS towards cytostatic drug treatment was not observed.
Collectively, these data uncover pronounced anti-proliferative effects of ITIH5 under 3D cell culture conditions and
provide further functional evidence that the downregulation of ITIH5 expression during cervical carcinogenesis
could support cancer development.
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Introduction cal intraepithelial neoplasia (CIN, graded I-ll)

) _ and adenocarcinoma in situ (ACIS), respectively
Cervical cancer (CC) ranks the fourth leading [4, 5].

cause of cancer-related mortality in females

worldwide, accounting for 311,365 deaths in
2018 [1]. Approximately 80% of invasive CC
represent squamous cell carcinomas (SSC),
whereas adenocarcinomas (ADC) encompass
15% of the cases [2, 3]. These two distinct his-
tological subtypes are preceded by non-inva-
sive precancerous lesions, referred to as cervi-

A persistent infection with high-risk human
papillomaviruses (hrHPV) is proven to be com-
pulsory for the development of CC [6, 7]. Fur-
ther (epi)genetic alterations of infected host
cells, however, are indispensable for disease
progression, since the sole infection is not suf-
ficient for malignant transformation [8, 9]. In
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order to identify putative tumor suppressor
genes (TSGs) in previously localized chromo-
somal regions [10, 11], microarray expression
analyses were employed. It could be demon-
strated that inter-a-trypsin inhibitor heavy chain
5 (ITIH5) expression was significantly downreg-
ulated in CC compared to high-grade lesions
(CIN3) [12]. A significant decrease of ITIH5
mRNA and protein expression in CC versus
CIN2/3 and normal cervical tissue was further
verified by quantitative real-time PCR (gqPCR)
and immunohistochemical analysis (IHC) [13].
Functional analyses using in vitro gain-of-func-
tion models demonstrated tumor suppressor
properties including reduced proliferative and
migratory capacities of ITIHS in CC cell lines.
Furthermore, loss of ITIH5 expression in micro-
dissected CC tissue was associated with ITIH5
promoter methylation, which could be restored
by pharmacological DNA demethylation in CC
cell lines [13].

ITIH5 is one of several members of inter-o-
trypsin inhibitors, which belong to a family of
serine protease inhibitors, consisting of one
light chain (bikunin) and one or two homolo-
gues heavy chains (ITIH1-5) [14, 15]. ITIHs are
known to bind covalently to hyaluronic acid
(HA), a major macromolecule of the extracellu-
lar matrix (ECM), resulting in stabilization of the
ECM, which in turn plays a decisive role in dif-
ferent physiological and pathological process-
es [16, 17]. There is strong evidence that
altered ITIH expression is associated with
tumorigenesis and metastasis [18, 19]. It could
be shown that ITIH2-mediated ECM stabiliza-
tion resulted in suppression of invasion [20],
whereas ITIH1 and ITIH3 significantly reduced
the number of metastases in a murine in vivo
model [19]. Loss of ITIH5 expression caused by
an aberrant hypermethylation of the ITIH5 pro-
moter region was first described in breast can-
cer [21, 22]. To date, downregulation of ITIH5
expression is evident in several malignancies
including acute myeloid leukemia (AML) [23],
pancreatic ductal adenocarcinoma (PDAC) [24]
and thyroid carcinomas [25]. Unfavorable
patients’ outcome and disease progression are
further associated with loss of ITIHS expres-
sion in tumors of bladder [26], colon [27] and
lung [28]. Beyond that, in vitro studies of sev-
eral cancer cell lines revealed inhibitory effects
of ITIH5 re-expression on pathophysiological
mechanisms crucial for progressive oncogene-
sis [13, 29, 30].
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Previous studies already suggested a tumor
suppressive function of ITIH5 in CC based on
conventional 2D cell culture systems. Unlike
monolayer cultures, the spatial arrangement
within  MCTS conserves morphological and
functional differentiation as well as a histotypic
organization of the tumor cells [31, 32].
However, there is no report showing the influ-
ence of ITIH5 on cervical tumor spheroid growth
and other oncogenic properties. We therefore
investigated the effects of ectopic ITIH5 re-
expression on spheroid growth and invasion
using two in vitro 3D cell culture models.
Immunohistochemical analyses were applied
to elucidate the impact of ITIH5 overexpression
on cell proliferation, hypoxia and acidification
well as apoptosis. In addition, the influence of
ITIHS5 on the susceptibility of cervical MCTS
towards cytostatic drug treatment was exam-
ined.

Materials and methods
Cell lines

HPV18-positive HeLa (RRID: CVCL_0030) and
HPV16-positive SiHa cells (RRID: CVCL_0032)
were cultured in 25 cm? and 75 cm? flasks in
Dulbecco’s Modified Eagle’'s Medium (DMEM)
supplemented with 10% fetal calf serum (FCS)
(Sigma-Aldrich, Steinheim, Germany) and 100
U/ml penicillin and 100 pg/ml streptomycin
(Life Technologies, Darmstadt, Germany). Fla-
sks were maintained under standard condi-
tions (5% CO,, 37°C, 95% humidity). Both cell
lines were authenticated by multiplex short tan-
dem repeat analysis and the results of the
PowerPlex 16 HS System (Promega, Madison,
USA) were compared with the DSMZ database
(http://www.dsmz.de).

Lentivirus-mediated gene transfer

Infectious lentiviral particles incorporating ei-
ther pCDH empty vector or pCDH-ITIH5 were
available from a previous study [13]. App-
roximately 24 h prior transduction, the two tar-
get cell lines, HelLa and SiHa, were seeded into
12-well plates and grown to 70-80% conflu-
ence. On the following day, growth medium was
replaced by viral supernatants (1 ml/well) of
empty-vector (mock) or ITIH5-expressing lenti-
viruses, previously mixed with 2 pug/ml poly-
brene (Sigma-Aldrich, Steinheim, Germany).
Spinfection was performed at 1500 rpm for 45
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min and the plates subsequently incubated at
37°C for 6 h. A second infection cycle was per-
formed without polybrene, pursuant to the
steps as described above. 48 h after the sec-
ond infection cycle, cells were expanded into
25 cm? flasks followed by puromycin selection
(Sigma-Aldrich, Steinheim, Germany) optimi-
zed for each cell line (SiHa 0.6 ug/ml; HelLa
0.5 pg/ml). Puromycin-containing medium was
changed every other day for 7-9 days until non-
transduced control cells (native) were dead
(day O post-selection). Stable ITIH5 expression
of transduced cells was investigated by both
gPCR and immunocytochemistry 10 days
post-selection.

RNA extraction, cDNA synthesis, and qPCR

Total RNA of HelLa and SiHa cells was isolated
and purified using the NucleoSpin RNA Kit
(Macherey-Nagel, Diren, Germany) in agree-
ment with the manufacturer’s protocol. Extra-
cted RNA was converted into complementary
DNA using oligo(dT) primer and SuperScript Il
reverse transcriptase (Life Technologies, Dar-
mstadt, Germany). The FastStart SYBR Green
PCR system (Roche, Mannheim, Germany) was
used to determine ITIH5 expression levels via
qPCR on an ABI 7300 Sequence Detection
System (Applied Biosystems, Darmstadt, Ger-
many). See Table S1 for corresponding primer
sequences. The PCR was performed according
to the following steps: initial denaturation at
95°C for 10 min, 40 cycles: 15 sec 95°C, 20
sec 54°C, 40 sec 72°C, followed by melting
curve analysis. Relative gene expression was
calculated using the AAC-method [33]. The
LinRegPCR program was applied for the deter-
mination of mean PCR efficiencies [34].
Normalization of ITIH5 expression was con-
ducted to the housekeeping gene actin beta
(ACTB).

3D cell cultivation

MCTS were initiated in the presence of methyl-
cellulose (MC) (Sigma-Aldrich, Steinheim, Ger-
many). MC stock solution was prepared as
described elsewhere [35]. Tumor spheroids
were generated using the hanging-drop method
(HD) according to a modified protocol of anoth-
er study [36]. Briefly, cells were grown to 80%
confluence. 20 ul drops containing 1,000 HelLa
cells or 2,500 SiHa cells supplemented with
25% MC stock solution were pipetted onto the
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inner side of the lid of petri dishes. The bottom
of the petri dish was filled with 5 ml DPBS to
sustain a humid atmosphere. The lid was care-
fully turned upside down and placed on the
dish. Thereby spheroid formation was initiated,
which was considered as day 0. Spheroids
formed within 4 days at 37°C and were trans-
ferred into single wells of non-tissue culture
treated round-bottom 96-well plates (Greiner
Bio-One, Kremsmunster, Austria) for further
cultivation up to 12 days. Medium had to be
changed every 3-4 days by a 50% medium
replenishment.

Spheroid growth assay

Hela and SiHa spheroids were generated and
transferred into round-bottom 96-well plates
as described above. Spheroid growth was
assessed every other day up to day 12, starting
at day 4 after spheroid initiation (considered as
t0). For this purpose, phase-contrast images
were captured at 50x magpnification using an
inverted microscope equipped with a digital
camera. MCTS area (um?) was evaluated using
the freehand selection tool of the image analy-
sis software ImageJ (NIH, Bethesda, USA) [37].

Spheroid invasion assay

The invasive capability of tumor spheroids was
investigated using a spheroid invasion assay,
as described elsewhere [38]. Briefly, spheroids
were generated and transferred into round-bot-
tom 96-well plates as described above and cul-
tivated in high glucose (4 g/l glucose) DMEM
for 4 days. Half of the medium was replaced by
Matrigel™ (Corning Incorporated, New York,
USA) and allowed to solidify for 1 h at 37°C.
100 yl DMEM including 10% FCS was added
on top of the gel (considered as t0O). Images
were taken from tO and at intervals every other
day up to day 10 post initiation. The invasive
area (um?2) was measured as the area covered
by invading cells using Imagel) software (NIH,
Bethesda, USA) [37].

Cell block preparation and immunocytochem-
istry

Cells grown as monolayers or 32 individual
tumor spheroids were harvested at designated
time points, pelleted and washed once with 10
ml DPBS. After resuspension in 100 ul DPBS
containing Ca?*/Mg?*, 150 ul EDTA-Plasma
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(Sigma-Aldrich, Steinheim, Germany) and 150
pl thrombin (1000 U/ml; Sigma-Aldrich, Stein-
heim, Germany) were added to the cells or
spheroids and mixed gently. Coagulation was
completed after 10 min incubation. Cell or
spheroid clots were transferred into 5 ml Roti-
Histofix (Roth, Karlsruhe, Germany) for over-
night fixation, embedded in paraffin and
trimmed in 3 ym-thick sections.

Hematoxylin-eosin staining and immunohisto-
chemistry

Serial formalin-fixed paraffin-embedded (FFPE)
cell and spheroid sections (3 um) were dewax-
ed and rehydrated in xylene and a descending
ethanol series, respectively. From each spher-
oid specimen, the first and last sections were
stained with hematoxylin-eosin (HE) for asse-
ssment of spheroid morphology. Heat-induced
epitope retrieval was performed for 20 min in
pre-heated 10 mM citrate buffer (pH 6.0).
Endogenous peroxidases were quenched by
incubating the slides in 3% hydrogen peroxide
(H,0,), followed by an overnight incubation with
primary antibodies at 4°C. The following prima-
ry antibodies were applied: anti-ITIH5 (antibody
was kindly provided by Dr. Kloten and Prof. Dr.
Dahl, Institute of Pathology, Medical Faculty of
the RWTH Aachen University, Aachen, Ger-
many), anti-Ki67 (clone MIB-1; Dako, Hamburg,
Germany), anti-CAIX (Abcam, Cambridge, UK),
anti-cPARP (CST, Danvers, US). Cell block sec-
tions were stained with anti-ITIH5 only, while
spheroid sections were stained with all above
described antibodies. Secondary antibody
staining and visualization of the reaction were
performed using the Dako REAL™ EnVision™
Detection System (Peroxidase/DAB, Rabbit/
Mouse; Dako, Hamburg, Germany). Cell nuclei
were counterstained via incubation with hema-
toxylin. Cell block sections were inspected
using an Axioplan 2 microscope and AxioVi-
sion Rel.4.8 software (Zeiss, Jena, Germany).
Stained spheroid sections were scanned with
high-resolution using a NanoZoomer 2.0-HT
digital slide scanner (Hamamatsu Photonics,
Hamamatsu, Japan). Quantitative analysis of
digital IHC images stained for Ki-67, CAIX and
cPARP was performed using Image) software
(NIH, Bethesda, USA) [37] in combination with
IHC Profiler, which includes two open source-
macros for either nuclear or cytoplasmic IHC
staining’s, respectively [39]. In total, 3-4 sec-
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tions of 8 individual spheroids were examined
for each antibody stain.

Live/dead-assay using confocal laser scanning
microscopy

For the treatment with two FDA-approved cyto-
static drugs, cisplatin and paclitaxel [40], MCTS
were generated and transferred to non-tissue
culture treated round-bottom 96-well plates for
further cultivation as described above. 8 days
old spheroids were exposed to three drug
concentrations of cisplatin (10 uM, 50 uM and
100 uM) and paclitaxel (100 nM, 1 uM, 10 uM)
for 24 and 48 h, respectively. Treatment with
1% Triton X-100 served as a positive control.
Cell viability within spheroids following drug
exposure was assessed using the Live/Dead
Viability/Cytotoxicity Kit (ThermoFisher Scien-
fitic, Massachusetts, USA) according to the
manufacturer’s instructions. Briefly, spheroids
were transferred into glass-bottom 96 well-
plates and washed with pre-warmed DPBS.
Spheroids were stained with an ethidium
homodimer-1 (EthD-1)-calcein AM mixture via
incubation for 1 h at 4°C, followed by incuba-
tion for 30 min at 37°C. After a final washing
procedure, the spheroid samples were imaged
using an LSM 710 microscope (Zeiss, Jena,
Germany) in combination with a titanium-sap-
phire laser. Scanning was performed with sin-
gle excitation at 488 nm using spectral imag-
ing, with 20x/0.4 detection optics and a
512x512-pixel resolution. The obtained emis-
sion profiles from each pixel of the microscopic
image were separated by spectral unmixing
using Zen-software (Zeiss, Jena, Germany).
Separated channels representing either calce-
in AM or EthD-1 were quantified based on mean
grey values using ImageJ (NIH, Bethesda, USA)
[37] and resulting live/dead cell ratios were
calculated.

Statistical analysis

For statistical analysis, GraphPad Prism 7
(GraphPad Software, San Diego, USA) was
used. Two-way ANOVA followed by Tukey’s mul-
tiple comparison test was applied to determine
statistical significance of spheroid growth and
invasion over time. One-way ANOVA followed by
Tukey’s multiple comparison test was used to
analyze statistical significance of IHC staining
positivity and live/dead cell ratios. Data were
presented as mean * standard deviation (SD).
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Figure 1. ITIH5 gain-of-function in vitro models show high ITIH5 expression
levels. Mock- and ITIH5-transduced HelLa and SiHa cells underwent puromy-

siveness of HelLa and SiHa
tumor spheroids after ITIH5
re-expression

cin selection and were harvested 10 days post-selection including a native,

non-selected control. Characterization of ITIH5 expression was performed
on mRNA and protein levels. A. Relative ITIH5 mRNA expression of native,
mock- and ITIH5-transduced cells was determined by qPCR. ACTB served
as standard for normalizing relative ITIH5 expression. Bars represent mean
+ SD from biological duplicate samples in technical triplicates. B. Repre-
sentative images of immunocytochemical analysis showing ITIH5 protein
expression level in native and (mock-) transduced cells. Scale bar: 200 um.

Differences were considered statistically sig-
nificant if the two-sided P-values were equal or
below 5% (<0.05).

Results

Generation of ITIH5-overexpressing in vitro
models

First in vitro analyses of CC cell lines overex-
pressing ITIH5 revealed tumor suppressive
properties in a conventional 2D cell culture sys-
tem [13]. In order to unravel the functional
impact of ITIH5 silencing in a 3D environment,
two CC cell lines (HeLa and SiHa) were trans-
duced with ITIH5, followed by puromycin selec-
tion. Both cell lines exhibit only traces of endog-
enous ITIH5 expression (Figure 1) and there-
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Both in vitro models were used
to characterize the effect of
ITIH5 on functional tumor cell
properties in a 3D culture sys-
tem. The sustainability of pro-
liferative capacity and high
growth rates are one of the
hallmarks of cancer cells [41]. Hence, MCTS
growth of Hela and SiHa spheroids derived
from native, mock- and ITIH5-transduced cells
was evaluated over time and relative spheroid
growth rates were determined. It could be
demonstrated that growth kinetics of Hela
(Figure 2A, left panel) and SiHa (Figure 2A,
right panel) spheroids were slightly, but signifi-
cantly retarded upon overexpression of ITIH5.
In HeLa spheroids, ITIH5 re-expression reduc-
ed spheroid growth by 16.1% and 14.6%, re-
spectively, in comparison to native and mock-
transduced spheroids after 12 days of cultiva-
tion. Furthermore, SiHa spheroid growth rates
were significantly decreased by 18.3% and
23.5%, respectively, upon ITIH5 overexpres-
sion as compared to spheroids derived from
native and mock-transduced cells.
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Figure 2. ITIH5 overexpression reduces cervical MCTS growth rates and invasiveness. A. Relative tumor spheroid
growth rates of native, mock- and ITIH5-transduced HelLa and SiHa cells were determined by time course-measure-
ments up to 8 days post-spheroid initiation. Spheroid area was determined every other day using phase-contrast
imaging. Data were normalized to area values of day 4 (t0). Results are expressed in bars as mean + 95% Cl of 8
spheroids per condition (n = 3), P < 0.01, ™*P < 0.0001 compared to the mock-control. B. Invasive capacity of
tumor spheroids derived from HelLa and SiHa cells was evaluated over time using Matrigel-based invasion assay.
Upper panel: Representative images of matrix-embedded HelLa spheroids at day 10 post-spheroid initiation used
for quantification of relative invasion rates. Lower panel: Representative images of matrix-embedded SiHa spher-
oids 10 days post-spheroid initiation used for quantification of relative invasion rates. Scale bar: 50 um. C. Relative
spheroid invasion rates of native, mock- and ITIH5-transduced HelLa and SiHa spheroids was determined at differ-
ent time points. Data were normalized to invasive area values of day O (tO). Bars represent mean + 95% Cl of 6

spheroids per condition (n = 3), P < 0.01, ***P < 0.0001 compared to the mock-control.

We next examined the invasive behavior of
tumor cells, which is of high clinical significance
and has a great prognostic value in terms of
overall patient survival and therapy outcome
[42]. Accordingly, MCTS were embedded into
basement-membrane like matrix (Matrigel™)
to investigate the invasiveness of spheroids
derived from native, mock- and ITIH5-trans-
duced Hela and SiHa cells. HelLa spheroids of
native and mock-transduced cells exhibit mar-
ginal invasive protrusions (Figure 2B, upper
panel), whereas no invasive protrusions could
be observed for HelLa spheroids upon ITIH5
overexpression (Figure 2B, lower panel). This
was further illustrated by evaluating relative
spheroid invasion rates. MCTS derived from
ITIH5-overexpressing HelLa cells showed signifi-
cantly decreased invasion rates (Figure 2C, left
panel). The invasive capability decreased by
17.9% and 19.1%, respectively, as indicated by
areas covered with invasive protrusions and
compared to spheroids of native and mock-
transduced Hela cells on day 10. SiHa spher-
oids grown from native and mock-transduced
cells exhibited clear branch-like invadopodia
projecting into the surrounding matrix (Figure
2B, lower panel). In contrast, almost no protru-
sions were present when ITIH5 was re-
expressed in SiHa spheroids. Relative invasion
rates demonstrated additionally a dramatic
reduction of the invasive capability of ITIH5-
overexpessing SiHa spheroids (Figure 2C, right
panel). The most distinct effect was detected
on day 10, where the invasive areas of ITIH5-
overexpressing SiHa spheroids were signifi-
cantly decreased by 46.6% and 46.5%, respec-
tively, compared to spheroids derived from
native and mock-transduced cells.

Altogether, re-expression of ITIH5 leads to a
significant decrease in spheroid growth over
time and a pronounced suppression of tumor
cell invasion in HelLa and SiHa spheroids,
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although to a different extent depending on the
cell line.

ITIH5 promoted apoptosis while suppressed
proliferation and hypoxia of CC spheroids in a
cell type-dependent manner

To further characterize whether ITIHS overex-
pression influences cervical MCTS morphologi-
cally and functionally, different histological
staining protocols were applied. HE-staining of
sectioned day 6 and day 12 Hela (Figure 3A,
3B) and SiHa (Figure S1A, S1B) spheroids
revealed a dense morphology for both cell
types and a for tumor spheroids typical layered
structure with internal regions exhibiting signs
of necrosis. The observed necrotic core regions
were more pronounced for SiHa spheroids
(day 6 and day 12) compared to spheroids
derived from Hela cells (day 12 only). However,
no differences in spheroid morphology and
internal necrotic areas were observed among
spheroids from native, mock- and ITIH5-trans-
duced Hela and SiHa cells, respectively.

Verification of ITIH5 expression in 3D cultured
Hela and SiHa cells could be successfully dem-
onstrated, as displayed by representative
spheroid images in Figures 3 and S1. Of note,
ITIH5-positive cells were evidently located at
the core region of Hela spheroids on day 12,
while ITIH5 expression was distributed through-
out entire SiHa cell-derived spheroids. Never-
theless, a considerable overexpression of
ITIH5 in HelLa and SiHa spheroids compared to
spheroids of native and mock-transduced cells
was detectable.

Antibody-based staining of protein targets was
further applied to evaluate cell proliferation (Ki-
67), hypoxia and acidification (CAIX) as well as
apoptosis (cPARP) in cervical MCTS. Native and
mock-transduced Hela spheroids on day 6 and

Am J Transl Res 2021;13(9):10298-10314
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mock native

day 6 HelLa spheroids
ITIH5

w

mock native

day 12 HelLa spheroids

ITIH5

Figure 3. Effect of ITIH5 overexpression on internal structures and different tumorigenic properties of HelLa cells
grown as MCTS. (A, B) Representative images of 6-day old (A) and 12-day old (B) FFPE-embedded and sectioned
Hela spheroids, investigated using HE and immunohistochemical staining. Proliferating and apoptotic cells in
spheroids derived from native, mock- and ITIH5-transduced Hela cells were stained with anti-Ki-67 and anti-cPARP,
respectively. Hypoxic cells were stained with anti-CAIX. Stable ITIH5 expression was evaluated using anti-ITIH5 anti-
body. Images represent mid-sections through HelLa cell derived MCTS. Scale bar: 200 pym.

day 12 contained a high proportion of prolifer-
ating cells (Figure 3A, 3B) as represented by
Ki67 positive nuclei. However, Ki-67-positive
staining patterns were not homogenously dis-
tributed in spheroids at day 12, and a non-pro-
liferative core could be observed. In ITIH5-
overexpressing HelLa spheroids, the number of
Ki-67-positive nuclei was clearly diminished
(Figure 4A). This was further demonstrated by
significantly decreased mean percentage lev-
els of proliferating cells in ITIH5 overexpressing
Hela spheroids compared to spheroids derived
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from native and mock-transduced cells at both
time points. A similar distribution pattern of
proliferating cells could be observed for SiHa
spheroids (Figure S1A, S1B). However, the non-
proliferating core was more distinct in spher-
oids derived from this cell type compared to
Hela spheroids. The highest mean values of
Ki-67-positive nuclei were also found in SiHa
spheroids on day 6, without significant changes
between spheroids derived from native, mock-
and ITIH5-transduced cells (Figure 4B). In con-
trast, 12-day old spheroids derived from ITIH5-
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Figure 4. Quantification of ITIH5-induced effects on tumorigenic characteristics in cervical MCTS. FFPE-embedded
and sectioned Hela and SiHa spheroids derived from native, mock- and ITIH5-transduced cells were evaluated on
day 6 and day 12 regarding proliferation (Ki67), hypoxia (CAIX) and apoptosis (cCPARP). (A, B) The mean ratio of pro-
liferating cells are illustrated as boxplots of Ki67 positive nuclei (%) compared to total nuclei in HeLa (A) and SiHa
(B) spheroids. (B, C) The mean ratios of hypoxia within HeLa (C) and SiHa (D) spheroids are displayed as boxplots
of CAIX-positive cells (%) compared to total cells. (E, F) Apoptotic cells are presented as boxplots of cPARP-positive
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cells (%) compared to total amount of cells in HelLa (E) and SiHa (F) spheroids. In total, 3-4 sections of 8 spheroids
at both time points and each sample group were examined (n = 3). Horizontal lines: grouped medians. Boxes: 25-
75% quartiles. Vertical lines: range, peak and minimum, ns: not significant *P < 0.05, **P < 0.01, **P < 0.001, ****P

< 0.0001 for the indicated comparisons.

overexpressing SiHa cells exhibited a significant
reduction of proliferating cells compared to
spheroids of native and mock-transduced cells.

CAIX-positively stained cells, indicating hypoxia
[43] and extracellular acidification [44] were
mainly located at the inner regions of Hela
spheroids after 6 days, whereas an additional
localization of CAlX-positive cells was observ-
able at the spheroid periphery on day 12 (Figure
3A, 3B). Notably, ITIH5-overexpressing spher-
oids exhibit a reduced CAIX expression, indicat-
ed by more faintly stained cells. Quantitative
analyses reveal that for both time points, the
mean percentages of CAIX-positively stained
cells were significantly reduced upon forced
ITIHS expression in HelLa spheroids compared
to spheroids derived from native and mock-
transduced cells (Figure 4C). Endogenous CAIX
expression was distinctly lower in SiHa spher-
oids as compared to HelLa spheroids (Figure
4C, 4D). Interestingly, positively stained cells
were mainly located at the spheroid periphery,
while almost no staining was detectable in the
inner regions of SiHa spheroids (Figure S1A,
S1B). The proportion of hypoxic and acidic
regions was not significantly different between
spheroids derived from native, mock- and
ITIH5-transduced SiHa cells on day 6 (Figure
4D). At day 12, SiHa spheroids overexpressing
ITIH5 showed a significant reduction of CAIX-
positive cells compared to spheroids of mock-
transduced spheroids; however, no significant
difference was detectable between native and
ITIH5-overexpressing spheroids.

IHC analysis of cPARP, as a marker for apopto-
sis, revealed a more pronounced localization of
apoptotic cells within the inner region of HelLa
spheroids as demonstrated by representative
images of stained spheroid sections (Figure
3A, 3B). Moreover, an increase in apoptotic
cells could be observed in HeLa spheroids over-
expressing ITIH5. This was further highlighted
by comparing mean percentages of cPARP-pos-
itive cells of day 12 spheroids (Figure 4E). The
mean of positive cPARP staining in HeLa spher-
oids overexpressing ITIH5 was significantly
increased compared to spheroids derived from
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native and mock-transduced cells. On day 6, a
significant difference in the number of cPARP-
positive cells could be obtained between native
and ITIH5-overexpressing HelLa spheroids only.
SiHa spheroids exhibit a similar pattern of
apoptotic cell localization, although with less
staining intensities in comparison to Hela
spheroids (Figure S1A, S1B). Nevertheless, a
higher rate of cPARP-positive cells was observ-
able for ITIH5-overexpressing SiHa spheroids,
when compared to spheroids derived from
native and mock-transduced cells. Quantifi-
cation revealed no difference in mean percent-
ages of cPARP-positively stained cells between
spheroids of native, mock- and ITIH5-trans-
duced cells on day 6 (Figure 4F). In contrast, a
significant increase in apoptotic cells was
observable for SiHa spheroids overexpressing
ITIH5 on day 12 as compared to spheroids
derived from native and mock-transduced cells.

In summary, both spheroid models derived
from HelLa and SiHa cells formed densely
packed spheroids, with concentric arranged
layers comprised of a proliferating rim, followed
by a layer of non-proliferating cells and addi-
tional areas of cell death within the inner region.
ITIHS overexpression could be successfully
detected in the corresponding spheroids after
MCTS formation but did not alter spheroid mor-
phology. Ki-67-positive cells were significantly
decreased upon forced ITIHS expression in
both HeLa and SiHa spheroids. A highly signifi-
cant reduction of CAIX-positive cells in ITIH5-
overexpressing spheroids could be observed
for HeLa spheroids, while the amount of apop-
totic cells was significantly higher in MCTS
derived from both HelLa and SiHa cells overex-
pressing ITIH5.

The susceptibility to cytostatic drugs was not
influenced by ITIH5 expression levels

Next, the possibility of increased anti-cancer
drug susceptibility by ITIHS5 expression was
analyzed using the Live/Dead Cytotoxicity Kit.
For this purpose, the cell viability within HelLa
and SiHa spheroids was investigated after
challenging with cisplatin and paclitaxel, two
approved cytostatic drugs [40]. Representative
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Figure 5. Live/Dead-Assay of MCTS derived from HelLa cells upon cytostatic drug treatment. Drug sensitivity of
8-days old tumor spheroids derived from native, mock- and ITIH5-transduced Hela cells was investigated upon
treatment with cisplatin and paclitaxel for 24 and 48 h, respectively. Incubation with medium only served as nega-
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characterize viable cells, while dead cells appear in red. B. Live/Dead cell ratios were calculated based on mean
grey values of the corresponding fluorescence intensities. Bars represent mean + SD of 4 spheroids per condition

(n = 3). Scale bar: 100 ym.

images of Hela (Figure 5A) and SiHa (Figure
S2A) spheroids obtained 24 h after treatment
with cisplatin and paclitaxel, illustrated an over-
all decrease of viable cells (green fluorescent
signal) and an increase of dead cells (red fluo-
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rescent signal) with increasing drug concentra-
tions. The reduction of viable cells was further
demonstrated by calculating Live/Dead cell
ratios, which decreased in a time-dependent
manner and with increasing drug concen-
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trations for both Hela (Figure 5B) and SiHa
(Figure S2B) spheroids. However, Live/Dead
cell ratios of HeLa and SiHa spheroids derived
from native and mock-transduced cells did not
differ from ITIHS overexpressing spheroids
upon treatment with cisplatin or paclitaxel,
respectively, suggesting no direct influence of
forced ITIH5 expression on cytostatic drug sus-
ceptibility of HeLa and SiHa spheroids.

Discussion

Apart from persistent infections with hrHPV as
the main causative agent for CC [6], additional
(epi)genetic host cell alterations are compulso-
ry for driving malignancy [9, 10]. The elucida-
tion of such molecular mechanisms and their
functional impact could be of diagnostic and
prognostic value in the clinic. The present study
therefore aimed to gain insights into the func-
tional relevance of ITIH5, a potential TSG in CC,
in 3D cell culture systems derived from two cer-
vical cancer cell lines (HeLa and SiHa).

The established cervical tumor spheroids
derived from transduced Hela and SiHa cells
were employed to further explore the functional
impact of forced ITIHS expression on different
tumorigenic characteristics. At first, we demon-
strated a clear growth-retardation of spheroids
derived from Hela and SiHa cells upon ITIH5
re-expression in a time-dependent manner.
This finding corresponds well to outcomes of
other studies, where a growth suppressive
effect of ITIH5 was described for several can-
cer cell lines [13, 22, 27]. However, these latter
results were derived from analyses with con-
ventional 2D cell culture models and no studies
are yet available on the effects of ITIH5 in an in
vitro 3D setting.

Tumor cell invasion is a fundamental step in
the process of tumorigenesis and is consider-
ably influenced by the ECM [42]. Therefore,
Matrigel™-embedded tumor spheroids were
employed to elucidate the functional impact
of ITIH5 re-expression on tumor cell invasive-
ness. In line with ITIH5-mediated suppression
of tumor spheroid growth, forced ITIH5 expres-
sion in HelLa and SiHa spheroids significantly
reduced the invasive phenotype. Of note, the
observed effect was more striking for SiHa
spheroids, indicating a cell line-specific effect
upon ITIH5 overexpression. In contrast to the
results of the present study, a previous report
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did not observe less invasive capabilities of
cervical cancer cell lines upon ITIH5 expression
[13]. However, these latter experiments were
performed with transwell-invasion assays, lack-
ing the spatial geometry of tumor cells and their
surrounding matrix. Migratory cells can sub-
stantially differ in their morphology and mode
of migration depending on whether they are
moving on 2D or 3D substrates [45]. Other
research groups have also found differences
between 2D and 3D cancer cell cultures, espe-
cially in terms of the impact of extracellular
matrix (ECM) [46, 47]. In a 3D ECM-based
model, breast cancer cells showed a signifi-
cantly reduced proliferation rate in comparison
to cell culture in 2D conditions after treatment
with doxorubicin [48]. The doxorubicin resis-
tance in this breast cancer cells was mediated
by extracellular matrix proteins, which were
only built in 3D model [48]. This underscores
the relevance of 3D in vitro models, which are
superior to 2D culture models when simulating
reorganization of ECM and invasive properties
[49]. In line with our findings in cervical cancer
cells, another report revealed inhibition of
abrogated invasive growth patterns in a 3D
Matrigel™ invasion assay when ITIH5 was over-
expressed in MDA-MD-231 breast cancer cells
[30]. The signaling cascades by which ITIH5
suppresses invasion are still not fully under-
stood. According to the study of Rose and col-
leagues [30], suppression of tumor cell inva-
sion might be explained by ITIH5-mediated
modulation of members of the TGF- superfam-
ily, which are known to influence important sig-
naling cascades involved in invasion and
metastasis [50]. Whether TGF-B-dependent
signaling also plays a role in modulating cervi-
cal cancer cell invasion remains to be eluci-
dated.

IHC analysis and additional HE-staining of
FFPE-embedded HelLa and SiHa spheroid sec-
tions revealed a clear distribution in zones of
the spheroids at day 12 post-initiation, repre-
senting one of the prominent features of tumor
spheroids [51]. SiHa spheroids featured a more
pronounced area of innermost cell death in
comparison to HelLa spheroids. HelLa cells lack
aVB3-integrin expression on their cell surface
and therefore establish less cellular interac-
tions with the surrounding ECM compared to
SiHa cells [52]. Accordingly, enhanced cell-
matrix interactions of SiHa cells might lead to a
more densely packed spheroid morphology,
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which in turn can increase diffusion limitations
and subsequently the amount of central necro-
sis [61, 53]. No differences in histological fea-
tures were observed between spheroids der-
ived from native, mock- and ITIH5-transduced
Hela or SiHa cells, respectively. Thus, the
impact of ITIHS5 on (sub)cellular properties
might only be observable on single cell level by
applying high-resolution cLSM as performed in
another study [29].

A verification of ITIH5 protein expression in
tumor spheroids could be successfully con-
firmed using an immunohistochemical app-
roach. A striking observation is the inhomoge-
neous distribution of ITIH5 staining throughout
spheroids derived from Hela cells on day 12,
with a more pronounced localization within the
core regions. Interestingly, the effect was not
detectable for 6-days old Hela spheroids.
Stable transgene expression is often provided
by CMV promoters [54], as in the case of the
ITIHS expression construct. However, a suscep-
tibility of the CMV promoter to CpG methylation
depending on the transcriptional status of the
target cell has been reported [55, 56]. Cells
within tumor spheroids might become quies-
cent due to limited nutrient supply, while cells
located at the spheroid periphery are still
actively proliferating and possess an increased
transcriptional level. According to that, it is
hypothesized that ITIH5 transiency in peripher-
al cells of MCTS is correlated to methylation of
the promoter sequence.

Spheroid sections were further stained with
antibodies directed against Ki-67, CAIX and
cPARP, respectively. Overall, Ki-67 expression
was mainly localized at the spheroid periphery
in HeLa and SiHa spheroids, which is in line
with published data about the stratified com-
position of different cell layers within MCTS
[51]. In spheroids derived from both cell types,
a significant decrease in Ki-67 positive nuclei
could be demonstrated upon ITIH5 re-expres-
sion. In the clinic, a high proliferation index as
indicated by Ki-67 staining is often positively
associated with high grade cervical lesion and
a higher risk of progression [57]. Hence, spher-
oids derived from ITIH5-overexpressing Hela
and SiHa cells feature a lower risk of progres-
sion with regard to their decreased Ki-67 stain-
ing pattern. This further supports the assump-
tion of ITIH5 to be a novel tumor suppressor in
CC.
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Furthermore, HelLa spheroids exhibited high
ectopic CAIX expression mainly at the core
region, which was significantly lower under
influence of ITIH5. Aside from representing a
general marker for hypoxia and acidosis, CAIX
serves as a diagnostic marker in CC and is
associated with increased malignancy and a
poor clinical outcome [43, 58]. The decreased
ectopic CAIX expression in ITH5-overexpressing
Hela spheroids thus underscores the ability of
ITIHS to suppress a tumorigenic phenotype.
Although CAIX was primarily expressed at
spheroid core regions, an additional localiza-
tion at the spheroid periphery was especially
observed in native and mock-transduced Hela
spheroids on day 12. CAIX appears to be func-
tionally involved in tumor progression [44, 59].
A re-distribution of CAIX to migratory edges and
focal contacts is therefore argued to actively
contribute to increased migration and invasion
[60]. The observed phenomenon might explain
the presence of CAIX-positively stained Hela
cells in the corresponding spheroid periphery. A
similar re-distribution of CAIX-staining patterns
to the spheroid margins on day 6 versus day 12
could be also observed for SiHa spheroids. In
contrast, SiHa spheroids overexpressing ITIH5,
featured no or only a weak decrease in CAIX-
positive area compared to native and mock-
transduced spheroids, respectively. In addition,
CAIX expression was distinctively lower in com-
parison to HelLa spheroids, thereby suggesting
a strong cell-type dependence of CAIX expres-
sion levels.

For evaluating the influence of ITIH5 on the rate
of apoptotic cell death, FFPE-embedded spher-
oid sections were stained with cPARP. IHC anal-
ysis revealed positive cPARP staining in the
central region of HeLa and SiHa spheroids,
which is in line with the described concentric
arrangement of MCTS [51]. At day 12, a remark-
able increase in cPARP-positive cells could be
demonstrated for both, HeLa and SiHa spher-
oids, overexpressing ITIH5. Accordingly, it can
be hypothesized that ITIH5 re-expression leads
to an enhanced sensitization to apoptotic sig-
nals in the corresponding spheroids. This inter-
pretation is corroborated by corresponding
findings as obtained in ITIH5-overexpressing
breast cancer cell lines [29]. Until now, nothing
is known about underlying mechanisms of
ITIHS5-arbitrated apoptosis. However, according
to a recent study, ITIH5 is responsible for
demethylating the promoter region of the well-
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characterized tumor suppressor gene DAPK1,
thereby inducing its re-expression [29]. To
prove this hypothesis, we investigated DAPK1
expression and methylation under the influ-
ence of ITIH5 in our two cell culture models.
Preliminary results showed that in ITIH5-over-
expressed SiHa cells, DAPK1 was more highly
expressed, concomitant with decreased DAPK1
methylation in comparison to native and mock-
transduced cells (data not shown). For HelLa
cells, only marginal increased levels of DAPK1
RNA were observed in ITIH5 overexpressing
cells. Moreover, in native HelLa cells, DAPK1
was largely unmethylated. Thus, for Hela cells,
this regulatory mechanism is unlikely. DAPK1 is
known to be a positive regulator of apoptotic
cell death [61] and is postulated as a down-
stream effector of ITIH5-mediated tumor sup-
pressive effects [29]. Furthermore, DAPK1 was
shown to disrupt matrix survival signals by an
inside-out signaling mechanism, thereby im-
pairing B1 integrin-induced suppression of the
p53-apoptosis pathway [62]. Thus, it will be
interesting to assess the role of DAPK1 for the
pro-apoptotic effects of ITIH5 in cervical cancer
cells in more detail in future studies.

Re-expression of ITIH5 did not result in signifi-
cant differences in the susceptibility to cisplat-
in or paclitaxel in HeLa and SiHa spheroids,
respectively. Nevertheless, it cannot necessar-
ily be presumed that ITIH5 has no impact on
the sensitivity of tumor cells to anti-cancer
agents and further analyses are needed to
decipher potential influences. Acquisition of
viable and dead cells via cLSM resulted further-
more in dark areas of the innermost spheroid
regions, which might be based on diffusion
qualities of the fluorescent dyes calcein-AM
and EthD-1. Furthermore, laser penetration is
restricted to approximately 150 ym due to light
absorption and scattering by cellular layers
[63]. Accordingly, the use of a two-photon laser,
allowing a deeper penetration into tissues,
could improve assay performance. In addition,
other methods for determining the impact of
cytostatic drugs on tumor spheroids should be
considered in subsequent studies.

Altogether, the inhibitory effect on spheroid
growth, invasion and cellular proliferation as
well as an increase in apoptosis upon ITIH5
overexpression corroborates the notion that
ITIHS5 may act as an important TSG in CC.
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Further insights into the underlying molecular
mechanisms are warranted and are to be eluci-
dated in future studies. Finally, this may aid the
development of novel early detection systems,
improved prediction of an individuals’ patient
prognosis as well as to accomplish therapeutic
strategies to restore ITIH5 expression in CC.
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Table S1. Primer sequences, annealing temperatures (T ) and product sizes used for quantitative PCR

Primer Sequence T Product size [bp]

ITIHS forward 5’-TCACCGTGTGCTTCAACATT-3’ 54°C 107
reverse 5’-GGGTGCCCCAATTAACTCTC-3’

ACTB forward 5’-GCAGTGATCTCCTTCTGCATC-3’ 54°C 294

reverse 5’-GGACTTCGAGCAAGAGATGG-3’

bp: base pairs.

day 6 SiHa Spheroids

day 12 SiHa Spheroids

Figure S1. Effect of ITIH5 overexpression on internal structures and different tumorigenic properties of SiHa cells
grown MCTS. (A, B) Representative images of 6-day old (A) and 12-day old (B) FFPE-embedded and sectioned SiHa
spheroids, investigated using HE and immunohistochemical staining. Proliferating and apoptotic cells in spheroids
derived from native, mock- and ITIH5-transduced Hela cells were stained with Ki-67 and cPARP, respectively. Hypox-
ic areas were stained with CAIX. Stable ITIH5 expression was evaluated using anti-ITIH5 antibody. Images represent
mid-sections through SiHa cell derived MCTS. Scale bar: 200 ym.
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Figure S2. Live/Dead-Assay of MCTS derived from SiHa cells upon cytostatic drug treatment. Drug sensitivity of
8-days old spheroids derived from native, mock- and ITIH5-transduced SiHa cells was investigated under treatment
intervention with cisplatin and paclitaxel for 24 and 48 h, respectively (n = 3). Incubation with medium only served
as negative control and treatment with 1% Triton X-100 as positive control. A. Representative images of 24 h-treated
SiHa spheroids. Staining was performed using the Live/Dead Cytotoxicity Kit followed by cLSM. Green fluorescent
cells characterize viable cells, while dead cells appear in red. B. Live/Dead cell ratios were calculated based on
mean grey values of the corresponding fluorescence intensities. Bars represent mean + SD of 4 spheroids per con-
dition. Scale bar: 100 um.



