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Featured Application: Targeted inhibitor in ovarian cancer treatment.

Abstract: Background: advanced ovarian cancer often presents with ascites. These ascites contain
small clusters of cancer cells, which may contribute greatly to the metastatic potential of ovarian
cancer in the peritoneal cavity. Therefore, understanding the unique protein expressions of this cell
population will provide vital information for the development of tailored, targeted treatment. In
this study, we isolate floating ovarian cancer cells from ovarian cancer patient ascitic fluid and use
these cells to document that the expression of EGFR/HER-2 proteins may be essential for the growth
and survival of these floating cancer cell clusters. Methods: ascitic fluid-derived cells were isolated
from ascitic fluid by using Ficoll separation. Cells were cultured in a non-adherent condition for six
days. The protein level of EGFR, HER-2, AKT, and ERK and their phosphorylation in ovarian cancer
cell lines were determined by immunofluorescence. The immunofluorescent staining for proteins
presented in ascitic fluid-derived cells determined the intensity profile of each protein using Carl
Zeiss Blue software. Results: Isolated ovarian cancer cells from ascitic fluid have a measurable level
of EGFR and HER-2 proteins. The inhibition of EGFR and EGFR/HER-2 positive cells with gefitinib
and canertinib selectively disrupts cell viability and the protein level of EGFR, HER-2, AKT and ERK
and their respective phosphorylation status. In addition, the dual EGFR/HER-2 inhibitor canertinib
demonstrates greater anti-tumour effects than gefitinib in EGFR/HER-2 positive cells. Conclusion:
These studies reveal an important role of multiple activation of receptor tyrosine kinases in floating
ovarian cancer cells, as well as the importance of a dual EGFR/HER-2 inhibitor used as alternative
adjuvant therapy in advanced ovarian cancer patients.
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1. Introduction

About 35% of patients with advanced ovarian cancer have ascitic fluid present at initial
diagnosis and during the course of treatment [1]. Ascites is positively correlated with a poor
prognosis, chemoresistant tumour features and deterioration in the patient’s quality of life [2,3].
Ascitic fluid contains biological components including cytokines, chemokines, growth factors, small
molecules, white blood cells, mesenchymal cells and ovarian cancer cells [4–6]. Therefore, this unique
microenvironmental milieu within the peritoneal cavity may promote tumour cell growth and modulate
tumour cells responding to chemotherapy.

The dissemination of ovarian cancer cells occurs at an early stage of the disease. Tumour cells
detach from the primary tumour; many form small clusters and move around in the peritoneal cavity
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with the movement of the peritoneal fluid [7,8]. In addition, increasing numbers of these cell clusters
are found in the ascitic fluid of the advanced disease [9,10]. Genotypic and phenotypic signatures of
these floating cancer cells are poorly understood. However, it is widely recognised that these cancer
cells are the major source of secondary metastasis growth [11]. Therefore, acknowledging the unique
phenotypic features, associated with certain oncogenic proteins of the floating cancer cells, is necessary
to understand the biology of metastasising ovarian cancer. The identification of specific proteins that
may have oncogenic potential and that can be inhibited with existent clinical drugs may offer clinical
benefits to a subset of ovarian cancer patients.

It is widely recognised that tumour cells manifest rapid growth and sustained survival processes,
which are facilitated by oncogenic protein-specific pathways. Elevated levels of the protein family
of epidermal growth factor receptors, including EGFR and HER-2 in tumour tissue, have been
linked with the poor prognosis of women with advanced ovarian cancer [12–14]. The activation of
EGFR and HER-2 has been well documented in several solid tumours, in which the receptors were
crucial to sustain growth and survival during the course of chemotherapy treatment [15–17]. Many
in vitro studies and preclinical models have also demonstrated the effectiveness of EGFR and HER-2
inhibitors in delaying growth, reducing cancer cell survival and the metastatic potential of ovarian
cancer [18–20]. Furthermore, the combination of these targeted inhibitors with standard cytotoxic
agents have demonstrated enhanced anti-tumour activities compared with mono treatments [21].

Even though the expression of these receptors in ovarian tumour tissues has been well described,
the role they play in metastasis and chemoresistance is still poorly understood. Investigating the
receptors’ status in cells derived from ascites from ovarian cancer patients will somewhat delineate
this role. In addition, the efficacy of EGFR and HER-2 inhibitors has not yet been studied in these
types of cells. In this study, we hypothesised that cells isolated from ascitic fluid will have detectable
expression levels of EGFR and HER-2, and in turn the efficacy of the inhibitor will be notable in these
EGFR and HER-2 positive cells.

2. Materials and Methods

2.1. Cell Lines

Three ovarian cancer cell lines; OVCAR-5, SKOV-3 and OVCAR-4, were obtained from Dr Judith
McKenzie, Haematology Research Group, University of Otago, Christchurch, New Zealand. OVCAR-5,
SKOV-3 and OVCAR-4 cells were maintained in DMEM media (GIBCO”, Life Technologies, Auckland,
New Zealand), supplemented with 10% foetal bovine serum (FBS) (GIBCO”, Life Technologies, New
Zealand), Pen/Strep (GIBCO”, Life Technologies, New Zealand) at a working concentration of 100
units/mL penicillin, 100 units/mL streptomycin, 2 mM glutaMAX™ (GIBCO”, Life Technologies, New
Zealand) and 1 µg/mL Fungizone (Life Technologies, New Zealand). The final concentration of glucose
in the media was 5.5 mM. The respective supplemented media is henceforth referred to as working
media. Cells were maintained at 37 ◦C in a humidified 5% CO2 atmosphere. SKOV-3 and OVCAR-5
cell lines were authenticated using short tandem repeat (STR) testing by CellBank (Children’s Medical
Research Institute, New South Wales, Australia).

2.2. Isolation of Cells from Ascitic Fluids

Ascitic fluids from advanced ovarian cancer patients were collected during debulking surgery
and paracentesis at the Department of Obstetrics and Gynaecology and the Medical Day Unit (MDU),
Christchurch Women’s Hospital. Patient consent was obtained prior to the collection of ascitic fluid.
Volumes of 500 to 2000 mL were collected and kept in the fridge not more than 24 h before cell
separation. Cellular components were separated from the fluid by centrifugation at 500 g for 10 min.
Cell pellets were re-suspended in a phosphate buffer saline (PBS) and re-spun at 400 g for 10 min Cells
were mixed with PBS, and cell separation was carried out by using Ficoll-Paque (EG Healthcare, New
Zealand). Cells were spun at 300 g for 40 min, and the top fraction was collected and re-spun at 400 g
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for 10 min. Cell pellets were mixed with working media and maintained in cell culture flasks, allowing
cells to propagate. Working media was refreshed every two days.

2.3. Establishment of Cell Clusters of Ovarian Cancer Cell Lines and Ascitic Fluid-Derived Cells

Ovarian cancer cell lines (200,000) and ascetic fluid-derived cells (20,000 to 50,000) were cultured
on Poly-(2-hydroxyethyl methacrylate, Poly-HEMA) precoated 24-well plates, supplemented with
1 mL working media. Cells were allowed to grow for six days and synchronised in serum-depleted
media for 24 h. Then, cells were treated with working media containing 5µM gefitinib and canertinib
for 48 h. Control cells contained a similar amount of vehicle dimethyl sulfoxide (DMSO) as present in
the inhibitor-stimulated cells.

2.4. Measurement of Cellular Viability Using Alamar Blue Dye Assay

After a 24-h incubation of cells with the inhibitors, 100 µL of 440 µM Alamar Blue dye was added
to 1 mL cell suspension, and cells were incubated further for 24 h. Condition media (200 µL) from each
sample were transferred to a 96-well plate, and the absorbance at 570 and 600 nm was read with a
spectrophotometer with a multiple plate reader (Thermofisher Scientific, Auckland, New Zealand).
Cellular viability was calculated from the difference of absorbance at 600 and 570 nm. For cell growth
activity, cell clusters were collected and incubated with 1Xtrypsin-EDTA for 10 min. The number of
cells was counted by haemocytometer.

2.5. Immunofluorescence of Cell Clusters

After exposing cells to inhibitors for 48 h, cells were harvested and fixed with ice-cold 50%
(v/v) acetone/methanol solution for 40 min at 4 ◦C. After fixing, ascitic fluid-derived cell clusters and
OVCAR-5 cell clusters were washed twice with ice-cold PBS, pH 7.4, and re-suspended in 200 µL
cold PBS. Clusters of cells were then mounted on poly-lysine-coated microscope slides and left to
dry at 37 ◦C. Ascitic-derived cell compact aggregates and SKOV-3 aggregates were washed with
PBS, pH 7.4, and stained with an aniline blue dye for 20 min Cells were washed with PBS, pH 7.4,
twice before they were embedded in optimal cutting temperature (OCT) compound, an embedding
medium used for the sectioning of frozen tissue samples in a cryostat (Thermofisher Scientific, New
Zealand). The liquid OCT blocks were frozen at minus 20 ◦C for at least 24 h. Sections (7 µm thick)
from the block of frozen OCT were cut using a CM186UV Cryostat (Lieca BIOSYSTEM, Wetzlar,
Germany). Then, cells on slides were blocked with 4% BSA in 1XPBS for 60 min. Cells were stained
overnight with a 1:200 dilution of primary antibody at 4 ◦C. Cells were then washed with ice-cold
PBS, pH 7.4. A 1:500 dilution of secondary antibody, conjugated with FITC or Atto-594 nm, was
added to cells and further incubated for 60 min. The secondary antibody solution was removed, and
500 µL of 10 µg/mL DAPI was added to the cells and left for 20 min in the dark. Cells were then
washed with 0.1% Tween-20 in PBS, pH 7.4, and were mounted with ice-cold anti-fading solution
(2 mg/mL p-phenylenediamine in 80% glycerol, pH 7.8). Immunofluorescent staining was carried
out using primary antibodies from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The primary
antibodies used in this study were anti-PCNA (sc-25280), anti-GAPDH (sc-25778), anti-EGFR (sc-03),
anti-p-EGFR (sc-101668), anti-pHER2 (sc-12352-R), anti-ERK (sc-94), anti-pERK1/2 (sc-7383), anti-AKT
(sc-8312), anti-p-AKT (sc-101629), anti-CA125, anti-cytokeratin-18, anti-E-cadherin, anti-N-cadherin
and anti-vimentin. The anti-HER-2 was purchased from BD Biosciences (Auckland, New Zealand).
Fluorescent images were captured using an epifluorescence microscope with a 40x/1.3 N.A. oil/DIC
objective lens (AxioVision 4.5. Apotome software, Carl Zeiss, Oberkochen, Germany). During the
capturing of fluorescent images of each protein, the exposure times of immunofluorescent intensity of
proteins were similar in both control and drug-treated samples. The intensity profile of each protein
was then analysed by a ZEN-blue software, and the profile was expressed as an arbitrary unit (au),
which was then normalised to controls of each protein, and the final number was represented as a
percentage (%).
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2.6. Immunoblotting Analysis

Cell clusters and aggregates were harvested by centrifugation at 400 g for 5 min, and the cell
pellets were lysed in an ice-cold lysis buffer (20 mM PBS, pH7.4, 100 mM NaCl, 0.1% SDS, 20% glycerol
and phosphatase and protease inhibitor cocktail tablets (Thermofisher, Auckland, New Zealand)). The
cell lysates were left on ice for a further 30 min, and a sample buffer (0.2% (v/v) bromophenol blue,
25% (v/v) glycerol, 10% SDS in Tris-HCl, and pH 6.8) was added, and protein lysates were boiled
for 10 min. Prior to loading, the cell lysates were mixed and centrifuged at 9700 g for 5 min. A total
of 20 µg protein lysate was loaded and separated by SDS-PAGE using a 5% stacking gel and a 10%
separating gel. The SDS-PAGE was run at 120 V, using tris-glycine running buffer. The SDS-PAGE
markers used were MagicMark™ XP Western Standard (Thermofisher Scientific, Auckland, New
Zealand) and Precision Plus Protein standard (Bio-Rad, Auckland New Zealand). Separated proteins
were electroblotted onto a poly-vinyl difluoride (PVDF) membrane (GE Healthcare Life Sciences,
New Zealand). The electroblotting was run at 100 V for 60 min in cold tris-glycine running buffer,
containing 10% v/v methanol. The membranes were blocked for 60 min, with either 5% (w/v) non-fat
skim milk (Pams brand, New World, New Zealand), or 1% (w/v) bovine serum albumin (Thermofisher
Scientific, Auckland, New Zealand), made up in TBS-T buffer or with Pierce Protein-Free Blocking
Buffer (Thermofisher Scientific, New Zealand). Antibodies (detailed above) were diluted from 1:500 to
1:1000, with the appropriate blocking solution. Membranes were incubated with the primary antibodies
overnight at 4 ◦C. The membranes were washed with TBS-T buffer on an orbital shaker for 4 × 10 min
and then incubated with a secondary antibody on an orbital shaker for 90 min at room temperature.
Membranes were further washed four times with TBS-T. Antibody localisation was determined using
a chemiluminescent detection kit (Amersham ECL Prime Western Blotting Detection Reagent Kit, GE
Healthcare). The protein bands were visualised, and a densitometry analysis was performed using
Alliance 4.7, UNITEC (Cambridge, UK). Cell lysates were collected from at least three separate cell
culture experiments. The two secondary antibodies used in this study (purchased from Santa Cruz
Biotechnology) were bovine anti-rabbit IgG-HRP (sc-2385) and bovine anti-mouse IgG-HRP (sc-2380).

2.7. Statistical Analysis

The statistical analysis of data was carried out using GraphPad Prism® software (La Jolla, CA,
USA). A student’s t-test was carried out, in which p < 0.05 (*) was considered to indicate levels of
statistical significance. All data are presented as Mean ± SE. Each experiment was repeated at least
three times.

3. Results

3.1. Morphology, Cell Growth and Apoptosis of Cell Clusters of Ovarian Cancer Cell Lines

As shown in Figure 1A, 2D cell monolayers of OVCAR-5 and OVCAR-4 showed compact
cell colonies, and these cells formed small clusters when cultured in a non-adherent condition.
SKOV-3 grew as a loose colony pattern in cell monolayers, but formed compact cell aggregates in a
non-adherent condition.

Next, the activity of two inhibitors, the EGFR inhibitor gefitinib and the dual EGFR/HER-2
inhibitor canertinib, was investigated on cell clusters of these three cell lines. The graphs in Figure 1B
show that the anti-growth activity of gefitinib and canertinib was cell line-dependent. Gefitinib
and canertinib significantly (p < 0.05) reduced cell growth in OVCAR-5 clusters in a similar manner.
Both the inhibitors significantly (p < 0.05) reduced cell growth in SKOV-3 cell aggregates. However,
canertinib showed (p < 0.05) a greater decrease in growth in SKOV-3 than gefitinib. Both inhibitors had
limited decrease in cell growth in OVCAR-4 clusters.



Appl. Sci. 2020, 10, 2343 5 of 21
Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 22 

 
Figure 1. Effects of gefitinib and canertinib on three well established ovarian cancer cell lines 
cultured in 3D aggregates. Morphological appearances of OVCAR-5, SKOV-3, and OVCAR-4 are 
distinctive in monolayer. In 3D culture, both OVCAR-5 and OVCAR-4 form small clusters, but 
SKOV-3 cells form compact cell aggregates (A). Gefitinib and canertinib significantly reduce cell 
growth of OVCAR-5 cell clusters and SKOV-3 cell aggregates. OVCAR-4 cells do not show any 
growth response to inhibitors (B). Canertinib induces greater apoptotic cells in SKOV-3 cell 
aggregates than gefitinib (C). Proteins associated with the cell cycle, cyclin D2, PCNA, and cyclin B2, 
are reduced in SKOV-3 canertinib treated cell aggregates (D). Number of cells in control and 
treatment arms in Figure 1B were obtained by counting cells with a haemocytometer. Apoptotic cells 
were detected by Annexin V-FITC labelling cells and analysed with a flow cytometry. Representative 
analysis from a set of four independent experiments (Mean ± SE; n = 4) is presented and statistical 
significance was determined by a t-test (*, p < 0.05). 

The decrease in cell growth by both inhibitors may be attributed to the increase of apoptosis. As 
shown in Figure 1C, both gefitinib and canertinib marginally (p < 0.05) increased apoptotic cells in 
OVCAR-5 cell clusters. However, there was a more prominent increase of cell apoptosis of SKOV-3 
aggregates treated with canertinib, than those treated with gefitinib (p < 0.05). OVCAR-4 did not 
have significantly increased apoptotic cells. As shown in Figure 1D, canertinib reduced the 
expression of cyclin D2, PCNA and cyclin B2 in SKOV-3 cell aggregates. However, gefitinib had a 
limited effect on the decrease in these proteins. OVCAR-5 and OVCAR-4 cell clusters did not change 

Figure 1. Effects of gefitinib and canertinib on three well established ovarian cancer cell lines cultured
in 3D aggregates. Morphological appearances of OVCAR-5, SKOV-3, and OVCAR-4 are distinctive in
monolayer. In 3D culture, both OVCAR-5 and OVCAR-4 form small clusters, but SKOV-3 cells form
compact cell aggregates (A). Gefitinib and canertinib significantly reduce cell growth of OVCAR-5 cell
clusters and SKOV-3 cell aggregates. OVCAR-4 cells do not show any growth response to inhibitors
(B). Canertinib induces greater apoptotic cells in SKOV-3 cell aggregates than gefitinib (C). Proteins
associated with the cell cycle, cyclin D2, PCNA, and cyclin B2, are reduced in SKOV-3 canertinib treated
cell aggregates (D). Number of cells in control and treatment arms in Figure 1B were obtained by
counting cells with a haemocytometer. Apoptotic cells were detected by Annexin V-FITC labelling
cells and analysed with a flow cytometry. Representative analysis from a set of four independent
experiments (Mean ± SE; n = 4) is presented and statistical significance was determined by a t-test (*,
p < 0.05).

The decrease in cell growth by both inhibitors may be attributed to the increase of apoptosis. As
shown in Figure 1C, both gefitinib and canertinib marginally (p < 0.05) increased apoptotic cells in
OVCAR-5 cell clusters. However, there was a more prominent increase of cell apoptosis of SKOV-3
aggregates treated with canertinib, than those treated with gefitinib (p < 0.05). OVCAR-4 did not have
significantly increased apoptotic cells. As shown in Figure 1D, canertinib reduced the expression of
cyclin D2, PCNA and cyclin B2 in SKOV-3 cell aggregates. However, gefitinib had a limited effect
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on the decrease in these proteins. OVCAR-5 and OVCAR-4 cell clusters did not change the level of
these proteins with either gefitinib or canertinib treatment. These results suggest that the response to
gefitinib and canertinib is cell line dependent.

3.2. Responsiveness of Ovarian Cancer Cell Line to Gefitinib and Canertinib Is Receptor Dependent

The cells response to both inhibitors may be due to the presence of EGFR and HER-2 proteins.
We and others have previously reported that the SKOV-3 cell line has a high expression of EGFR and
HER-2 [18,19,22]. In this study, only canertinib significantly reduced the total expression of EGFR
(Figure 2A; p < 0.05), p-EGFR (Figure 2B; p < 0.05)), HER-2 (Figure 2C; p < 0.05) and p-HER-2 (Figure 2D;
p < 0.05). In addition, only canertinib significantly reduced p-AKT (Figure 2F; p < 0.05), but p-ERK
showed a tendency to decrease which was not significant (Figure 2H; p = 0.1320). Canertinib did not
alter the levels of expression or phosphorylation of these proteins in OVCAR-5 and OVCAR-4 cell
clusters (data not shown). These results may suggest that the positive response to canertinib may be
associated with the protein level of EGFR and HER-2 expression.
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Figure 2. The effect of gefitinib and canertinib on the total protein level and phosphorylation of
EGFR, HER-2, AKT, and ERK in SKOV-3 cell aggregates, as shown by densitometry and Western blot.
Canertinib, but not gefitinib, significantly reduced both EGFR (A), pEGFR (B), HER-2 (C), and pHER-2
(D). Total expression of AKT was not changed by both inhibitors (E). Only canertinib significantly
reduced pAKT (F). The levels ERK and pERK do not significantly change in any treatment (G,H).
Representative analysis from a set of five independent experiments (Mean ± SE; n = 5) is presented,
and statistical significance was determined by a t-test (*, p < 0.05, **, p < 0.01).

3.3. Characterisation of Cells from Ascitic Fluids

We next investigated whether cells derived from the ascitic fluid of advanced ovarian cancer
patients might respond to gefitinib and canertinib in a similar manner to the well-established ovarian
cancer cell lines. We collected ascitic fluids from 20 patients. Table 1 represents the clinical information
of 20 patients in this study. The median age of patients was 65 years (range 50–81 years old), and 13
(65%) patients were stage IIIC. Of 20 patients, 19 (95%) had high-grade serous ovarian cancer, and 12
(60%) were newly diagnosed with ascitic fluid build-up without having received any chemotherapy.
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Five (25%) patients had previously received Taxol/carboplatin treatment prior to the collection of ascitic
fluids. Three (15%) patients were previously treated with Taxol/carboplatin/gemcitabine.

Table 1. Clinical characteristics of 20 ovarian cancer patients from a gynaecological ward, Christchurch’s
Women Hospital, Christchurch, New Zealand. Of 20 patients, 19 were high grade serous (HGS) subtypes
and one was a low grade serous (LGS) subtype. At the time of collecting ascitic fluids, 12 patients
were newly diagnosed without having received any chemotherapy (N-C). Four patients displayed
carboplatin-paclitaxel (Car/Pac) resistant tumours. One patient was carboplatin-taxol (Car/Taxol)
resistant. Three patients displayed carboplatin-paclitaxel-gemcitabine (Car/Pac/Gem) resistant tumours.

Patient ID Ages Subtypes Stages Treatment

1 59 HGS IIIC Car/Pac
2 74 HGS IIC N-C
3 70 HGS IIIC Car/Pac
4 67 HGS IV Car/Pac/Gem
5 74 HGS IIIC N-C
6 73 HGS IIIC N-C
7 50 HGS IV N-C
8 75 LGS IIC N-C
9 61 HGS IIIC N-C
10 58 HGS IIIA N-C
11 74 HGS IIC Car/Pac/Gem
12 50 HGS IIIC N-C
13 81 HGS IIIC Car/Pac/Gem
14 59 HGS IIIC Car/Pac
15 63 HGS IIIC Car/Pac
16 53 HGS IIIC N-C
17 56 HGS IIIC Car/Taxol
18 59 HGS IC N-C
19 67 HGS IIIC N-C
20 67 HGS IIIC N-C

3.4. Identification of EGFR and HER-2 in Cells Isolated from Ascitic Fluid

To identify whether cells from ascitic fluid were epithelial in origin, we used an array of
well-known protein markers, previously described in the association with ovarian cancer cell lines.
Before investigating the protein markers in ascitic fluid-derived cells, we tested the specificity of the
antibodies for selective proteins of interest in two well established ovarian cancer cell lines (Figure 3).
Figure 3A demonstrates the immunological specificity of anti-EGFR and anti-HER-2 antibodies in
ovarian cancer cell lines. OVCAR-5 showed a high level of EGFR, but a low level of HER-2 proteins.
The SKOV-3 cell line showed a highly positive expression of both EGFR and HER-2. We next used
this protocol to determine the expression of these two proteins in ascitic fluid-derived cells. Figure 3B
demonstrates the three different staining patterns that we categorise based on the staining of EGFR
and HER-2. Low expression was depicted by a lack of plasma membrane staining. Moderate
expression showed some plasma membrane-associated receptors, and high expression had strong
plasma membrane-associated receptor staining (Figure 3B).
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Figure 3. The expression of selected protein markers in ovarian cancer cell lines, OVCAR-5 and SKOV-3,
and ascitic fluid derived cells. OVCAR-5 shows a membrane positive staining for EGFR and negative
staining for HER-2. SKOV-3 cell aggregates show membrane positive expression of EGFR and HER-2
(A). Ascitic fluid-derived cells show positive immunostaining for EGFR and HER-2 (B). OVCAR-5
shows positive staining for CA125, cytokeratin-18 and E-cadherin, but low expression of mesenchymal
protein markers, N-cadherin and vimentin (C). SKOV-3 cell aggregates are positive for the staining of
CA125, cytokeratin-18, N-cadherin, and vimentin, but very low for E-cadherin (D).

3.5. Immunostaining of Selective Protein Markers for Ovarian Cancer

We also documented protein markers that were previously known to be found in ovarian cancer
cells. These proteins were CA125, cytokeratin-18, E-cadherin, N-cadherin and vimentin. Again, we
confirmed the immunological specificity using OVCAR-5 and SKOV-3, before using these antibodies
with ascitic fluid-derived cells.

The immunostaining for CA125, cytokeratin-18, E-cadherin and N-cadherin was positively
observed in the OVCAR-5 cell lines. However, vimentin was less prominent in this cell line (Figure 3C).
In contrast, the SKOV-3 cell line showed positive immunostaining of N-cadherin, vimentin, CA-125
and cytokerain-18. There was a low but detectable level of E-cadherin expression in this cell line
(Figure 3D).

Table 2 and Figure 4 summarise all relevant characteristics of ascitic fluid-derived cell samples.
In Table 2, four of the 20 samples formed compact colonies and 16 showed loose colonies when
they were cultured in cell monolayers. When cultured in a non-adherent condition, 12 (60%) of the
samples formed compact aggregates, 7 (35%) of the samples showed small clusters, and 1 (5%) had a
single-cell appearance.
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Table 2. Summary of characteristics of ascitic fluid-derived cells that are cultured in in vitro condition
and selective protein markers for epithelial cells.

Characteristic Number (%)

Ovarian cancer 20
Patients

Cell morphology
Cell monolayer
Compact colony 4 20

Loose colony 16 80
Floating condition

Compact aggregates 12 60
Small cluster 7 35
Single cells 1 5

Protein expression
CA125 20 100

Cytokeratin-18 19 95
E-cadherin 5 25
N-cadherin 20 100
Vimentin 19 95

High EGFR only 9 45
High HER-2 only 0

High EGFR/HER-2 8 40
Low EGFR/HER-2 3 15

Figure 4A,B show the characteristics of growth patterns in cell monolayers and non-adherent
culture conditions and the immunostaining of selective proteins in selective ascitic-derived cell samples.
In the Table 2, nine (45%) of the 20 patient cells showed a detectable level of EGFR. Eight (40%) showed
both expression of EGFR and HER-2 in the same cells. Three (15%) showed a low but detectable
expression of EGFR and HER-2. There was no detection of HER-2 alone in any patient cells. Five (25%)
of the 20 showed E-cadherin staining associated with the plasma membrane. All were positive for
CA-125 and N-cadherin, whilst 19 (95%) expressed vimentin and cytokeratin-18.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 22 
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Figure 4. Morphological appearances of ascitic fluid-derived cells from selected patients are cultured
in a cell monolayer and a 3D cell suspension. Cells cultured in the 3D cell suspension display three
distinct patterns consisting of compacted spheroids, small clusters and loose single cells (A). Ascitic
fluid derived cells from selected patients cultured in a 3D cell suspension positively express CA125,
cytokeratin-18, N-cadherin, E-cadherin and vimentin (B).

3.6. Effects of Gefitinib and Canertinib on Cellular Viability Using Alamar Blue Dye Assay

To study the effect of gefitinib and canertinib on the cell viability of EGFR and HER-2 positive
ascitic-derived cells, we examined the cellular conversion of the Alamar blur dye, which was converted
by cells from blue into pink colour, as an indirect predictor of cell viability. As shown in Table 3A,
gefitinib and canertinib selectively reduced viability in the EGFR positive ascitic cells. Of nine ascitic
cell samples, four gefitinib-treated ascitic cell samples (patient numbers 1, 4, 17, 19; p < 0.05) had lower
viability than the control cells. Four canertinib-treated cells (patient numbers 4, 6, 17, 19; p < 0.05) also
showed a reduction in cellular viability compared to the control cells. Both gefitinib and canertinib
reduced viability in three patient cells (patient numbers 4, 17, 19). Canertinib (74.9% ± 4.3%, p < 0.05)
reduced viability to a greater degree than gefitinib (84.6 ± 0.8) in patient number 4.

Table 3B shows that ascitic cells expressing both EGFR and HER-2 did not reduce cellular viability
after exposure to gefitinib. However, three out of eight EGFR and HER-2 positive ascitic cell samples
(patient numbers 9, 11, 16; p < 0.05) treated with canertinib had lower cellular viability than the control
cells. Similarly, the EGFR and HER-2 positive cell line SKOV-3, used as an internal control cell line,
showed a decrease in cellular viability only with canertinib treatment (Table 3B; p < 0.05). These results
may suggest that a dual inhibition of EGFR and HER-2 with canertinib may be a better option than
gefitinib to inhibit ovarian cancer cells in ascitic fluids that are EGFR and HER-2 positive. Out of three
low EGFR and HER-2 expressing cells, only patient number 2 showed reduced cellular viability by
both gefitinib and canertinib (Table 3C; p < 0.05).
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Table 3. Cellular viability of OVCAR-5, SKOV-3 and ascitic derived cells from 20 patients are affected
by gefitinib (Gef) and canertinib (Can). Nine patient cell lines and the OVCAR-5 cells expressing EGFR
only, have a decrease in viability by the treatment of Gef and Can (A). Eight patient cell lines and SKOV-3
cells expressing both EGFR and HER-2 do not respond to Gef, but have increased responsiveness to
Can (B). Only one cell sample of EGFR/HER-2 negative cells responded to both gefitinib and canertinib
(C). Representative analysis was from a set of two independent experiments, and each experiment had
three duplicates. Mean ± SE; n = 2 is presented and statistical significance was determined by a t-test
(*, p < 0.05). The statistical difference between gefitinib and canertinib treated cells was determined by
a t-test (#, p < 0.05).

(A) (+) EGFR

Patient ID Control
Cellular Viability

(Relative to Control %)

5 µM Gef 5 µM Can

OVCAR-5 100 99.9 ± 1.3 102 ± 1.2
1 100 74.6 ± 2.7 * 87.8 ± 17.6
3 100 98.9 ± 6.7 104.5 ± 4.6
4 100 84.6 ± 0.8 * 74.9 ± 4.3 *#
6 100 95.5 ± 3.1 91.7 ± 1.9 *
8 100 93.6 ± 3.1 92.5 ± 3.9

10 100 102.8 ± 5.5 95.4 ± 2.7
17 100 86.3 ± 1.1 * 89.8 ± 1.3 *
19 100 86.9 ± 2.0 * 78.4 ± 4.1 *
20 100 102. 8± 5.5 95.4 ± 2.7

(B) (+) EGFR/HER-2

Patient ID Control
Cellular Viability

(Relative to Control %)

5 µM Gef 5 µM Can

SKOV-3 100 95.2 ± 2.7 82.9 ± 2.8 *
7 100 105.1 ± 2.1 117.1 ± 4.5
9 100 91.7 ± 30 81.4 ± 33.3 *

11 100 87.8 ± 6.5 82.8 ± 7.4 *
12 100 86.5 ± 6.8 90.3 ± 4.6
13 100 94.3 ± 4.4 92.7 ± 4.3
15 100 95.4 ± 3.1 93.9 ± 2.1
16 100 95.6 ± 6.2 88.2 ± 1.9 *
18 100 99.8 ± 4.9 102.7 ± 2.5

(C) (-) EGFR/HER-2

Patient ID Control
Cellular Viability

(Relative to Control %)

5 µM Gef 5 µM Can

2 100 68.3 ± 0.11 * 65.3 ± 11.2 *
5 100 95.3 ± 058 97.6 ± 0.78

14 100 96.45 ± 1.4 96.56 ± 0.12

3.7. Effect of Gefitinib and Canertinib on Total Expression and Activation of EGFR and HER-2 Proteins

We further evaluated the effect of gefitinib and canertinib on the protein level of EGFR and HER-2
and their associated phosphorylation at tyrosine 1173 and tyrosine 1248 residues, respectively in ascitic
fluid-derived cell samples. As shown in Table 4A, in the EGFR positive cells, five out of nine samples
(patient numbers 1, 4, 6, 10, 20; p < 0.05) showed a decrease in EGFR expression after gefitinib treatment.
The phosphorylation of EGFR was also compromised by gefitinib. Six out of nine ascitic cell samples
(patient numbers 1, 3, 6, 10, 17, 20; p < 0.05) showed a decrease in the phosphorylation of EGFR after
gefitinib treatment. Also, canertinib reduced the level of EGFR and pEGFR. Canertinib reduced the
total expression of EGFR in five out of nine cells samples (patient numbers 1, 3, 4, 6, 20; p < 0.05) and
pEGFR in five samples (patient numbers 1, 3, 4, 17, 20; p < 0.05).
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Table 4. The protein level and phosphorylation of EGFR and HER-2 in ascitic fluid derived cells that
are exposed to gefitinib (Gef) and canertinib (Can). Gef and Can demonstrate the selective decrease
in EGFR and pEGFR in ascitic fluid EGFR positive cells (A). Similarly, ascitic fluid derived cells with
EGFR/HER-2 positive cells respond to Gef and Can randomly reduce EGFR, pEGFR, HER-2 and
pHER-2 (B,C). Expressions of EGFR, pEGFR, HER-2 and pHER-2 were obtained from the fluorescent
intensity of immunofluorescent staining of corresponding proteins. The fluorescent intensity was
calculated from at least five cell clusters and aggregates from cells that were prepared by frozen sections.
The fluorescent intensity of the control is normalised to 100 percent and the fluorescent intensity of
treatment is calculated relatively to the control sample. Representative analysis is presented from a set
of two independent experiments; each experiment had at least three duplicates (Mean ± SE; n = 2) and
statistical significance was determined by a t-test (*, p < 0.05).

(A) (+) EGFR

Patient ID Control
EGFR (% Relative Expression to

Control)
pEGFR (% Relative Expression

to Control)

5 µM Gef 5 µM Can 5 µM Gef 5 µM Can

1 100 65.93 ± 6.6 * 72.59 ± 1.5 * 76.04 ± 3.2 * 67.36 ± 3.0 *
3 100 86.51 ± 4.3 58.8 ± 10.4 * 82.31 ± 4.37 * 68.25 ± 3.6 *
4 100 47.82 ± 4.3 * 32.85 ± 3.9 * 83.97 ± 6.2 54.52 ± 2.8 *
6 100 71.55 ± 3.9 * 60.25 ± 2.4 * 69.27 ± 6.8 * 85.94 ± 4.2
8 100 144.8 ± 5.9 108.3 ± 6.9 98.97 ± 2.8 84.83 ± 2.8

10 100 57.64 ± 2.5 * 97.92 ± 4.6 61.19 ± 5.9 * 131.43 ± 4.3
17 100 83.99 ± 18.3 124.1 ± 5.3 66.37 ± 2.7 * 68.51 ± 2.1 *
19 100 122.3 ± 6.9 142.2 ± 5.5 99.18 ± 2.5 111 ± 6.7
20 100 72.68 ± 9.8 * 79.63 ± 4.1 * 73.53 ± 2.5 * 75.8 ± 3.7 *

(B) (+) EGFR/HER-2

Patient ID Control
EGFR (% Relative Expression to

Control)
pEGFR (% Relative Expression

to Control)

5 µM Gef 5 µM Can 5 µM Gef 5 µM Can

7 100 141.2 ± 10.5 132.4 ± 8.14 145.1 ± 13.7 74.63 ± 5.9 *
9 100 62.4 ± 10.87 * 52.2 ± 6.58 * 69.6 ± 2.1 * 72.4 ± 12.2 *

11 100 87.3 ± 5.5 66.9 ± 3.8 * 86.3 ± 9.1 77.7 ± 2.0 *
12 100 75.3 ± 5.4 62.4 ± 2.2 * 126.4 ± 6.3 116.1 ± 5.5
13 100 66.5 ± 5.4 * 67.3 ± 4.6 * 93.6 ± 3.5 92.1 ± 3.6
15 100 83.4 ± 8.6 93.3 ± 5.6 90.7 ± 2.6 78.4 ± 2.7
16 100 96.1 ± 7.1 119.8 ± 9.5 84.3 ± 1.7 91 ± 4.4
18 100 74.3 ± 8.1 66.0 ± 6.9 * 91.5 ± 2.4 95.9 ± 4.6

(C) (+) EGFR/HER-2

Patient ID Control
Her-2 (% Relative Expression to

Control)
pHer-2 (% Relative Expression to

Control)

5 µM Gef 5 µM Can 5 µM Gef 5 µM Can

7 100 100.3 ± 11.4 123.4 ± 9.5 78.7 ± 3.7 95.0 ± 8.3
9 100 106.2 ± 6.12 64.6 ± 1.3 * 110 ± 6.11 62.5 ± 6.1 *

11 100 115.7 ± 7.2 81.9 ± 7.1 87.3 ± 5.7 92.3 ± 6.3
12 100 128.7 ± 6.3 128.8 ± 2.3 117.6 ± 6.7 107.8 ± 3
13 100 78.9 ± 5.2 99 ± 8.4 94.7 ± 7.4 114.6 ± 4.4
15 100 86.2 ± 5.6 62.8 ± 3.1 * 104.1 ± 7.6 77.6 ± 2.5 *
16 100 78.5 ± 2.3 103.8 ± 3.5 100.8 ± 7.6 109.4 ± 5.2
18 100 72.22 ± 9.4 43.7 ± 6.3 * 115.8 ± 3.7 100.8 ± 7.2

The level of protein and phosphorylation of EGFR and HER-2 expressing cells is shown in
Table 4B,C. Only two out of eight ascitic fluid-derived cell samples (patient numbers 9 and 13; p < 0.05)
had reduced expression of EGFR by gefitinib. However, five out of eight cell samples (patient numbers
9, 11, 12, 13, 18; p < 0.05) showed the decrease in EGFR expression with canertinib treatment. Only
one (patient number 9; p < 0.05) and three (patient numbers 7, 9, 11; p < 0.05) had reduced pEGFR
by gefitinib or canertinib, respectively. We also evaluated the protein and phosphorylation of HER-2
in the EGFR and HER-2 positive ascitic cells (Table 4C). Only canertinib reduced the expression of
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HER-2 in three patient cell samples (patient numbers 9, 15, 18; p < 0.05) and pHER-2 in two patient cell
samples (patient numbers 9 and 15; p < 0.05).

3.8. Effect of Gefitinib and Canertinib on PCNA, Caspase-3, pERK and pAKT

To better understand the effect of gefitinib and canertinib on signalling proteins that are commonly
known with the activation of EGFR and HER-2, we investigated the immunostaining of PCNA, cleaved
caspase-3, pERK and pAKT. As shown in Table 5A,B, of eight ascitic cell samples, gefitinib reduced the
PCNA in two samples (patient numbers 3 and 20; p < 0.05) in EGFR positive cells. Similarly, canertinib
also reduced PCNA in two samples (patient numbers 19 and 20; p < 0.05). Two ascitic cell samples
(patient numbers 10 and 20; p < 0.05) increased cleaved caspase-3 protein expression after gefitinib
treatment. Only cells from patient number 10 increased cleaved caspase-3 after exposure to canertinib.
The phosphorylation of ERK (Tyr 204) and AKT (Ser 473) was randomly and broadly affected. As
shown in Table 5B, gefitinib reduced pERK in four ascitic cell samples (patient numbers 3, 4, 19, 20;
p < 0.05). Canertinib reduced pERK in five samples (patient numbers 4, 6, 8, 19, 20; p < 0.05). Gefitinib
reduced pAKT in five cell samples (patient numbers 4, 6, 10, 19, 20; p < 0.05). Canertinib reduced
pAKT in four cell samples (patient numbers 4, 8, 19, 20; p < 0.05).

Table 5. The protein level of PCNA, cleaved caspase-3, pERK (Tyr 204) and pAKT (Ser 473) in EGFR
positive cells are affected by gefitinib (Gef) and canertinib (Can). The changes of PCNA and cleaved
caspase-3 in Gef and Can treated cells are not prominent (A). The decrease in pERK (Tyr 204) and
pAKT (Ser 473) is random in some selected patient cells (B). The fluorescent intensity of control is
normalised to 100% and the fluorescent intensity of treatment is calculated relatively to the control
sample. Representative analysis was from a set of two independent experiments and each experiment
had at least three duplicates. Mean ± SE; n = 2 is presented and statistical significance was determined
by a t-test (*, p < 0.05).

(A) EGFR positive cells

Patient ID Control
PCNA (% Relative Expression to

Control)
Cleaved Caspase-3 (% Relative

Expression to Control)

5 µM Gef 5 µM Can 5 µM Gef 5 µM Can

3 100 81.8 ± 5.1 * 90.7 ± 3.3 73.7 ± 3.6 88.0 ± 6.2
4 100 100 ± 7.2 88.5 ± 5.2 96.3 ± 11.7 81.4 ± 7.7
6 100 93.4 ± 4.1 87.7 ± 2.3 91.2 ± 6.3 88.9 ± 3.2
8 100 108.9 ± 6.2 121.4 ± 3.2 90.0 ± 3.7 100 ± 2.1
10 100 93.9 ± 3.12 99.2 ± 3.6 300 ± 32 * 357.7 ± 37.2 *
17 100 84.6 ± 3.1 90.5 ± 3.8 83.7 ± 2.8 76.4 ± 2.7
19 100 119.5 ± 3.8 62.8 ± 4.8 * 130.4 ± 27 54.6 ± 4.5
20 100 63.6 ± 3.0 * 56.7 ± 4.3 * 165.7 ± 11.9 * 128.9 ± 14.2

(B)

Patient ID Control
pErk

(% Relative Expression to Control)

pAkt
(% Relative Expression to

Control)

5 µM Gef 5 µM Can 5 µM Gef 5 µM Can

3 100 86.9 ± 4 * 116.4 ± 5.3 101.6 ± 4.3 111.2 ± 3.5
4 100 65.2 ± 2.2 * 67.4 ± 3.7 * 46.2 ± 5.0 * 50.6 ± 6.4 *
6 100 95.7 ± 4.6 77.8 ± 2.6 * 88.4 ± 2.6 * 90.1 ± 5.3
8 100 120.6 ± 3.4 79.7 ± 3.4 * 95.6 ± 2.3 73.2 ± 3.8 *
10 100 96.6 ± 3.7 104.7 ± 2.3 70.9 ± 7.8 * 92.0 ± 3.8
17 100 96.4 ± 3.0 94.3 ± 5.6 81 ± 3.8 103.4 ± 7.2
19 100 65.2 ± 1.5 * 58.6 ± 1.3 * 82.1 ± 2.1 * 76.9 ± 2.4 *
20 100 62.1 ± 3.2 * 49.4 ± 2.9* 82.5 ± 2.6 * 68.9 ± 3.5 *
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With the EGFR and HER-2 positive ascitic cells as shown in Table 6A,B, both gefitinib and
canertinib showed a limited decrease in PCNA and an increase in cleaved caspase-3. Only one patient
cell sample (patient number 9; p < 0.05) showed reduced PCNA after gefitinib treatment. Both gefitinib
and canertinib induced cleaved caspase-3 only in one patient cell sample (patient number 7; p < 0.05).
Table 6B shows the effect of gefitinib and canertinib on the phosphorylation of ERK (Tyr 204) and ATK
(Ser 473). Canertinib showed a greater decrease in pERK (Tyr 204) in five ascitic cell samples (patient
numbers 7, 9, 11, 13, 16; p < 0.05) than gefitinib, which affected only one cell sample (patient number
16; p < 0.05). The decrease in pAKT (Ser 473) was less prominent, but canertinib still reduced pAKT
(Ser 473) in four patient cell samples (patient numbers 7, 9, 11, 13; p < 0.05), which was greater than
gefitinib, which reduced pAKT (Ser 473) in only one patient cell sample (patient number 13; p < 0.05).

Table 6. The expressions of PCNA, cleaved caspase-3, pERK (Tyr 204) and pAKT (Ser 473) in
EGFR/HER-2 positive cells are affected by gefitinib (Gef) and canertinib (Can). The changes of PCNA
and cleaved caspase-3 in Gef and Can treated cells are limited (A). The decreases in pERK (Tyr 204) and
pAKT (Ser 473) are more evident on Can than Gef treated cell samples (B). The fluorescent intensity of
the control is normalised to 100% and the fluorescent intensity of treatment is calculated relative to the
control sample. Representative analysis is presented from a set of two independent experiments and
each experiment had at least three duplicates (mean ± SE; n = 2). Statistical significance was determined
by a t-test (*, p < 0.05).

(A) EGFR/HER-2 positive cells

Patient ID Control
PCNA

(% Relative Expression to Control)
Cleaved Caspase-3 (% Relative

Expression to Control)

5 µM Gef 5 µM Can 5 µM Gef 5 µM Can

7 100 117.7 ± 5 187.9 ± 20.2 346.9 ± 37.4 * 426.3 ± 17.8 *
9 100 63.2 ± 4.2 * 77.6 ± 11.6 98.5 ± 16.7 121.5 ± 17.8
11 100 84.2 ± 8.4 87.1 ± 4.8 86 ± 8.4 75.1 ± 3.6
12 100 116.3 ± 4.37 123.7 ± 6.23 89.1 ± 2.67 79.7 ± 2.66
13 100 137 ± 5.2 101 ± 4.1 113.3 ± 3.2 * 117.6 ± 9.4
15 100 92.8 ± 2.7 120.6 ± 6.6 97.6 ± 5.2 92.6 ± 2.8
16 100 83.7 ± 6.9 87.9 ± 4.5 76.8 ± 3.2 92.3 ± 2.9
18 100 113.2 ± 10.4 99.5 ± 4.9 94.3 ± 4.9 93 ± 4.4

(B)

Patient ID Control
pErk

(% Relative Expression to Control)
pAkt

(% Relative Expression to Control)

5 µM Gef 5 µM Can 5 µM Gef 5 µM Can

7 100 99.4 ± 3.6 70.5 ± 4.9 * 104 ± 4.1 75.3 ± 4.8 *
9 100 138.5 ± 10.9 65.43 ± 3.4 * 120.4 ± 12.95 69.5 ± 4.3 *
11 100 93.2 ± 3.9 84.3 ± 2.9 * 96.4 ± 7.1 83.6 ± 3.1 *
12 100 95.1 ± 5.3 88.9 ± 5.4 119.3 ± 12.8 87.8 ± 4
13 100 89.8 ± 5.3 57.4 ± 1.3 * 76.9 ± 3.1 * 55.4 ± 1.9 *
15 100 120.4 ± 3.9 104.4 ± 3.7 95.3 ± 3.6 92.6 ± 2.7
16 100 78.3 ± 4.7 * 80.1 ± 2.3 * 106 ± 4.5 96.3 ± 3.6
18 100 196.5 ± 9.7 157.5 ± 17.2 127.2 ± 2.5 115.8 ± 7.5

We next pooled all the effects caused by gefitinib and canertinib on the decrease in PCNA, EGFR,
pEGFR, pAKT and pERK, the increase of cleaved caspase-3 in EGFR positive ascitic cells and the
inclusion of HER-2 and pHER-2 in EGFR and HER-2 positive ascitic cells (Table 7). We then questioned
whether gefitinib or canertinib was more effective in EGFR positive ascitic cells. As shown in the
Table 7A, both inhibitors equally affected the EGFR positive cells. We also analysed these effects on
EGFR and HER-2 positive ascitic cells (Table 7B). Interestingly, canertinib showed greater inhibition
than gefitinib in EGFR and HER-2 positive cells (p = 0.0006, Fisher’s exact test).
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Table 7. Total responsiveness of EGFR and EGFR and HER-2 positive cells are compared between
gefitinib and canertinib. Numbers of decrease in PCNA, EGFR, pEGFR, HER-2, pHER-2, pERK, and
pAKT in EGFR positive cells (A) and EGFR and HER-2 positive cells (B) are counted, and data are
subjected to statistical analysis, using Fisher’s exact test.

(A) (+) EGFR

Inhibitors Response No Response

Gefitinib 24 26
Canertinib 24 26

B (+) EGFR/HER-2

Inhibitors Response No Response

Gefitinib 6 58
Canertinib 23 41

In addition, we evaluated clinical data to compare overall survival between women whose cells
expressed EGFR, and who expressed both EGFR and HER-2. As shown in Figure 5, there is no statistical
difference in the survival of patients with EGFR and EGFR/HER-2 positive cells.
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Figure 5. Comparison of patient’s survival time between ascitic fluid derived cells with positive staining
for EGFR and EGFR and HER-2 proteins. There is no significant statistical difference between two
groups of patients (p = 0.911). The statistical analysis was performed by using Log-rank (Mantel–Cox)
and Gehan–Breslow–Wilcoxon tests, available from a GraphPad Prism 8.0.1 version.

4. Discussion

Here, we investigate the growth modulating effects of the EGFR inhibitor gefitinib and the dual
EGFR and HER-2 inhibitor canertinib on three established ovarian cancer cell lines (OVCAR-5, SKOV-3
and OVCAR-4), and isolated cells from the ascitic fluid of 20 advanced ovarian cancer patients. We
demonstrate that ascitic fluid-derived cells have a measurable level of EGFR and HER-2 proteins,
the levels of which vary considerably among patients. The effects of gefitinib and canertinib alone
on cell viability and targeted signalling molecules, (including pERK and pAKT associated with the
activation of EGFR and HER-2), show variation among ascitic fluid-derived patient cells. Both gefitinib
and canertinib demonstrate similar anti-tumour effects in EGFR positive cells. However, in EGFR
and HER-2 positive cells, canertinib demonstrates a greater effect on the decrease in pERK and pAKT
than gefitinib.
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4.1. Expression of Protein Markers in Ascitic Fluid-Derived Ovarian Cancer Cells

It has been recognised that metastatic lesions of advanced ovarian cancer begin with the deposition
of small clusters of cancerous cells, carried around within the peritoneal cavity by the movement of
ascitic fluid. The proteomic profiles of the primary tumour compared to the metastatic sites have
differential patterns to some extent [10,22,23]. In addition, the proteomic signatures, associated with
epithelial to mesenchymal phenotypic transition and vice versa, in ascitic fluid-derived ovarian cancer
cells, have been described [24–26]. Cells derived from the ascitic fluid of ovarian cancer patients are
known to express various protein markers associated with epithelial and mesenchymal phenotypes,
including CD44, AC133, EGFR, integrin beta-1, cytokeratin-18 and E-cadherin [27]. Ascitic-derived
cells cultured in cell monolayers and floating conditions express distinct protein markers. Adherent
cells possess mesenchymal protein profiles, but floating cells display more epithelial markers [25].
Ascitic fluid cells expressing CA125 and EpCAM have been characterised in a large cohort of ovarian
cancer patients [28]. Cells that have been cultured from a primary tumour and ascitic fluid display
both epithelial and mesenchymal (E/M) markers. These E/M hybrid transition cells produce epithelial
ovarian cancer tumours in vivo in a xenograft model [29].

In agreement with previous studies, we observe in our study that ascitic fluid-derived cells show
immunostaining for CA-125, cytoketatin-18, E-cadherin, N-cadherin and vimentin. The morphological
appearance of these cells, derived from ascitic fluid and cultured as a 2D cell monolayer, displays
both compact colony and loose/motile characteristics. However, when these cells are cultured in a 3D
cell suspension, they form three different main morphologies. The compact spheroid phenotype is
displayed by the majority of ascitic cells and followed by small clusters. Evidence suggests that ovarian
cancer cells have the ability to form compact spheroids, and these cells possess a myofibroblast-like
phenotype, increasing invasive capacity [30]. This is consistent with our findings that the majority of
ascitic-derived cells demonstrate a high expression of vimentin, a mesenchymal protein that is linked
to fibroblastic phenotypes. A recently published study has demonstrated that vimentin positive cancer
cells in high-grade serous tumour tissues are possibly the cells that migrate and invade the peritoneal
membrane [31]. However, we apply caution to the interpretation of the protein markers that were
used in our study. Even though cells in ascitic fluid were positive for epithelial cell origin, the ability of
these cells to develop ovarian tumours in an animal model has not been tested. We also think that
heterogeneous cells presented in ascitic fluid, including malignant and non-malignant cells, may play
an important role in responsiveness to anticancer drugs.

4.2. Expression of EGFR and HER-2 in Ascitic Fluid-Derived Ovarian Cancer Cells

We have also demonstrated that ascitic fluid-derived cells have measurable levels of EGFR and
HER-2 protein expression. Of these samples, 45% are EGFR positive cells, 40% are EGFR/HER-2
positive and 15% have low EGFR/HER-2. However, we did not detect any cells that had HER-2 protein
expression alone. Even though EGFR and HER-2 protein expression has been studied in ovarian cancer,
those previous studies only identified the proteins in primary and secondary tumours, and not in
cells from ascitic fluid [13,14,32]. However, a recent study has shown that both ascitic fluid-derived
cells and cells from solid ovarian tumour sites have broadly expressed HER-2 protein [33]. There
is a notable discrepancy of the expression levels of these proteins in these previous studies; this is
perhaps due to the different technical platforms utilised to assess the protein expression. EGFR protein
immuno-expression was seen in 28% of primary and 33% of corresponding recurrent ovarian serous
carcinomas evaluated in a cohort of 80 patients [34]. Another study showed that primary serous
ovarian cancer has varied levels of immunostained EGFR (7%), pEGFR (12%), HER-2 (5%), pAKT (8%)
and pERK (37%). This study also showed a marginal increase of similar proteins in a small number
of patients with recurrent disease [32]. HER-2 protein and its gene expression level are significantly
higher in ovarian cancer patients, compared to patients with benign ovarian tumours and normal
ovaries [14]. In a cohort of 52 patients with invasive epithelial ovarian cancer, EGFR is expressed
in 59% of the cases, and HER-2 expression is found in 35%, without any mutations of the tyrosine
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kinase domains of EGFR and HER-2 [35]. The study showed that of 50 patients with high-grade serous
ovarian carcinomas, HER-2 was only expressed by 29%. More importantly, this study also showed
that cells derived from ascitic fluid over-express HER-2 when compared to normal ovarian epithelial
cells. However, the study did not use alternative protein markers to confirm whether cells derived
from ascitic fluids were actually malignant ovarian cells. Another study conducted in a large cohort of
ovarian cancer patients with 67% having the serous ovarian cancer subtype, showed that only about
7% of HER-2 genes were over-expressed and amplified [36]. Yet, another study delineated that the
overall expression of HER-2 in ovarian cancer was about 33%, and that patients with HER-2 positive
ovarian tumours had an increased risk of mortality [37].

4.3. Sensitivity of EGFR and HER-2 Positive Cells to Gefitinib and Canertinib

We also show that the anti-tumour effects of gefitinib and canertinib are affected by the levels
of EGFR and HER-2 in the ovarian cancer cell line SKOV-3. Furthermore, canertinib shows a greater
effect on cell growth and apoptosis than gefitinib in this cell line. Ascitic fluid-derived EGFR positive
cells respond to both gefitinib and canertinib, but these responses are distinctive among cell samples.
For instance, the measurement of cellular viability is inconsistent among cell samples. The cells that
respond to gefitinib also tend to respond to canertinib.

A different scenario is observed in the EGFR and HER-2 positive cells, with only canertinib
showing growth inhibitory potential in these cells. However, some cells do not respond to canertinib,
even though they have the receptors. This data provides us with valuable information, suggesting
that the non-responsiveness of cells to both gefitinib and canertinib could be attributed to additional
compensatory pathways that overcome the anti-tumour activities of tyrosine kinase inhibitors (TKIs).
However, it should be noted that this study has a small sample size and requires further investigation.
Gefitinib has been used extensively to treat non-small cell lung carcinoma (NSCLC), which harbours an
EGFR mutant protein [38]. The monotherapy of gefitinib has been evaluated in several trials of other
solid tumours of various origins, including cancer of the ovary, but has not shown any effect [21,39–42].

Canertinib is a dual TKI, that has been used as a proof-of-concept compound in many preclinical
studies of various tumour types [18,43–45]. Its anti-tumour activities are far superior to the reversible
EGFR inhibitor gefitinib. Gefitinib-resistant cancer cells are effectively treated with canertinib in the
both wild-type and EGFR mutant cancer cells [46]. However, the anti-tumour activities of canertinib in
clinical trials are much less promising. In a phase I clinical trial with canertinib in patients with solid
tumours, anti-tumour activity of the inhibitor was notable in only a few individuals [47]. Another phase
I clinical evaluation of canertinib in 53 cancer patients did not show any of the objective responses,
but the inhibitor down-regulated EGFR, HER-2 and Ki67 [48]. A randomised phase II trial of oral
canertinib did not show activity in unscreened patients with advanced ovarian cancer [49].

In our EGFR positive cell populations, both gefitinib and canertinib equally reduced both pERK
and pAKT activation. This is, however, rather expected, because both gefitinib and canertinib effectively
block EGFR. However, interestingly, some patients with EGFR positive cells do not respond to the
inhibitors. It is possible that these cells might have additional pathways that could be activated during
the course of the inhibitor treatment. Another plausible explanation is that cells in clusters have a
lower cell division rate, and therefore any response to gefitinib and canertinib will be delayed or even
non-existent, as these treatments inhibit dividing cells rather than induce apoptosis. In the EGFR and
HER-2 positive cells, canertinib shows wider inhibition than gefitinib, especially in the responsiveness
of pERK. The decrease in pAKT is also prominent with the canertinib treatment, but this is less than
the decrease in pERK.

There are a few preclinical studies investigating the activation of the ERK and AKT signalling
pathway in ovarian cancer cells in 3D cell clusters. The non-receptor tyrosine kinase Src is reported
to be an essential oncogenic protein that is active in the survival of the mouse ovarian cancer cell
line ID-8. Cell aggregates in both in vitro and in vivo conditions of a syngeneic mouse model have
activated ERK and AKT via Src activation [26]. Ascitic fluid-derived ovarian cells cultured in 3D
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aggregates are more sensitive to AKT inhibitors than similar cells cultured in monolayers, suggesting
that floating ovarian cancer cells utilise the AKT activation for survival [50]. In a few ovarian cancer
clinical studies, there is no tumour response, but a decrease in phosphorylation of both AKT and ERK
has been observed in some patients with an EGFR inhibitor [40,51]. This is in line with our study
showing that phosphorylation of ERK and AKT is selectively reduced in ascitic fluid-derived cells
after treatment with the inhibitors.

Limitations of the study are that there are no predictable cellular protein markers to determine the
sensitivity of gefitinib and canertinib in cell clusters. In addition, the number of cells expressing both
EGFR and HER-2 is more responsive to a dual inhibitor canertinib than the EGFR inhibitor gefitinib,
which is of a relatively small sample size. This would be interesting if a future study might include
more patient samples. The expression of EGFR and HER-2 associated with a patient’s survival is not
reliable, due to a small number of patients. This, however, could improve if a larger cohort patient
might be used in a future study.

5. Conclusions

Our study shows that ascitic fluid-derived cells expressing EGFR and HER-2 are more responsive
to a dual EGFR and HER-2 inhibitor than the EGFR inhibitor gefitinib. However, these responses
are not strongly correlated with the activation of the downstream proteins ERK and AKT. To better
understand the effectiveness of canertinib in primary ovarian cancer cells, a robust in vivo cell model
with a fully functioning immune system is crucial, in order to see whether the inhibitor is specific to
cancer cells or immune cells. The in vivo model will also better explain the efficacy of the inhibitor and
its clinical implications. In addition, some patients are chemo resistant, additional in vitro experiments
with a combination of chemotherapy and inhibitors would be useful, since the efficacy of small targeted
inhibitors would be limited as monotherapy in treatment regimens, and this may greatly influence the
molecular profile of cancer cells.
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