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Abstract 

Purpose Anaplastic thyroid carcinoma (ATC) is an aggressive, chemo-resistant malignancy. Chemo-resistance is 

often associated with changes in activity of the RAS/MAPK/ERK and PI3K/AKT/mTOR pathways and/or a high 

expression of ATP binding cassette (ABC) transporters, such as P-glycoprotein (P-gp) and breast cancer resistance 

protein (BCRP). To assess the therapeutic efficacy in ATC of a combination of the dual mTOR kinase inhibitor 

vistusertib (AZD2014) and paclitaxel (PTX), we generated a new cell line (Rho-) via the selection of human thyroid 

carcinoma 8505C cells that exhibit a low accumulation of rhodamine 123, which serves as a P-gp and BCRP 

substrate. 

Methods Immunohistochemistry was used for P-gp and BCRP expression analyses in primary ATC patient samples. 

Spheroid formation and immunodeficient NSG mice were used for performing in vitro and in vivo tumorigenicity 

assays, respectively. MTT, flow-cytometry, fluorescent microscopy, cell death and proliferation assays, as well as 

migration, invasion and gelatin degradation assays, were used to assess the potential of AZD2014 to enhance the 

effects of PTX. ATC xenografts in SCID mice were used for evaluating in vivo treatment efficacies. 

Results Rho- cells were found to be 10-fold more resistant to PTX than 8505C cells and, in addition, to be more 

tumorigenic. We also found that AZD2014 sensitized Rho- cells to PTX by inhibiting proliferation and by inducing 

autophagy. The combined use of AZD2014 and PTX efficiently inhibited in vitro ATC cell migration and invasion. 

Subsequent in vivo xenograft studies indicated that the AZD2014 and PTX combination effectively suppressed ATC 

tumor growth. 

Conclusions Our data support results from recent phase I clinical trials using combinations of AZD2014 and PTX 

for the treatment of solid tumors. Such combinations may also be employed for the design of novel targeted ATC 

treatment strategies. 
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1 Introduction 

Anaplastic thyroid carcinoma (ATC), one of the most aggressive human malignancies, has a very poor 

prognosis. The overall median survival is limited to months [1]. Although ATC accounts for only 0.8% of all thyroid 

cancers, its disease-specific mortality approaches 100% [2, 3]. It has been found that surgery, radiotherapy and 

chemotherapy fail to significantly improve the survival of patients [4]. Current chemotherapy protocols include 

doxorubicin (DOX) and paclitaxel (PTX), whereas cisplatin (CPt) has been removed from them [5]. To improve the 

clinical outcome, it is important to explore more thoroughly the molecular mechanisms underlying ATC 

development. As more of these data become available, more targeted drugs may be considered for therapy. To this 

end, small-molecule tyrosine kinase inhibitors, angiogenesis inhibitors and vascularization disrupting agents have 

already been investigated [6]. 

Most ATCs harbor mutations that activate the RAS/MAPK/ERK and/or PI3K/AKT/mTOR pathways [7]. 

These signaling pathways control cellular survival, differentiation, proliferation and metabolism [8]. Changes in the 

activity of these signaling pathways may lead to drug resistance [9], which is a common feature of ATC. Previously, 

we reported that either the RAS/MAPK/ERK or the PI3K/AKT/mTOR pathway may underlie the development of 

ATC [10]. We also showed that inhibition of either RAS/MAPK/ERK or PI3K/AKT/mTOR pathway components 

may serve as valuable therapeutic approaches for ATC. Interestingly, we found that inhibition of RAS/MAPK/ERK 

signaling sensitized ATC cells to PTX, whereas inhibition of the PI3K/AKT/mTOR pathway led to a higher 

susceptibility of ATC cells to DOX. We also found that application of the dual mTOR kinase inhibitor vistusertib 

(AZD2014) was highly effective, since it equally sensitized ATC cells to DOX and PTX [10]. 

mTOR is a highly conserved protein kinase to which both the RAS/MAPK/ERK and the PI3K/AKT/mTOR 

signaling pathways converge. Its activation has been found to promote cell cycle progression and to suppress 

apoptosis in a variety of human cancers [11]. mTOR can be found in two structurally and functionally distinct 

multiprotein complexes, i.e., mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). These complexes 

encompass different components, among which the most significant component for mTORC1 is raptor, while that 

for mTORC2 is rictor [12]. Increased mTOR activity in cancers often results from mutations in closely related 

pathways. As such, amplification of the PIK3CA gene (encoding the p110a subunit of PI3K) can constitutively 

activate mTOR [13]. Also, loss or inactivation of PTEN, which inhibits PI3K, and mutations of negative regulators 

of mTOR, such as the tuberous sclerosis 1 and 2 complexes (TSC1 and TSC2), p53 and LKB1, may induce mTOR 

activation [14]. More recently, also activating mutations in mTOR itself have been identified [15]. Activation of the 

PI3K/AKT/mTOR pathway has been shown to correlate with tumor progression and a reduced survival in patients 

harboring a variety of tumor types, including ATC [16, 17]. Therefore, mTOR inhibition is currently a focus of 

many anticancer studies and clinical trials [18, 19]. Rapamycin belongs to the first generation of mTOR inhibitors. It 

is an allosteric inhibitor that prevents mTOR-dependent downstream signal transduction. mTORC1 is rapamycin 

sensitive while mTORC2 is relatively rapamycin insensitive. Limitations of rapamycin-based therapies in clinical 

settings have led to the development of a second generation of mTOR inhibitors, known as ATP-competitive mTOR 

kinase inhibitors. These inhibitors target the ATP-binding pocket of the kinase domain of mTOR and, by doing so, 
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inhibit its catalytic activity. The mechanistic advantage of these agents is their potential to inhibit the kinase 

activities of both the mTORC1 and mTORC2 complexes, along with blocking the feedback activation of PI3K/Akt 

signaling [20, 21]. One of the representatives of this class of inhibitors is AZD2014, which is currently in clinical 

trials for several solid tumors [22, 23]. Although we recently showed that AZD2014 has the potential to overcome 

ATC chemo-resistance [10], the investigation of mTOR inhibition in ATC is still in a preliminary stage. 

Another mechanism underlying ATC chemo-resistance involves the overexpression of ABC transporters 

responsible for the development of multidrug resistance. Multidrug resistance (MDR) confers resistance to cancer 

cells against a variety of structurally and functionally unrelated anticancer drugs [24]. In most MDR cells, drug 

efflux is mediated by the ATP-binding cassette (ABC) membrane transporter P-glycoprotein (P-gp/MDR1/ABCB1), 

which is encoded by the MDR1 gene [25]. Since more than 30 years P-gp has been the most studied ABC transporter 

[26]. Other ABC transporters, such as the multidrug resistance protein 1 (MRP1/ABCC1) [27, 28] and the breast 

cancer resistance protein (BCRP/ABCG2), are also known to be involved in MDR [29]. As of yet, the contribution 

of these transporters in ATC chemo-resistance has not been studied. 

The aim of this study was to determine the potential of the dual mTOR kinase inhibitor AZD2014 to 

overcome chemo-resistance in ATC cells overexpressing MDR transporters. To this end, we established a new ATC 

cell line resistant to PTX and employed this cell line to determine the efficacy of AZD2014, alone or in combination 

with PTX, both in vitro and in vivo. 

 

2 Materials and methods 

Tissue samples 

Primary ATC tissue samples from 12 patients who underwent surgical resection at the Institute for 

Oncology, Clinical Center of Serbia, were collected. Informed consents and approval from the Ethics Committee 

were obtained in accordance with the standards laid down in the 1964 Declaration of Helsinki. The ATC tissues 

were fixed in 10% buffered formalin and embedded in paraffin. The diagnosis of ATC was established by histologic 

examination. The selected patients included 8 women and 4 men, with a median age of 67.2 years (range: 46–

82 years). The surgeries performed were mainly palliative in nature, and the median patient survival period was 

68 days (35–441 days). The patients received neither radiotherapy nor chemotherapy prior to surgery. 

Immunohistochemistry 

The formalin-fixed paraffin-embedded (FFPE) ATC tissues were cut in 3-μm sections for further analysis. 

Anti-P-gp (1:40, Abcam, United Kingdom) and anti-BCRP (1:40, Abcam, United Kingdom) antibodies were used 

according to the manufacturer’s instructions. Immunostaining was performed by incubating the tissue sections for 

30 min at room temperature in a humidity chamber using the streptavidin-biotin technique (LSAB+ Kit, Peroxidase 
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Labeling, K0690; DakoCytomation, Glostrup, Denmark). The resulting antigen-antibody complexes were visualized 

using a diaminobenzidine-hydrochloride substrate solution (DAB, No. K3468; DakoCytomation). The cell nuclei 

were counter-stained using Mayer’s hematoxylin. Concomitantly, tissue samples with appropriate positive 

immunostaining were used as indicators of the quality of the target retrieval procedure. As internal positive controls 

P-gp immunoreactivity in human kidney tissue and BCRP immunoreactivity in human placenta tissue were used. 

The immunohistochemical (IHC) results were independently evaluated by two pathologists using a Leica DM2500 

microscope (Leica Microsystems, Wetzlar, Germany). The P-gp and BCRP immunoreactivities were assessed using 

a semiquantitative method based on the percentage of stained cells-membranes (no immunoreactivity 0 = 0%, 1 

≤ 10%, 2 = 11–50% and 3 ≥ 50%). Samples with scores of 2 and 3 were considered positive, i.e., having a high 

immunoreactivity [30, 31]. 

Cells and culture conditions 

The ATC cell line 8505C was a generous gift from Prof. Alfredo Fusco from the Institute of Endocrinology 

and Experimental Oncology, National Centre of Research, Naples, Italy. The Rho- subline was derived from 8505C 

by sorting a small sub-population (up to 1.6%) of 8505C cells exhibiting a low Rhodamine 123 (Rho 123) 

accumulation. The ATC cell line SW1736 was obtained from Cell Lines Service GmbH (Eppelheim, Germany). The 

parental 8505C cell line 8505C and its derivative Rho- were cultured in DMEM supplemented with 10% heat-

inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 4.5 g/l glucose, 10,000 U/ml penicillin and 10 mg/ml 

streptomycin at 37 °C in a humidified atmosphere containing 5% CO2. SW1736 cells were maintained in RPMI-

1640 medium containing 10% heat-inactivated FBS, 2 mM L-glutamine, 10,000 U/ml penicillin, 10 mg/ml 

streptomycin and 25 mg/ml amphotericin B solution at 37 °C in a humidified atmosphere containing 5% CO2. All 

cell lines were sub-cultured at 72 h intervals using 0.25% trypsin/EDTA and seeded in fresh media at the following 

densities: 8000 cells/cm
2
 for 8505C and 16,000 cells/cm

2
 for Rho- and SW1736. 

Drugs 

PTX was purchased from Sigma-Aldrich Chemie Gmbh (Taufkirchen, Germany) and AZD2014 was kindly 

provided by Selleckchem (Houston, TX, USA). PTX was diluted in absolute ethanol after which 1 mM aliquots 

were stored at −80 °C. AZD2014 was diluted in DMSO (dimethyl sulfoxide) after which 10 mM aliquots were 

stored at −20 °C. Before use, all drugs were freshly diluted in sterile water. 

MTT cell growth assay 

The MTT cell growth assay is based on the reduction of 3-(4, 5-dimethyl-2-thizolyl)-2,5-diphenyl-2H-

tetrazolium bromide into formazan dye by active mitochondria in living cells. 8505C and Rho- cells grown in 

25 cm
2
 tissue flasks were trypsinized, seeded into flat-bottomed 96-well tissue culture plates (2000 cells/well) and 

incubated overnight in 100 μl appropriate medium. After 24 h, the cells were treated with either AZD2014 (5, 10, 

25, 50 and 100 nM) or PTX (50, 100, 250, 500 and 1000 nM) and incubated for 72 h in complete medium. The 

combined effect of AZD2014 and PTX after 72 h was studied using different concentrations of AZD2014 (50, 100 
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and 150 nM) combined with different concentrations of PTX (50, 100, 250, 500 and 1000 nM). After incubation, 

100 μl MTT solution (1 mg/ml) was added to each well after which the plates were incubated at 37 °C for 4 h. 

Following MTT removal, the formazan products were dissolved in 200 μl DMSO and absorbance was measured at 

540 nm using an automated microplate reader (LKB 5060–006 Micro Plate Reader, LKB, Vienna, Austria). Half-

maximal inhibitory concentration (IC50) values were defined as the concentration of the drug that inhibited cell 

growth by 50% and was calculated by non-linear regression analysis using GraphPad Prism 6 software. The 

procedure for SW1736 cells is described in the Online Resource, Material and Methods section. 

Median effect analysis 

The interaction between AZD2014 and PTX was analyzed using CalcuSyn software (Biosoft, Cambridge, 

United Kingdom) based on the combination index (CI) method and the multiple drug effect equation [32]. This 

analysis requires that at least 3 data points for each single drug are available in each experiment. The non-constant 

ratio combination design was chosen to assess the effect of both drugs in combination. The results obtained are 

presented as fraction-affected CI graphs. CI values <1 indicate additive effects or synergism, i.e., the smaller the 

value the higher the degree of synergy. A CI value of 1 indicates an additive effect and CI values >1 indicate 

antagonistic effects. 

Rho 123 accumulation assay 

Accumulation of the P-gp substrate Rho 123 was analyzed by flow cytometry. The analyses were carried 

out on 1 × 10
7
 untreated 8505C cells cultured in 75 cm

2
 flasks, trypsinized, counted and re-suspended in 5 ml falcon 

tubes in a Rho 123-containing medium (5 μM). Next, the cells were incubated in the dark at 37 °C in 5% CO2 for 

30 min, after which the cells were pelleted by centrifugation, washed in ice-cold phosphate buffered saline (PBS) 

and placed in ice-cold PBS. The samples were kept on ice in the dark until analysis by flow cytometry (see below). 

Rho 123 fluorescence was detected using a 530/30 nm band pass filter after which 160,000 cells with the lowest Rho 

123 accumulation were sorted in a sterile falcon tube with FBS (~1.6% of each sample). The sorted cells were 

transferred to culture medium and after one month in culture, the resulting Rho- cells were characterized with 

respect to Rho 123 accumulation and P-gp/BCRP expression. 

Flow cytometry 

Rho 123 accumulation by ATC cells (see above) was assessed using flow cytometry (BD FACSAria™ III, 

BD Biosciences, San Diego, USA). A minimum of 20,000 events was assayed for each sample (the gate excluded 

cell debris and dead cells) and the obtained results were analyzed using FlowJo 7.6 software (FlowJo, LCC, BD 

Biosciences). Flow cytometry was also used to measure P-gp and BCRP expression levels in ATC cells. To this end, 

cells (2 × 10
5
) were collected by trypsinization, washed in ice-cold PBS and directly immuno-stained using FITC-

conjugated anti-P-gp and anti-BCRP antibodies according to the manufacturer’s protocol (BD Biosciences, United 

Kingdom). An isotype control IgG2bκ (Abcam, Cambridge, United Kingdom) was used for each experimental 

sample to determine the level of background fluorescence of negative cells. The mean fluorescence intensity was 
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determined for positively stained cells. The samples (for all analyses) were washed in ice-cold PBS and kept on ice 

in the dark until flow cytometric analysis (BD FACSCalibur™, Becton Dickinson, Oxford, United Kingdom). Also, 

Rho- cells treated for 72 h with 100 nM AZD2014, 100 nM PTX and their combination were subjected to P-gp and 

BCRP expression analyses. The fluorescence intensities of Rho 123 and the FITC-conjugated anti-P-gp and anti-

BCRP antibodies were assessed using fluorescence channel 1 (FL1-H) at 530 nm. A minimum of 10,000 events was 

assayed for each sample (the gate excluded cell debris and dead cells) and the obtained results were analyzed using 

Cell Quest Pro software (Becton Dickinson, Oxford, United Kingdom). 

CFSE proliferation assay 

The carboxyfluorescein succinimidyl ester (CFSE) dye binds covalently to free amines on the surface of 

and inside cells with a minimal effect on their proliferative capacity. This dye enables the monitoring of cells over a 

period of 15 divisions [33]. The fluorescence intensity of CFSE gradually declines during cell divisions, thereby 

enabling the assessment of cell proliferation rates in treated versus untreated cells. For CFSE labeling, 8505C and 

Rho- cells were incubated 10 min in 0.1% FBS/PBS solution containing 10 μM CFSE at 37 °C, after which the cells 

were washed three times with PBS. Next the CFSE treated cells (2 × 10
5
) were seeded in 6-well plates, adapted 

overnight and then treated with AZD2014, PTX and their combination. 8505C/Rho- cells were treated with 100 nM 

AZD2014, 30 nM/300 nM PTX and corresponding combinations of 100 nM AZD2014 and 30 nM/300 nM PTX. 

The AZD2014 concentration (100 nM) was below the IC50 value, while the PTX concentrations (30 nM/300 nM) 

were close to the IC50 values for both cell lines. After 72 h, the cells were trypsinized and washed twice in ice-cold 

PBS. Finally, the cells were re-suspended in 1 ml PBS and the fuorescence intensities of at least 20,000 cells per 

sample were measured using the FL2 channel on a CyFlow Space flow cytometer (Partec, Münster, Germany) and 

analyzed using Summit analysis software (Dako Colorado Inc., USA). 

Cell death assay 

The percentages of apoptotic, necrotic and viable cells were determined using AV-FITC/PI labeling. To 

this end, 8505C and Rho- cells (2 × 10
5
) were seeded in 6-well plates and allowed to adhere overnight. Next, the 

cells were subjected to 100 and 300 nM AZD2014, 10 and 30 nM/100 and 300 nM PTX and corresponding 

combinations of 100 nM AZD2014 with 30 nM/300 nM PTX. After 72 h, the cells (both attached and floating) were 

collected, spun down and re-suspended in 100 μl binding buffer containing AV-FITC and PI in a 1:1 (v/v) ratio. 

After incubation for 10 min at room temperature in the dark, an additional 400 μl binding buffer was added after 

which AV-FITC/PI staining was analyzed within 1 h by flow cytometry. The fluorescence intensities were measured 

in the green (FL1) and red (FL2) channels on a CyFlow Space flow cytometer (Partec, Münster, Germany), 

respectively. In each sample 20,000 cells were recorded, and the percentages of viable (AV−/PI−), early apoptotic 

(AV+/PI−), late apoptotic (AV+/PI+) and necrotic (AV−/PI+) cells were analyzed using the Summit software tool 

(Dako Colorado Inc., USA). 
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Autophagosome formation assay 

To visualize the formation of autophagosomes, 8505C and Rho- cells were labeled with a rabbit anti-LC3 

antibody and a secondary Alexa Fluor 488 goat anti-rabbit IgG (H + L) antibody. To this end, the cells were 

incubated overnight in 4-chamber slides and treated with 100 nM AZD2014, 10 nM PTX and their combination for 

24 h. Next, the cells were washed in PBS, fixed in 4% paraformaldehyde and blocked for 60 min with 2% bovine 

serum albumin (Serva, Heidelberg, Germany) in PBS/0.3% Triton X-100 (Merck KGaA, Darmstadt, Germany). 

Next, the rabbit anti-LC3 antibody was applied at a 1:1000 dilution in PBS/0.3% Triton X-100 after which the cells 

were incubated overnight at 4 °C. After washing with PBS, the secondary Alexa Fluor 488 goat anti-rabbit IgG 

(H + L) antibody was applied at a 1:1000 dilution in PBS/0.3% Triton X-100 for 120 min at room temperature. 

Subsequently, the nuclei were counterstained with Hoechst 33,342 for 15 min at room temperature and the cells 

were mounted in Mowiol (Sigma-Aldrich Chemie GmbH). Finally, the cells were visualized under a Zeiss Axiovert 

inverted fluorescence microscope (Carl Zeiss Foundation, Oberkochen, Germany) equipped with AxioVision4.8 

software. The fluorescence intensity of the captured images was quantified using ImageJ software (U.S. National 

Institutes of Health, Bethesda, MD, USA). 

Scratch wound healing assay 

The migratory potential of 8505C and Rho- cells was assessed using a scratch wound healing assay. To this 

end, the cells were seeded in 24-well plates and grown for 24 h. Upon reaching confluence, uniform wounds were 

scratched into the monolayers in each well using a sterile 200 μl micropipette tip. Next, the media were replaced and 

the cells were treated with 100 nM AZD2014, 10 nM PTX and their combination. The subsequent wound closure 

was monitored by imaging at a 2× magnification on a Leica microscope (Leica Microsystems GmbH, Wetzlar, 

Germany) 0 h and 24 h after wounding. To measure the degree of closure of the wounded areas, the captured images 

were analyzed using ImageJ software. Independent experiments were performed in at least triplicate. The procedure 

for SW1736 cells is described in the Online Resource, Material and Methods section. 

Gelatin degradation assay 

8505C and Rho- cells were plated on glass coverslips coated with AlexaFluor488-labeled gelatin in 6-well 

plates (Gelatin from Pig Skin, Oregon Green® 488 Conjugate, Life Technologies, USA). Next, the cells were 

treated with 100 nM AZD2014, 10 nM PTX and their combination. Controls without treatment were included. After 

24 h the cells were fixed with 4% paraformaldehyde and co-stained with Hoechst 33,342 (Sigma-Aldrich Chemie 

Gmbh, Germany) and ActinRed 555 (Life Technologies, USA). The cells and the degradation areas were 

subsequently analyzed at 20× magnification under a Zeiss Axiovert inverted fluorescence microscope (Carl Zeiss 

Foundation, Germany). The volumes of the dark areas caused by gelatin degradation were measured using ImageJ 

software and normalized to the volumes of the cells. At least 100 cells were analyzed per experiment. The procedure 

for SW1736 cells is described in the Online Resource, Material and Methods section. 

 



Invasion assays 

To evaluate the effect of AZD2014 and PTX on the inhibition of 8505C and Rho- cell invasion, Transwell 

inserts (pore size 8 μm; diameter, 6.4 mm; BD Biosciences Discovery Labware) were used. The cells were seeded in 

serum-free medium in the upper chambers that were covered with a layer of Matrigel (500 g/ml), and treated for 

24 h with 100 nM AZD2014, 10 nM PTX and their combination. Controls without treatment were included. The 

lower chambers were filled with RPMI-1640 medium containing 10% fetal bovine serum as chemoattractant. As a 

control, spontaneous cell invasion without 10% FBS was assessed. After incubation, the cells that migrated through 

the membranes were fixed in 4% paraformaldehyde/PBS, stained with Hoechst 33,342 and counted under a Zeiss 

Axiovert inverted fluorescence microscope at 10× magnification. The average number of cells in 30 independent 

fields per membrane was analyzed using ImageJ software. The results are presented as percentages of cells that 

invaded through the Matrigel-coated membrane compared to the untreated controls. The procedure for SW1736 cells 

is described in the Online Resource, Material and Methods section. 

Spheroid formation assay 

At ~80% confluence in DMEM/10% FBS medium, monolayer 8505C and Rho-cells were dissociated with 

trypsin-EDTA into single cell suspensions. Next, the cells were seeded in triplicate at multiple densities (ranging 

from 500 to 10,000 cells) to determine the optimal plating densities in low-attachment 96-well plates (SCIVAX Life 

Sciences/ SCIVAX USA). After 14 days in culture, spheroid colonies were quantified using inverted phase contrast 

microscopy (Zeiss Axiovert 40c equipped with a CCD camera; Carl Zeiss Microscopy, Berlin, Germany). 

In vivo studies 

NSG (NOD scid gamma) and SCID (Severe Combined Immunodeficiency) mice were purchased from the 

Jackson Laboratory (Bar Harbor, ME, USA). The present study was approved by the Institutional Animal Care and 

Use Committee of the Faculty of Medicine of the University of Thessaly IACUC and the local Directorate General 

for Regional Rural Economy and Veterinary (Licence No 5542/228006; 30/11/2016). All mice were kept under 

pathogen-free conditions in the animal facility in a controlled environment (12 h dark/light cycle), fed with standard 

laboratory chow and given autoclaved water ad libitum. Seven week old NSG and 8–10 week-old SCID female mice 

were used in this study. 

NSG mouse models 

The in vivo tumorigenic capacity of 8505C and Rho- cells was examined in NSG mice using a limited 

dilution inoculation approach. To this end, 10,000 and 100,000 cells of each cell line were subcutaneously (s.c.) 

injected into the left and right axillae of the rear flanks after which the mice were monitored three times a week for 

tumor growth. The tumor sizes were measured using a caliper and the tumor volumes were calculated using the 

formula V (mm
3
) = a × b

2
/2, where V (mm

3
) is the tumor volume in mm

3
, a - the length of the tumor and b - the 

width of the tumor. The mice were euthanized when the tumor sizes reached 1500 mm
3
. Upon euthanasia, the 



tumors were harvested and manually dissected into tissue fragments by mincing and enzymatic digestion with 

collagenase, hyaluronidase and DNAse to generate single cell suspensions for flow cytometric analyses. To this end, 

the cells suspensions were fixed in 4% paraformaldehyde for 15 min and kept on ice in the dark until analysis on a 

FACScalibur machine (Becton Dickinson, Oxford, United Kingdom). The analyses were performed as described 

above for cell lines. 

SCID mouse models 

SCID mice were used to determine the effectiveness of AZD2014 and PTX (alone and in combination) 

against tumor growth. For PTX the injectable form administered to patients was kindly donated by the Clinics of 

Oncology of the University General Hospital of Larissa, Greece. PTX was further diluted in 0.9% NaCl for 

subsequent animal administrations. AZD2014 was dissolved in DMSO and subsequently diluted in 0.5% Tween80. 

1 × 10
6
 8505 and Rho- cells were subcutaneously injected into the right and left axillae of the rear flanks, after which 

the mice were weighed (mean body weight 22 g) and randomly divided into 4 groups for each cell line: a control 

group (n = 5) that received 100 μl 0.9% NaCl and 200 μl DMSO in 0.5%Tween80 via intraperitoneal (i.p.) 

injections, a PTX group (n = 5) that received two i.p. injections (100 μl PTX 5 mg/kg and 200 μl DMSO in 

0.5%Tween 80), an AZD2014 group (n = 5) that received two i.p. injections (200 μl AZD2014 2.5 mg/kg and 100 μl 

0.9% NaCl) and a combination group (n = 5) that received two i.p. injections (100 μl of PTX 5 mg/kg and 200 μl of 

AZD2014 2.5 mg/kg). The first course of the drugs was applied when tumors generated by both cell lines reached 

volumes of approximately 100 mm
3
. Administration schedule was Q7D1 (once/week). The tumors were measured 

with a caliper and tumor volumes were again calculated using the formula V (mm
3
) = a × b

2
/2 (see above). The 

experiments were terminated when the tumor sizes reached a volume of 1500 mm
3
. Weight loss and dietary, 

behavioral and neurological changes were monitored and recorded as markers of drug toxicity. In addition to tumor 

volumes, the %DT/DC parameter was calculated, where DT = T − Do and DC = C − Do (Do is average tumor 

volume at the beginning of the treatment; T and C are the volumes of the treated and untreated tumors, respectively, 

at a specified day). The optimal DT/DC value was used as a measure of drug activity [34]. All animals were treated 

according to the guidelines of the EU and Greek authorities (2010/63/EU directive and Greek PD 56/2013, 

respectively) governing the use and handling of experimental animals. 

Statistical analyses 

The CFSE staining, anti-LC3 staining, invasion and tumor growth data were analyzed by Student t-test. 

Since the gel degradation data were not normally distributed, the Wilcoxon matched-pairs signed rank test was 

carried out. Two-way ANOVA Dunnett’s multiple comparisons test was employed to analyze the cell death 

induction data. Differences were considered statistically significant when p ≤ 0.05. Survival data were analyzed 

using the Kaplan-Meier product-limit method. The significance of differences between low-expressing and high-

expressing pairs of survival curves was assessed using the Mantel-Cox log rank test, while overall survival rates 

were calculated from the first day after surgery to the last follow-up or death of the patient. Cox proportional 

hazards regression for survival data, hazard ratios (HR) and its corresponding 95% confidence intervals (95% CI) 
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were employed for assessing the impact of factors on overall survival. Differences were considered statistically 

significant when p ≤ 0.05. 

3 Results 

P-gp and BCRP expression in ATC patient samples 

P-gp and BCRP protein expression in 12 primary ATC samples was assessed by immunohistochemistry. 

By doing so, we observed overexpression of P-gp in 66.7% of the samples and increased expression of BCRP in 

33.3% of the samples (Fig. 1a-c). Next, Kaplan-Meier survival curves were generated to evaluate the effects of P-gp 

and BCRP expression on patient survival. We found that the median survival time was 180 days for patients with a 

low P-gp expression and 69 days for patients with a high P-gp expression (hazard ratio 0.51, 95% CI: 0.16 to 1.59, 

p = 0.0662; Fig. 1 d) implying a tendency towards a worse prognosis for ATC patients with a high P-gp expression. 

No differences were observed between the survival curves of patients with low and high BCRP expression levels 

(hazard ratio 1.97, 95% CI: 0.63 to 6.16, p = 0.5064). In both cases, the confidence intervals were wide (for P-gp and 

BCRP expression) and affected by the small patient cohort. The hazard ratios were not significantly different. 

Isolation of drug resistant Rho- cells 

8505C cells were employed to isolate drug resistant ATC cells that may serve as a model system 

mimicking the patients’ phenotype. A new subline was generated by sorting a small sub-population (up to 1.6%) of 

8505C cells exhibiting a low Rho 123 accumulating capacity (Fig. 2a). The sorted cells were placed in culture and 

after one month the cells, named Rho-, were characterized for P-gp and BCRP expression and Rho123 

accumulation. We found that the Rho- cells exhibited an increased expression of the P-gp and BCRP transport 

pumps and a decreased accumulation of Rho123 compared to the parental 8505C cells (Fig. 2b). 

Next, we evaluated the effect of PTX and AZD2014 on 8505C and Rho- cell growth using a MTT assay 

(Fig. 2c). The respective cells were treated with 50–1000 nM PTX and 5–100 nM AZD2014 for 72 h in complete 

medium. We found that the Rho- cells were more resistant to PTX than the 8505C cells (IC50 = 202 nM versus 

28 nM, respectively), while the 8505C cells were found to be more resistant to AZD2014 (IC50 = 417 nM) than the 

Rho- cells (IC50 = 254 nM). In addition, we treated the Rho- cells with 100 nM AZD2014 and 100 nM PTX (half 

the concentrations of their respective IC50s) to assess whether these compounds might affect P-gp expression. 

Through flow cytometric analyses we found that neither AZD2014 nor PTX interfered with P-gp expression after 

72 h treatment. A similar result was obtained with their combination (Fig. 2d). 

Rho- cells exhibit an increased tumorigenicity 

To test the tumorigenic potential of 8505C and Rho- cells, we carried out both in vitro and in vivo 

experiments. For the in vitro spheroid formation assay, both cell lines were seeded at densities of 5000 and 10,000 

cells per well in 96-well plates. By doing so, we found that the Rho- cells generated significantly more spheroids 

than the 8505C cells at both densities (Fig. 3a; p ≤ 0.001). 
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Next, NSG mice were used to test the in vivo tumorigenic potential of 8505C and Rho- cells. After inoculation of 

10,000 cells per cell line, we observed significant differences in tumor growth. Rho- cells appeared to be more 

tumorigenic, producing tumors on the 25th day and generating tumor sizes that were significantly larger at the 42nd 

day than those of the 8505C cells (Fig. 3b; p = 0.02). The Rho- cells were also more tumorigenic when 100,000 cells 

were inoculated, i.e., significantly larger tumor sizes were noted at the 42nd and 51st days (Fig. 3b; p = 0.04). To 

confirm the original nature of the cells, the tumors were recovered after which single cell suspensions were prepared 

for flow cytometric analysis of P-gp and BCRP expression levels. We found that the cells originating from the Rho- 

tumors had preserved their in vitro characteristics, i.e., they exhibited higher P-gp and BCRP expression levels than 

those originating from the 8505C tumors (Fig. 3c). 

AZD2014 enhances the sensitivity of 8505C and Rho- cells to PTX 

Next, we set out to evaluate the effect of the combination of AZD2014 and PTX on ATC cell growth 

inhibition using MTT assays. We found that the application of AZD2014 (50, 100 and 150 nM) significantly 

decreased the IC50 values for PTX in both 8505C and Rho- cells. The effect was more pronounced in Rho- cells, 

showing a more than two-fold decrease in IC50 for PTX when combined with 100 and 150 nM AZD2014 (Fig. 4a). 

The MTT results were analyzed using a synergism/antagonism CalcuSyn software tool. We found that all treatment 

combinations showed synergistic effects (CI < 1) in the Rho- cells (Fig. 4a). A similar synergistic effect of 

AZD2014 and PTX was previously observed in another ATC cell line, SW1736 [10]. It was found that the IC50 

value for PTX in SW1736 cells was 0.093 μM, while AZD2014 inhibited their growth by 50% with 0.15 μM. When 

AZD2014 was applied in a range below the IC50 (0.01, 0.025 and 0.05 μM) a considerable decrease in IC50 was 

noted for PTX [10]. 

Subsequently, we analyzed the effect of 100 nM AZD2014 on 8505C and Rho- cell proliferation using 

CFSE staining and found that AZD2014 has a tendency to suppress the proliferation of both cell lines (Fig. 4b). PTX 

was used in concentrations close to, but above, the IC50 (30 nM for 8505C and 300 nM for Rho-) and, by doing so, 

we found that its effects were more pronounced in Rho- cells than in 8505C cells (Fig. 4b). Only suppression of cell 

proliferation induced by the combined application of 100 nM AZD2014 and PTX, in both 8505C and Rho-, was 

found to be significantly different from untreated cells (Fig. 4b). 

To determine whether cell death induction contributes to the observed synergism between AZD2014 and 

PTX we employed AV-FITC/PI flow cytometry. We found that the applied concentrations of AZD2014 (100 and 

300 nM) did not induce cell death in either 8505C or Rho- cells, whereas PTX showed a significant potential to kill 

these cells (Fig. 5a). Both concentrations of PTX (10 and 30 nM for 8505C/100 and 300 nM for Rho-) led to 

significant increases in the portion of apoptotic and necrotic cells (Fig. 5a). We found, however, that a combination 

with 100 nM AZD2014 did not improve the effect of PTX. Contrary, we found that AZD2014 significantly 

diminished the effect of PTX in both cell lines by increasing the portion of viable cells while decreasing the portion 

of apoptotic and necrotic cells (Fig. 5a; p ≤ 0.001). 
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Knowing that AZD2014 is an autophagy inducer, we set out to visualize the formation of autophagosomes 

in 8505C and Rho- cells after single and combined treatments with 100 nM AZD2014 and 10 nM PTX. We found 

that both compounds significantly induced autophagosome formation. The presence of autophagy was most 

prominent after the combined treatments. Subsequent quantification of the results revealed a significant increase of 

anti-LC3 fluorescence intensity when the combined treatment was compared with the single treatments, implicating 

a possible synergy between AZD2014 and PTX (Fig. 5b). 

AZD2014-PTX combinations decrease the migratory and invasive capacities of ATC cells 

To evaluate the migratory potential of 8505C and Rho- cells after single and combined treatments, the cells 

were seeded in 24-well plates and grown for 24 h. After the subsequent induction of scratch wounds, the respective 

cells were treated with 10 nM PTX and 100 nM AZD2014. Although we found that the single treatments did not 

change the migratory properties of either cells, the wound closure rate of 8505C (Fig. 6a) and Rho- (Fig. 6b) cells 

was significantly decreased after the combined treatment (p ≤ 0.05), suggesting a slower rate of migration. Similar 

results were obtained with the ATC cell line SW1736 (Online Resource Fig. S1A). 

Next, a gelatin degradation assay was performed to test the ability of ATC cells to degrade the extracellular 

matrix after single and combined treatments with 100 nM AZD2014 and 10 nM PTX. We found that the ability of 

8505C (Fig. 7a) and Rho- (Fig. 7b) cells to degrade gelatin was significantly inhibited after application of the 

combined treatment (p ≤ 0.001 and p ≤ 0.01, respectively). Specifically, we found that the combined treatment 

caused more than two-fold decreases in degradation areas compared to the respective untreated controls, and was 

more efficient than the single treatments. SW1736 cells were found to be more sensitive to a single PTX treatment 

than 8505C and Rho- cells (Online Resource Fig. S1B). The effect of the combined treatment, however, 

significantly surpassed the extent of gel degradation observed after PTX treatment alone. 

Finally, an invasion assay was performed to test the potential of ATC cells to invade through matrigel after 

single and combined treatments with 100 nM AZD2014 and 10 nM PTX. We found that 8505C cell invasion 

through matrigel was significantly decreased after a single application of AZD2014 (p ≤ 0.05), and even more so 

after a combined treatment with PTX (Fig. 8a; p ≤ 0.001). The combination also significantly suppressed Rho- and 

SW1736 cell invasion (Fig. 8b, p ≤ 0.001; Online Resource Fig. S1C, p ≤ 0.001). 

Effects of AZD2014 and PTX on ATC tumor growth in vivo 

To investigate the efficacy of PTX and AZD2014 (alone and in combination) against ATC tumor growth, 

8505C and Rho- xenografts were generated in SCID mice. The mice were randomly divided into five groups for 

each cell line: control group without treatment; control group with carriers of drugs; group treated with PTX 

(5 mg/kg, once a week); group treated with AZD2014 (2.5 mg/kg, once a week) and group treated with the 

combination of PTX and AZD2014. We found that the PTX and AZD2014 combination showed a stronger impact 

on tumor growth suppression in both types of xenografts compared to the control groups as well as to the single 

treatment groups (Fig. 9a). Specifically, we found that the combination suppressed tumor growth of 8505C 
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xenografts starting at the 26th day (p ≤ 0.05 versus controls and single treatments, Fig. 9a, b), and that it also showed 

the optimal %DT/DC value (37%) up to the 37th day (%DT/DC 82% p ≤ 0.05 versus controls and AZD2014 and 

p = 0.09 versus PTX; Fig. 9a, b). AZD2014 alone showed a good activity with an optimal %DT/DC at day 28 (44%, 

p ≤  0.01 versus controls, Fig. 9a, b), but lost its efficacy soon thereafter (i.e., %DT/DC was 102% at day 37, Fig. 9a, 

b). In contrast, we found that PTX under the administration schedule tested showed a moderate effect against 8505C 

tumor growth throughout the experiments (best %DT/DC at day 26 was 70%, p ≤  0.01 versus controls, Fig. 9a, b). 

Against the more resistant Rho- cells, all treatments showed a moderate activity, but again the most efficient 

treatment was the combination of PTX and AZD2014. More specifically, we found that the optimal %DT/DC of the 

combination was 43% on day 26 (p ≤  0.05 versus controls, Fig. 9a, b) and 84% on day 37 (p ≤ 0.05 versus controls), 

while the corresponding optimal %DT/DC for AZD2014 was 57% on day 26 (p ≤  0.05 versus controls, Fig. 9a, b) 

and for PTX was 52% on the same day (p ≤  0.05 versus controls, Fig. 9a, b). Finally, we found that none of the 

treatments showed any toxicities or side effects. 

4 Discussion 

ATC represents an intrinsically radio- and chemo-resistant tumor type [35]. This resistance may, among 

others, be due altered expression of key molecules involved in the RAS/MAPK/ERK and/or PI3K/AKT/mTOR 

signaling pathways, as well as increased activities of ABC transporters, such as P-gp and BCRP. P-gp exhibits a 

broad substrate specificity encompassing various chemical structures and biological activities. Most cytostatic 

anticancer drugs serve as P-gp substrates, such as antacyclines, taxans, vinca alkaloids and epipodofilotoxins [36]. A 

high BCRP expression is mainly responsible for the resistance of tumors to topoisomerase I or II inhibitors, such as 

topotecan, irinotecan and doxorubicin [24]. Although data on P-gp and BCRP expression in ATC patients are still 

scarce [37], the observation that resistance to DOX and PTX may occur after their application has prompted 

researchers to propose that side populations of resistant cells responsible for tumor regrowth must express P-gp 

and/or BCRP. Subsequent in vitro and ex vivo observations have confirmed this assumption [38, 39]. 

Here, we first examined the expression of P-gp and BCRP in a set of primary ATC samples by 

immunohistochemistry and observed a significant expression of both transporters. According to the 

immunoreactivity scoring applied, a high P-gp expression was more abundant among the tested samples than a high 

BCRP expression. Patients with a high P-gp expression score showed a tendency for a reduced survival compared to 

patients with a low P-gp expression. More significant and conclusive results regarding the association of ABC-

transporter expression and ATC patient survival should, however, be obtained using larger patient cohorts. 

Secondly, we employed the 8505C cell line, which is wild-type for NRAS, HRAS, KRAS, PI3KCA and 

PTEN, but harbors mutations in BRAF and TP53 [40], to sort a minor sub-population of cells exhibiting a low Rho 

123 accumulating capacity. These sorted cells, named Rho-, were found to exhibit increased P-gp and BCRP 

expression levels, indicating that they possess phenotypic characteristics different from the bulk of parental 8505C 

cells. We also found that the Rho- cells are almost ten-fold more resistant to PTX than 8505C cells. Contrary to 

PTX, we found that Rho- cells are more sensitive to the dual mTOR inhibitor AZD2014, implying that these cells 

https://link.springer.com/article/10.1007/s13402-018-0380-x#Fig9
https://link.springer.com/article/10.1007/s13402-018-0380-x#Fig9
https://link.springer.com/article/10.1007/s13402-018-0380-x#Fig9
https://link.springer.com/article/10.1007/s13402-018-0380-x#Fig9
https://link.springer.com/article/10.1007/s13402-018-0380-x#Fig9
https://link.springer.com/article/10.1007/s13402-018-0380-x#Fig9
https://link.springer.com/article/10.1007/s13402-018-0380-x#Fig9
https://link.springer.com/article/10.1007/s13402-018-0380-x#Fig9
https://link.springer.com/article/10.1007/s13402-018-0380-x#ref-CR35
https://link.springer.com/article/10.1007/s13402-018-0380-x#ref-CR36
https://link.springer.com/article/10.1007/s13402-018-0380-x#ref-CR24
https://link.springer.com/article/10.1007/s13402-018-0380-x#ref-CR37
https://link.springer.com/article/10.1007/s13402-018-0380-x#ref-CR38
https://link.springer.com/article/10.1007/s13402-018-0380-x#ref-CR39
https://link.springer.com/article/10.1007/s13402-018-0380-x#ref-CR40


may be prone to autophagy induction or possess an intrinsically higher basal level of autophagy. It has previously 

been reported that a high level of autophagy may be attributed to slowly dividing cells, whereas quiescence may be a 

characteristic of sub-populations of cells with a drug resistant phenotype [41]. We found that treatment with the dual 

mTOR inhibitor AZD2014 did not affect the levels of P-gp expression on the membranes of drug resistant Rho- 

cells. This observation implies that, although Rho- cells may be more sensitive to autophagy induction by AZD2014 

than its parental 8505C cells, increased expression of P-gp is not required for this induction. 

We also assessed the in vitro and in vivo tumorigenic characteristics of the newly isolated Rho- cells and 

found that, according to spheroid formation assays and tumor growth in NSG mice, the Rho- cells were more 

tumorigenic than their parental 8505C cells. Drug resistant cancer cells often show increased tumorigenic capacities, 

and the ABC transporter overexpression phenotype is considered to represent a cancer stem cell phenotype capable 

of more readily giving rise to tumors in vivo. Concordantly, it has recently been reported that P-gp overexpressing 

colon cancer cells, besides being more resistant to chemotherapy and less proliferative, possess a less differentiated 

phenotype similar to cancer stem cells [42]. We found that the P-gp and BCRP expression levels in Rho- cells did 

not change during tumor growth in mice. Taken together, we conclude that Rho- cells may serve as a valuable model 

to assess new therapeutic approaches directed against drug resistant ATC cells. 

Next, we used Rho- cells as a model to test the efficacy of simultaneous AZD2014 and PTX treatment. 

PTX induces cancer cell death by interfering with microtubule assembly and inducing mitotic arrest. It has also been 

reported that cancer cells may circumvent the effects of PTX by escaping mitotic arrest before cell death or by 

overexpressing ABC transporters [43]. In addition, it was recently reported that mTOR inhibition may cause a 

sensitization of HT-29 colon cancer cells to PTX [44]. Previously, we have similarly shown that combining the 

mTOR inhibitor AZD2014 with either DOX or PTX significantly increased the sensitivity of ATC cells to these 

drugs [10]. This synergy with AZD2014 was considerably higher than that obtained with other inhibitors of key 

molecules involved in the RAS/MAPK/ERK and PI3K/AKT/mTOR signaling pathways, such as PI3K, AKT and 

RAS [10]. Therefore, we hypothesized that application of AZD2014 might overcome PTX resistance in Rho- cells. 

Indeed, we found that AZD2014 enhanced the anti-proliferative effect of PTX in both 8505C and Rho- cells, with a 

more pronounced synergistic effect in Rho- cells. We also found that this synergistic anti-proliferative effect did not 

result from cell death but rather from autophagy induction. Comparable results have been reported for other mTOR 

inhibitors that did not induce cell death, but rather decreased cell proliferation through a reduced expression and 

activity of cell cycle regulatory proteins [45]. 

ATC is a notoriously aggressive tumor type that tends to invade surrounding tissue and to metastasize to 

lymph nodes and distant organs, such as lungs and bones. This invasive and metastatic nature is one of the reasons 

for its poor prognosis [46]. PI3K/AKT/mTOR activation contributes to metastatic cell movement through activation 

of Rho GTPases [47], which are involved in cytoskeleton dynamics, cell adhesion and migration and, as such, play a 

central role in invasion and metastasis [48]. In addition, high mTOR activities and low autophagy levels have been 

observed during cancer cell migration, while pharmacological inhibition of mTOR was able to attenuate this 

migration [49, 50]. Specifically, mTOR inhibition was found to induce cytoskeleton rearrangements, to increase 
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cell-cell contacts and to decrease the activity of Rho GTPases [49]. Based on the observation that AZD2014, besides 

acting against its target mTOR, may also inhibit pAKT and pS6 kinase [51], we tested whether AZD2014 has the 

potential to suppress 8505C and Rho- cell migration and invasion when applied alone or in combination with PTX. 

We found that the combination of AZD2014 and PTX significantly suppressed cell migration and invasion, while 

single treatments were less effective. In the 8505C cells AZD2014 exhibited some degree of migration and invasion 

inhibition that was considerably enhanced by co-treatment with PTX. In the drug resistant Rho- cells single 

treatments had no effect on migration and invasion, while the combination was exceptionally efficient. This 

synergistic effect may be explained by S6 kinase inhibition [52], and it has indeed been reported that PTX may 

decrease S6 kinase activity [53]. A role of this kinase has been demonstrated in different types of cell movements, 

and through activation of matrix metalloproteinases (MMP1, MMP9, MMP10), α2-integrin and Rho GTPases [54]. 

Hence, we assume that S6 inhibition may underlie the observed decreases in invasive capacities of the ATC cells 

examined. 

In our xenograft studies we found that the combined treatment, as well as single treatments, were not able 

to prevent tumor growth in both models (8505C and Rho-), although tumor volumes were found to be decreased 

after the combined application of PTX and AZD2014. According to NCI standards [55], the best therapeutic 

efficacy of AZD2014 and its combination with PTX (% dT/dC values less than 42%) in 8505C xenografts was 

observed after two cycles of treatment (at the 26th day post inoculation), while the combined treatment reached 43% 

of % dT/dC in Rho- xenografts also at the 26th day post inoculation. These results imply that the combination of 

AZD2014 and PTX has a potential for ATC treatment, but further investigations with higher AZD2014 doses and/or 

different treatment schedules (e.g. application twice per week instead of once per week) are warranted to further 

optimize the capacity of this therapeutic strategy. Recently, A phase I study (TAX-TORC) of AZD2014 plus PTX in 

advanced solid tumors has shown promising results in squamous non-small cell lung carcinoma (NSCLC) and 

ovarian carcinoma [56]. 

In conclusion, we found that the dual mTOR inhibitor AZD2014 is capable of increasing the sensitivity of 

ATC cells to PTX. The combination of AZD2014 and PTX has the ability to suppress the migration and invasion of 

ATC cells. Considering the fact that chemo-resistance and invasion are the main causes of a poor ATC prognosis, 

the proposed combined approach could be beneficial for patients suffering from this particularly aggressive 

malignancy. 
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Figure legends 

 

Fig. 1 Immunohistochemical P-gp and BCRP analyses in primary tissue samples. Representative examples of (A) 

positive P-gp kidney and BCRP placenta controls, (B) low P-gp and low BCRP expressing ATC tissues and (C) 

high P-gp and BCRP expressing ATC tissues (10× objective). (D) Kaplan-Meier overall survival analyses. 

 

Fig. 2 Isolation of 8505C cells exhibiting a low Rho 123 accumulating capacity. (A) 8505C cells (arrow) exhibiting 

the lowest Rho 123 accumulation (orange histogram) sorted and cultured as Rho- cells; green histogram represents 

unstained 8505C cells under the same experimental conditions. (B) P-gp expression, BCRP expression and Rho 123 

accumulation in 8505C and Rho- cells. Two independent experiments were performed. (C) AZD2014 and PTX 

effects on 8505C and Rho- cell growth. Average values are obtained from five independent experiments (n = 5). 

IC50 values are included next to the graphs. (D) P-gp expression analysis of Rho- cells exposed to 100 nM 

AZD2014, 100 nM PTX and their combination for 72 h. 

 

Fig. 3 Tumorigenic potential of ATC cells in vitro and in vivo. (A) A spheroid forming assay was employed to test 

the tumorigenic potential of ATC cells in vitro. 8505C and Rho- cells were seeded at two densities (5000 and 10,000 

cells/well) after which significant differences in spheroid formation were found (***p ≤ 0.001). (B) 10,000 and 

100,000 8505C or Rho- cells were injected subcutaneously in the left and right flanks of NSG mice to induce solid 

tumors. Statistical significance is included in the graphs. (C) Flow cytometric P-gp and BCRP expression profiles of 



cell suspensions form 8505C and Rho- tumors using FITC-conjugated anti-P-gp and anti-BCRP antibodies. The P-

gp and BCRP expression profiles of 8505C cells are presented in blue and those of Rho- in green. Two independent 

experiments were performed (a minimum of 10,000 events was collected for each experimental sample). 

 

Fig. 4 Anti-proliferative effects of single and combined AZD2014 and PTX treatments. (A) PTX treatment IC50 

values obtained by MTT assay after 72 h normalized and compared to simultaneous AZD2014 and PTX treatment 

IC50 values. Average ± SD values were deduced from four or more independent experiments (n ≥ 4). The 

interactions between AZD2014 and PTX were analyzed using CalcuSyn software. CI values <1 indicate a 

synergistic effect. (B) 8505C and Rho- cells treated with AZD2014, PTX and their combination for 72 h and stained 

with CFSE. The rate of cell proliferation (CFSE fluorescence intensity declination) was determined by flow 

cytometry on channel FL2 (8505C control – blue line, Rho- control – green line, AZD2014 treatment – grey line, 

PTX treatment – red line, combined treatment – black line). *p ≤ 0.05, **p < 0.001, ***p < 0.0001: statistically 

significant differences from untreated controls. Two independent experiments were performed (n = 2). 

 

Fig. 5 Cell death and autophagy induction after single and combined AZD2014 and PTX treatments. (A) Flow 

cytometric profiles represented as two-dimensional dot-blots: increase in green fluorescence intensity (Annexin V-

FITC, FL1) indicates apoptotic cells and increase in red fluorescence intensity (PI, FL2) indicates necrotic cells. 

Quantifications and statistical analyses are presented in histograms. 
$$$

p ≤ 0.001: statistically significant difference 

between PTX and untreated samples. ***p ≤ 0.001: statistically significant difference between AZD2014 and 

combined treatments. 
##

p ≤ 0.01 and 
###

p ≤ 0.001: statistically significant difference between PTX and combined 

treatments. Three independent experiments were performed (n = 3). (B) Accumulation of cytoplasmic 

autophagosomes after 24 h treatment in 8505C and Rho- cells, visualized by anti-LC3 antibody labeling. Nuclei 

were counterstained with Hoechst 33,342. Scale bar = 100 μm. A representative experiment of two independent 

experiments (n = 2) is presented. The quantification and statistical analysis of anti-LC3 fluorescence intensities are 

presented in histograms. 
$
p ≤ 0.05, 

$$
p ≤ 0.01 and 

$$$
p ≤ 0.001: statistically significant differences between single or 

combined treatments and untreated samples. *p ≤ 0.05: statistically significant difference between AZD2014 and 

combined treatment. 
#
p ≤ 0.05 and 

##
p ≤ 0.01: statistically significant differences between PTX and combined 

treatments. 

 

Fig. 6 Inhibition of cell migration after single and combined AZD2014 and PTX treatments. The cells were seeded 

in 24-well plates and grown for 24 h. After scratch wounding (A) 8505C and (B) Rho- cells were treated with 10 nM 

PTX, 100 nM AZD2014 and their combination. Wound closure was monitored immediately (t0) and 24 h after 

wounding (t24). *p ≤ 0.05: statistically significant difference between treatments and untreated control. Three 

independent experiments were performed (n = 3). 

 

Fig. 7 Potential of single and combined AZD2014 and PTX treatments to suppress gelatin degradation. Gelatin 

degradation assays were performed on (A) 8505C and (B) Rho- cells treated with 10 nM PTX, 100 nM AZD2014 



and their combination. **p ≤ 0.01 and ***p ≤ 0.001: statistically significant differences between treated cells and 

untreated controls. Three independent experiments were performed (n = 3). 

 

Fig. 8 Potential of single and combined AZD2014 and PTX treatments to suppress invasion through matrigel. (A) 

8505C and (B) Rho- cell invasion through Transwell membranes covered with matrigel. c+ positive control (with 

FBS as chemoattractant) and c- negative control (without chemoattractant). The respective cells were treated with 

10 nM PTX, 100 nM AZD2014 and their combination. The figures show nuclei (blue color) of cells invaded through 

matrigel. **p ≤ 0.01 and ***p ≤ 0.001: statistically significant differences between treated cells and untreated 

controls. Three independent experiments were performed (n = 3). 

 

Fig. 9 Suppression of tumor growth in vivo. (A) Growth of 8505C and Rho- tumors as xenografts in SCID mice 

treated weekly with 5 mg/kg PTX, 2.5 mg/kg AZD2014 and their combination. *p ≤ 0.05: statistically significant 

suppression observed after PTX treatment. 
#
p ≤ 0.05: statistically significant suppression observed after AZD2014 

treatment. 
$
p ≤ 0.05: statistically significant suppression observed after combination treatment. (B) Treatment 

efficacy by % dT/dC: values below 42% represent highly active treatment efficacies according to NCI guidelines. 
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