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LIST OF ABBREVIATIONS 

2D model – cells were grown as monolayer 

3D model – cells were grown as multicellular spheroids 

5-FU – 5-fluorouracil 

BSA – bovine serum albumin 

CQ – lysosomal acidification inhibitor chloroquine diphosphate 

CRC – colorectal cancer 

CTB – cell viability assessment using CTB assay 

CTT – cytotoxicity 

CV – cell viability assessment using crystal violet assay 

IC50 value – drug concentration which kills 50% of cells or reduces 

relative spheroid volume by 50% 

LC3B-I – the cytoplasmic form of LC3B protein 

LC3B-II – the lipidated form of LC3B protein 

mTHPC – 5,10,15,20-tetra(m-hydroxyphenyl)chlorin 

MTT – cell viability assessment using MTT assay 

NICD1 – NOTCH1 intracellular domain 

OxaPt – oxaliplatin 

PDT – photodynamic treatment 

RO – γ-secretase inhibitor RO4929097 

SD – standard deviation 

XAV – tankyrase inhibitor XAV939 
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INTRODUCTION 

Colorectal cancer (CRC) is one of most commonly diagnosed 

cancers not only in Lithuania (9% of new cancer cases, 11% of 

cancer deaths), but also in the world (9.7% of new cancer cases, 

8.5% of cancer deaths) (The Lithuanian Cancer Registry, 2012; 

Ferlay et al., 2015). Chemotherapy regimen FOLFOX is used for 

CRC treatment and consists of 5-fluorouracil (5-FU), oxaliplatin 

(OxaPt) and folinic acid (Cuyle and Prenen, 2017). The primary 

mechanisms of 5-FU and OxaPt action are different. In cells, 5-FU is 

converted into its active forms, one of which inhibits thymidylate 

synthase activity and others induce DNA and RNA strand breaks by 

direct incorporation into these molecules (Longley et al., 2003). 

OxaPt undergoes non-enzymatic conversion into highly reactive 

aqua complexes which form DNA, RNA or protein adducts 

(Panczyk, 2014; Jensen et al., 2012; Reardon et al., 1999). 

Chemotherapy response rates for advanced CRC remain low, 

primarily due to intrinsic or acquired chemoresistance (Dallas et al., 

2009; Punt and Tol, 2009).  

Non-overlapping treatment regimens could overcome the 

chemoresistance of cancer cells. One of the regimens could be the 

photodynamic treatment (PDT). PDT uses light-sensitive compound, 

a photosensitizer, which is irradiated with visible light. It leads to the 

generation of ROS which induces tumor cell death. mTHPC 

(5,10,15,20-tetra(m-hydroxyphenyl)chlorin) is the second-generation 

photosensitizer and one of the most widely studied drugs in PDT. 

mTHPC diffusely localizes in cellular organelles (mitochondria, 

lysosomes, endoplasmic reticulum, Golgi complex) and acts through 

the generation of singlet oxygen (Chen et al., 2000; Teiten et al., 

2003; Marchal et al., 2007; Leung et al., 2002; Senge and Brandt, 

2011). It was shown that PDT could be effective in treating 

chemoresistant cancer cells (Goler-Baron and Assaraf, 2012; 

Kulbacka et al., 2010; Celli et al., 2011; Yu and Yu, 2014). Some 
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studies suggest that PDT-based combinations with chemotherapy 

could re-sensitize chemoresistant cancer cells to standard 

chemotherapy (Spring et al., 2015). 

Multiple mechanisms can cause cellular chemoresistance: 

alteration of drug metabolism or drug targets, increased cell ability to 

repair damaged cellular components, activation of pro-survival 

pathways or defects in cell death pathways (Fodale et al., 2011; 

Holohan et al., 2013). The cell resistance to chemotherapy-induced 

stress could also be linked with changes in macroautophagy 

(hereafter autophagy). During autophagy portions of cytoplasm are 

sequestered into double‐membrane vesicles called autophagosomes 

and delivered for degradation to lysosomes. Efficient autophagic 

responses have been associated with the activity of two ubiquitin‐like 

conjugation systems. One relies on ATG7 and ATG10, which 

promote the conjugation of ATG5 to ATG12 in the context of 

ATG16L1. Another one is mediated by ATG3 and ATG7, which 

together with the ATG12‐ATG5:ATG16L1 complex conjugates 

phosphatidylethanolamine to microtubule‐associated protein LC3 

after ATG4‐dependent proteolytic maturation (Galluzzi et al., 2017). 

Lipidated LC3 (also called LC3‐II) is generated onto forming 

autophagosomes and promotes further growth of isolation 

membrane. LC3‐II allows for substrate uptake upon binding to 

several autophagy receptors and may be involved in autophagosome 

closure (Galluzzi et al., 2017; Mercer et al., 2018; Lippai and 

Szatmari, 2017).  

The self-renewal and differentiation of intestinal epithelium are 

governed by multiple signaling pathways, including Wnt and Notch 

(van der Flier and Clevers, 2009). The canonical Wnt pathway is 

activated upon binding of secreted Wnt ligands to Frizzled receptors 

and LRP5/6 co-receptors which leads to inhibition of destruction 

complex, thus phosphorylation and degradation of its target –  

β-catenin is decreased. The accumulation of cytosolic β-catenin leads 

to translocation of this protein to the nucleus where β-catenin 
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promotes Wnt transcriptional output (Zhan et al., 2017). 

Mammalians have four Notch receptors (NOTCH1-4) and five Notch 

ligands (DLL1,3,4 and JAG1,2) all of which are single-pass 

transmembrane proteins (Li et al., 2017). Notch signaling is activated 

by interaction of ligand located on one cell with the receptor present 

on the neighboring cell, followed by two cleavages, mediated by 

metalloproteases ADAM10/17 and γ-secretase complex. They lead to 

the release of Notch receptor intracellular domain (NICD) which 

translocates to the nucleus and induces the transcription of Notch 

target genes, which include a strong basic helix–loop–helix (bHLH) 

transcriptional repressor HES1 (Kopan and Ilagan, 2009). It is 

important to note that activation of Wnt and Notch signaling 

pathways are also evident during CRC progression (Pandurangan et 

al., 2018). That suggests the notion that Wnt and Notch signaling 

pathways could also be relevant for maintaining cancer cell 

chemoresistance (Saif and Chu, 2010; Roy and Majumdar, 2012). 

These signaling pathways depend on cell-to-cell interactions, thus 

evaluation of their activity in cells grown not only in monolayer but 

also in spheroid culture is essential. 

The objective of the dissertation work was investigate the 

importance of autophagy and Wnt, Notch signaling pathways for the 

response of human CRC cells HCT116 and chemoresistant sublines 

HCT116/FU, HCT116/OXA to 5-FU or OxaPt treatment. 

Towards this goal, the following specific tasks have been 

formulated: 

 To evaluate the cell survival and extent of autophagy in 

HCT116 and HCT116/FU cells after mTHPC-PDT and its 

combinations with 5-FU; 

 To compare the extent of autophagy, activation of  

Wnt/β-catenin and Notch1 signaling in HCT116/FU, HCT116/OXA 

cells vs. HCT116 cells after 5-FU or OxaPt treatment; 
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 To test the importance of Wnt/β-catenin, Notch signaling and 

autophagy for HCT116/FU, HCT116/OXA cell resistance to 5-FU or 

OxaPt. 

Scientific novelty 

For the first time, we demonstrated that 5-FU-resistant human 

CRC cells HCT116/FU exhibited higher activation of Wnt/β-catenin 

(in the 2D model), Notch1 signaling pathways, elevated HES1 

protein levels (both in 2D and 3D models) and higher amount of 

autophagosomes (in the 2D model) as compared to parental HCT116 

cells. Meanwhile 5-FU and OxaPt-resistant HCT116/OXA cells 

manifested the increase in activation of Wnt/β-catenin signaling, 

Notch1 signaling (only in the 2D model), higher HES1 protein levels 

(in the 2D and 3D models) and lower amount of autophagosomes (in 

the 2D model) as compared to parental HCT116 cells. The higher 

activation of Wnt/β-catenin signaling was reported previously only in 

5-FU-resistant CRC cells (Ayadi et al., 2015). Even though higher 

NOTCH1 protein expression was found in 5-FU or OxaPt-resistant 

CRC cells (Dinicola et al., 2016; Liu et al., 2016), the activation of 

this receptor had not been determined. 

We were first to evaluate the efficiency of mTHPC-PDT and its 

combination with 5-FU on sensitive and chemoresistant CRC cells. 

Even though chemoresistant CRC cells were sensitive to mTHPC-

PDT, this treatment was not able to overcome the acquired 5-FU 

resistance. Our results indicated that mTHPC-PDT blocks autophagic 

flux in CRC cells. Furthermore, the investigation of autophagy extent 

after mTHPC-PDT and 5-FU combined treatment revealed that the 

amount of autophagosomes were more dependent on PDT 

component, while 5-FU effects on autophagic flux were cell-line 

dependent. 

Our results indicated that 5-FU treatment decreased the HES1 

protein levels, weakened the activation of Wnt/β-catenin and Notch1 

signaling pathways in HCT116, HCT116/FU and HCT116/OXA 
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cells. Even though the inhibition of autophagic flux by 5-FU in 

HCT116 cells was recorded previously (Liu et al., 2016), we were 

first to demonstrate that this treatment also downregulated the 

autophagic flux in chemoresistant CRC cells HCT116/FU, 

HCT116/OXA. The Wnt/β-catenin signaling inhibitor XAV 

enhanced the cytotoxic effects of 5-FU on chemoresistant cells 

HCT116/FU, HCT116/OXA grown in both 2D and 3D models. 

While Notch signaling inhibitor RO promoted 5-FU cytotoxicity 

only on chemoresistant HCT116/FU and HCT116/OXA cells grown 

in the 3D model. The cytotoxicity of 5-FU was decreased by HES1 

protein silencing and was not altered by the reduction of ATG7 

protein amount. 

We demonstrated that OxaPt treatment reduced Wnt/β-catenin, 

Notch1 signaling only in OxaPt-sensitive HCT116 and HCT116/FU 

cells. Furthermore, this treatment upregulated the autophagic flux in 

all tested cells. In the 2D model, the inhibitor of Wnt/β-catenin 

signaling XAV hindered OxaPt cytotoxicity to HCT116, 

HCT116/FU, HCT116/OXA cells. While in the 3D model, the 

effects of this inhibitor on the cytotoxicity of OxaPt were cell-line 

dependent: in HCT116/FU cells OxaPt cytotoxicity was decreased, 

in HCT116/OXA cells – increased, in HCT116 cells – not altered. 

Notch signaling inhibition, HES1 or ATG7 protein silencing reduced 

OxaPt cytotoxic effect.  

Defending statements  

 mTHPC-PDT was cytotoxic to HCT116/FU cells but did not 

overcome their acquired resistance to 5-FU. 

 In the chemoresistant cells HCT116/FU (resistant to 5-FU) and 

HCT116/OXA (resistant to 5-FU and OxaPt), the activation of  

Wnt/β-catenin and Notch1 signaling is increased. 

 The Wnt/β-catenin and Notch signaling affected the survival or 

death of cells after 5-FU or OxaPt treatments, while the 

autophagy promoted cell death after OxaPt treatment. 
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1. Materials and Methods 

Cell lines. Human colorectal carcinoma cells HCT116 were 

purchased from the ATCC. Chemoresistant subline HCT116/FU was 

generated by continuously culturing HCT116 cells in a medium 

containing 5-FU (drug concentration increased from 10 μM until 

100 μM) for 1 year until the cells acquired stable resistance. 

HCT116/OXA subline was generated by continuously culturing 

HCT116 cells in a medium containing OxaPt (drug concentration 

increased from 1 μM until 20 μM) for 9 months until the cells 

acquired stable resistance. All cell lines were cultured in RPMI 1640 

medium supplemented with 10% fetal bovine serum, 2 mM  

L-glutamine and 0.05 mg/mL gentamycin in a humidified 

atmosphere at 37°C in 5% CO2. 

Drugs and chemicals. Anticancer drugs 5-FU (50 mg/mL, 

Accord Healthcare) and OxaPt (5 mg/mL, Accord Healthcare) were 

used for the study. Photosensitizer mTHPC was dissolved in ethanol 

and stored at −20°C in the dark. γ-secretase inhibitor RO4929097 

(RO, Selleckchem) and tankyrase inhibitor XAV939 (XAV, 

Selleckchem) were dissolved in DMSO and stored at −20°C or –

70 C. Lysosomal acidification inhibitor chloroquine diphosphate 

(CQ, Sigma) was dissolved in ddH2O and stored at −20°C. Stock 

solutions of drugs and inhibitors were diluted in growth medium at 

appropriate concentrations just before the use. 

Monolayer cell culture. For the evaluation of cells response to  

5-FU or OxaPt treatment, cells were seeded at the density of 

1 × 10
5
 cells/mL (HCT116), 1.5 × 10

5
 cells/mL (HCT116/OXA) or 

2 × 10
5
 cells/mL (HCT116/FU), which gives the same cells 

confluence at the time of adding the drug. If indicated, cells were 

treated with: 5-FU (0.03 – 3 mM) or OxaPt (0.01 – 0.6 mM) at 48 h 

after seeding; XAV (15 μM) or RO (5 μM) at 24 h after seeding; CQ 

(30 μM) at 4 h prior to sample collection for Western blotting. Cells 

were harvested for Western blotting and cell viability was 
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determined at 48 h post exposure to anticancer drugs using crystal 

violet or MTT assay (Fig. 1.1).  

 
Fig. 1.1 Schedule for cell treatment with 5-FU or OxaPt. A, Schedule for cell 

treatment when the activation of Wnt or Notch signaling was evaluated. B, Schedule 

for cell treatment when the effect of drugs on autophagy-related proteins was tested. 

The doses of inhibitors: 15 μM XAV, 5 μM RO, 30 μM CQ. 

For the evaluation of cells response to mTHPC, cells were seeded 

at the density of 1.5 × 10
5
 cells/mL (HCT116) or 3.0 × 10

5
 cells/mL 

(HCT116/FU). After 48 h, cell medium was replaced with serum-

free medium containing 0.1 μg/mL mTHPC and/or 5-FU (0.01 –

 10 mM) and cells were further incubated in the reduced light 

environment for 18 h. Photodynamic treatment was induced by 

exposing cells to light for 30 – 270 s from LED array UNIMELA-1 

(λ=660±5 nm; 10 mW/cm
2
). Cells were harvested for Western 

blotting and cell viability was determined at 48 h post exposure to 

anticancer drugs using crystal violet assay. If indicated cells were 

treated with 30 μM CQ at 4 h prior to sample collection for Western 

blotting (Fig. 1.2). 

 
Fig. 1.2 Schedule for cell treatment with mTHPC and/or 5-FU. The dose of 

inhibitor: 30 μM CQ. Light, cell exposure to light using LED array UNIMELA-1 

(λ=660±5 nm; 10 mW/cm2). 

Spheroid cell culture. HCT116, HCT116/FU, HCT116/OXA 

cells were seeded on flat bottom 96-well cell culture plates coated 

with 1.4% agarose solution in RPMI 1640 medium (prepared as 

described in (Friedrich et al., 2009)) at the density of 750, 950 and 

850 cells/well, respectively. At 96 h after initiation, each well was 

imaged with Nikon ECLIPSE TS100 microscope equipped with 
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Lumenera’s INFINITY1-1M camera. Images were analyzed with 

SpheroidSizer software (Chen et al., 2014) and only spherical-shaped 

spheroids with the volume of 0.0210±0.0012 mm
3
 were selected for 

the experiments (Zanoni et al., 2016). If indicated spheroids were 

treated with the drug (1 – 30 μM 5-FU or 0.6 – 30 μM OxaPt) and/or 

inhibitor (1 μM RO; 1 μM XAV) at 96 h after initiation. For 

evaluation of drug cytotoxicity, half of the medium in each well was 

replaced with the fresh one at 72 h after exposure to drug and relative 

spheroid volume was determined at 120 h after exposure to drug 

(relative spheroid volume – the ratio between the volume of drug-

treated spheroid and the volume of untreated spheroid × 100%). 

Spheroids were collected for Western blotting at 72 h after exposure 

to drugs (Fig. 1.3).  

 
Fig. 1.3 Schedule for spheroid treatment with 5-FU or OxaPt. The doses of 

inhibitors: 1 μM XAV, 1 μM RO. 

siRNA transfection. A small interfering siRNAs targeted to 

HES1 (HES1 siRNA, 5‘-ccacgugcgagggcguuaatt-3‘), ATG7 (ATG7 

siRNA, 5‘-ggagucacagcucuuccuuuutt-3‘) and the negative control, 

which had a sequence with no homology to any human mRNA (NT 

siRNA, 5‘-agguaguguaaucgccuuguutt-3‘), were used. Cells were 

seeded in growth medium without antibiotics at different densities 

(Table 1.1). After 24 h, transfection mixtures were prepared using 

Lipofectamine® RNAiMAX (Thermo Fisher Scientific) transfection 

reagent and Opti-MEM (Thermo Fisher Scientific) medium: 

 for HES1 siRNA transfection: 3.6 pmol siRNA (diluted in 20 μL 

Opti-MEM) mixed with 0.6 μL Lipofectamine® RNAiMAX 

(diluted in 20 μL Opti-MEM), incubated for 15 min at room 

temperature and added to the well which has 0.9 cm
2
 growth area.  
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 for ATG7 siRNA transfection: 0.5 pmol siRNA (diluted in 5 μL 

Opti-MEM) mixed with 0.15 μL Lipofectamine® RNAiMAX 

(diluted in 5 μL Opti-MEM), incubated for 15 min at room 

temperature and added to the well which has 0.32 cm
2
 growth 

area.  

At 24 h after transfection, the medium was replaced and cells 

treated with 5-FU (0.1mM or 1mM) or OxaPt (0.03mM or 0.3mM). 

Cell viability was assessed at 48 h post exposure to anticancer drugs 

using MTT or CTB assay.  

Table 1.1 The cell seeding densities for siRNA transfection. 

Cell line Cell seeding density for the well which has growth area of 

0.75 – 3.8 cm
2
  0.32 cm

2
  

HCT116 1,5×10
5
 cells/mL 3000 cells/well 

HCT116/FU 2,5×10
5
 cells/mL 6000 cells/well 

HCT116/OXA 2,0×10
5
 cells/mL 4500 cells/cell 

Crystal violet (CV) assay. The cells were washed with PBS or 

0.9% NaCl, fixed with 96% ethanol for 10 min, stained with 0.05% 

crystal violet solution in 20% ethanol for 30 min. After that the cells 

were rinsed, the remaining cell-attached dye was dissolved in 0.1% 

acetic acid solution in 50% ethanol and the absorbance was recorded 

at 585 nm using spectrophotometer Asys UVM340. 

MTT assay. The cells were washed with DPBS and incubated 

with 0.1 mg/mL MTT (Sigma) solution in DPBS for 1 h at +37°C. 

The water-insoluble MTT reduction product (produced by viable 

cells) was dissolved in isopropanol and the absorbance was recorded 

at 570 nm using spectrophotometer Asys UVM340.  

CTB assay. To each 100 μL of cell medium, 20 μL of CellTiter-

Blue® (CTB, Promega) reagent was added and cells were incubated 

for 1 h at +37°C. The fluorescence of CTB reduction product 

(produced by viable cells) was measured using spectrofluorometer 

Varioskan Flash (λex.=560 nm, λem.=590 nm). 

Western blotting. Substratum-bound and detached cells (for 

experiments in monolayer cell culture) or at least 30 spheroids (for 
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every experimental condition in spheroid cell culture) were collected 

and lysed for 30 min on ice in RIPA buffer (100 μL buffer for 

1×10
6
 cells or 45 spheroids): 50 mM Tris–HCl (pH 7.4), 150 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 

0.1% sodium dodecyl sulfate and appropriate amount of Protease 

Inhibitor Cocktail for General Use (Sigma). Then cell lysates were 

centrifuged for 5 min at 14 000×g and 4ºC. The supernatant was 

collected and protein concentration was determined by BCA method. 

Protein samples were subjected to 12% SDS–PAGE at 120 V, then 

transferred to nitrocellulose membrane (BioRad) by semi-dry 

blotting. Blots were probed with anti-ATG7 antibody (MAB6608, 

R&D Systems), anti-LC3B antibody (ab51520, Abcam), anti-NICD1 

antibody (4147S, Cell Signalling), anti-HES1 antibody (PA5-28802, 

Thermo Scientific) or the anti-non-phospho β-catenin antibody 

(8814S, Cell Signalling). In addition, the blots were probed with 

anti-β-actin antibody (MA5-15739, Thermo Scientific) for detection 

of β-actin as a loading control. Membrane-bound primary antibodies 

of LC3B, NICD1, HES1, β-catenin were detected by the horseradish-

peroxidase-conjugated secondary anti-rabbit antibody (31460, 

Thermo Scientific). The antibodies of ATG7 and β-actin were 

detected by the horseradish-peroxidase-conjugated secondary anti-

mouse antibody (31430, Thermo Scientific). The immunoreactive 

bands were developed using Pierce® ECL Western Blotting 

Substrate (Thermo Scientific). 

Immunofluorescence. The cells were seeded in 96-well plate 

(Ibidi) at the densities of: for control samples – 1500 (HCT116) or 

2000 cells/well (HCT116/FU, HCT116/OXA); for samples treated 

with drugs – 3000 (HCT116, HCT116/OXA) or 4000 cells/well 

(HCT116/FU). Cells were treated with 5-FU or OxaPt (at 48 h post 

seeding), CQ (at 4 h prior to cell fixation) and fixed (at 48 h post 

drug addition) with ice-cold methanol. After blocking with 3% BSA 

in PBS, cells were incubated with anti-LC3B antibody (ab51520, 

Abcam) and labeled with goat anti-rabbit IgG secondary antibody 
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which is conjugated with Alexa Fluor® 647 (A21244, Invitrogen). 

Immunofluorescence was registered with λex.=604 – 644 nm, 

λem.=672 – 712 nm. 

Statistical analysis. SigmaPlot 12.5 software was used for 

statistical analysis. Data are presented as mean ± SD from three 

independent assays, each one at least in triplicate. For the 

determination of relative spheroid volume, each dose of the drug was 

tested on at least six spheroids. Regression analysis was performed 

for the evaluation of IC50 values. The effect of combined treatment 

on cell viability was evaluated by the two-way ANOVA. The Mann–

Whitney U test or two-sample t-test was used to compare differences 

between two independent groups. Significance was accepted with the 

P-value <0.05. 
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2. Results 

2.1 The cytotxicity of 5-FU, OxaPt or mTHPC-PDT 

2.1.1 The cytotoxicity of 5-FU or OxaPt 

 
Fig 2.1 The cytotoxicity of 5-FU and OxaPt to HCT116, HCT116/FU and 

HCT116/OXA cells. Cell viability (A) and relative spheroid volume (B) after 

treatment with 5-FU. C, IC50 values for 5-FU in the 2D and 3D models. Cell 

viability (D) and relative spheroid volume (E) after treatment with OxaPt. C, IC50 

values for OxaPt in the 2D and 3D models. Cell viability was determined at 48 h 

after drug addition using CV assay. Relative spheroid volume was determined at 

120 h after adding the drug. n≥3; Error bars ± SD. 
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The sensitivity of HCT116, HCT116/FU and HCT116/OXA cells 

grown in monolayer and spheroid culture to single 5-FU or OxaPt 

treatment have been tested (Fig. 2.1). The regression analysis of 

exponential dose-response curves was performed in order to 

determine the drug concentrations which kill 50% of cells or reduce 

the relative spheroid volume by 50% (IC50 values) (Fig. 2.1 C, F). 

After the comparison of these values we assessed that HCT116/FU 

cells acquired significant chemoresistance to 5-FU treatment: in the 

2D model HCT116/FU cells were for 10.2 folds (P=0.002) and in the 

3D model for 1.5 folds (P=0.012) more resistant to 5-FU when 

compared to HCT116 cells/spheroids. No significant 

chemoresistance to OxaPt treatment was evident in HCT116/FU cells 

either in the 2D model (P=0.290) or 3D model (P=0.098). Moreover, 

HCT116/OXA cells/spheroids were more resistant than HCT116 

cells/spheroids to both 5-FU and OxaPt treatment: the resistance to 

5-FU treatment was increased for 16.5 folds in the 2D model 

(P<0.001) and for 1.4 folds in the 3D model (P=0.023); the 

resistance to OxaPt treatment was increased for 7.25 folds in the 2D 

model (P<0.001) and 14.8 folds in the 3D model (P<0.001). 

2.1.2 The photocytotoxicity of mTHPC 

Significant cytotoxic effect of mTHPC-PDT on HCT116 and 

HCT116/FU cells was recorded, and the cytotoxicity of PDT 

increased with increasing duration of light exposure (Fig. 2.2 A, no 

5-FU). The evaluation of the combined treatment with 5-FU and 

mTHPC-PDT by the two-way ANOVA revealed that in HCT116 

cells, both the concentration of 5-FU and the duration of light 

exposure in the presence of mTHPC were significant determinants 

(P<0.001) of cytotoxic effect (Table 2.1). However, in HCT116/FU 

cells, the duration of light exposure in the presence of mTHPC was a 

significant determinant (P<0.001) of the cytotoxic effect, while the 
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added value of 5-FU in the combination was not significant 

(P=0.282). 

 
Fig. 2.2 The photocytotoxicity of mTHPC combination with 5-FU on HCT116 

and HCT116/FU cells. PDT was induced by incubation of cells with 0.1 μg/mL 

mTHPC for 18 h which was followed by exposure to light from LED array 

UNIMELA-1 (λ=660±5 nm, 10 mW/cm2). Cell viability was determined at 24 h post 

exposure to light using CV assay. n≥3; Error bars ±SD. 

Table 2.1. The significance of the cytotoxic effect of treatment factors 

             Cells 

Treatment 

HCT116 HCT116/FU 

F statistic(df) P-value F statistic (df) P-value 

PDT 162(2, 12) <0.001 106(2, 18) <0.001 

5-FU 77(3, 12) <0.001 1(2, 18) 0.282 

5-FU + PDT 1(6, 12) 0.623 2(4, 18) 0.115 

df, degrees of freedom 

2.1.3 Doses of treatment 

For the evaluation of 5-FU and OxaPt effect on Wnt signaling, 

Notch signaling and autophagy, two doses of 5-FU (0.1 mM and 

0.3 mM) or OxaPt (0.03 mM and 0.06 mM) were used, reducing cell 

viability as shown in Table 2.2. 

Table 2.2. The doses of drugs used for Wnt and Notch activation or autophagy 

measurements and their cytotoxicities (CTT)  

Cell line 
5-FU, mM OxaPt, mM 

0.1 0.3 0.03 0.06 

HCT116 CTT50 CTT70 CTT50 CTT70 

HCT116/FU CTT20 CTT30 CTT50 CTT70 

HCT116/OXA CTT20 CTT30 CTT10 CTT20 
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2.2 Autophagy 

The extent of autophagy was evaluated by measuring the protein 

amounts of the lipidated form of LC3B (LC3B-II) which correlates 

with the number of autophagosomes (Mizushima and Yoshimori, 

2007). In order to assess the autophagic flux, the degradation of 

autophagosomes was inhibited by lysosomal pH neutralizing agent 

chloroquine diphosphate (CQ) and the amounts of LC3B-II in the 

presence and the absence of lysosomal degradation were compared 

(Klionsky et al., 2016). The amounts of ATG7 protein, which is 

needed for LC3/GABARAP protein lipidation, were also determined 

(Nakatogawa, 2013; Antonioli et al., 2017). 

2.2.1 The effects of 5-FU or OxaPt on autophagy 

The untreated chemoresistant HCT116/FU cells had 1.5 folds 

higher (P<0.001), while HCT116/OXA cells had 1.5 folds lower 

(P=0.007) amounts of LC3B-II protein than HCT116 cells 

(Fig. 2.3 A). The inhibition of autophagosomes degradation by 

30 μM CQ revealed the significant autophagic flux: CQ increased the 

amounts of LC3B-II protein for 1.5 folds in HCT116 cells (P<0.001), 

for 1.3 folds in HCT116/FU cells (P<0.001) and for 1.4 folds in 

HCT116/OXA cells (P=0.036). The significant autophagic flux was 

also confirmed by immunofluorescence microscopy (Fig. 2.3 B, 

Control): without CQ, the most of LC3B protein was diffusely 

distributed in cells, while after CQ treatment, intense punctate LC3B 

structures (autophagosomes) were evident. 

The 5-FU effects on the amounts of autophagosomes were cell-

line dependent (Fig. 2.3 A). Only 0.1 mM 5-FU reduced these 

amounts in HCT116 cells (for 1.3 folds; P<0.001). Both 5-FU doses 

reduced them in HCT116/FU cells (0.1 mM – for 1.3 folds, P<0.001; 

0.3 mM – for 1.6 folds, P<0.001). While in HCT116/OXA cells both 

5-FU doses increased them: only slight increase was evident after  
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Fig. 2.3 The effects of 5-FU on LC3B protein levels. A, Western blot analysis of 

LC3B-II (the phosphatidylethanolamine conjugated form) at 48 h after exposure to 

5-FU in monolayer cell culture (2D model). B, immunofluorescence analysis of 

LC3B at 48 h after exposure to 5-FU. The degradation of autophagosomes was 

inhibited by treatment with 30 µM CQ at 4 h prior to protein 

extraction/immunofluorescence analysis. Scale bar – 20 μm; C, untreated cells; n≥3; 

Error bars ±SD. 

#, a statistically significant difference between HCT116/FU or HCT116/OXA vs. 

HCT116 cells;  

*, a statistically significant difference between treated vs. control cells;  

x, a statistically significant difference between CQ treated vs. CQ untreated cells. 

x/* p<0.05; xx/##/** p≤0.01; xxx/###/*** p≤0.001. 

0.1 mM 5-FU (P=0.056) and after 0.3 mM 5-FU treatment these 

amounts were upregulated for 2.1 folds (P<0.001). The 5-FU 

treatment also distressed the autophagic flux: in HCT116/FU cells it 

was fully inhibited by both 5-FU doses (as seen both in Fig. 2.3 A 
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and B), in HCT116 cells – inhibited by 0.3 mM 5-FU, in 

HCT116/OXA cells – reduced for 1.15 folds by 0.1 mM (P=0.048) 

and for 1.3 folds by 0.3 mM (P=0.001) as compared to the 

autophagic flux observed in control HCT116/OXA cells. 

 
Fig. 2.4 The effects of OxaPt on LC3B protein levels. A, Western blot analysis of 

LC3B-II (the phosphatidylethanolamine conjugated form) at 48 h after exposure to 

OxaPt in monolayer cell culture (2D model). B, immunofluorescence analysis of 

LC3B at 48 h after exposure to OxaPt. The degradation of autophagosomes was 

inhibited by treatment with 30 µM CQ at 4 h prior to protein 

extraction/immunofluorescence analysis. Scale bar – 20 μm; C, untreated cells; n≥3; 

Error bars ±SD. 

#, a statistically significant difference between HCT116/FU or HCT116/OXA vs. 

HCT116 cells;  

*, a statistically significant difference between treated vs. control cells;  

x, a statistically significant difference between CQ treated vs. CQ untreated cells. 

x/* p<0.05; xx/##/** p≤0.01; xxx/###/*** p≤0.001. 
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0.03 mM OxaPt decreased the amounts of LC3B-II in HCT116 

(for 7.9 folds, P<0.001) and HCT116/FU cells (for 2.2 folds, 

P=0.016) (Fig. 2.4 A). It had an opposite effect on these levels in 

HCT116/OXA cells – they were increased for 1.6 folds (P=0.01). 

The autophagic flux was increased for 2.5 folds in HCT116 

(P=0.005), for 1.6 folds in HCT116/FU cells (P=0.035) and 

decreased for 1.2 folds in HCT116/OXA cells (P=0.047) as 

compared to the autophagic flux observed in cells which were not 

treated with the drug. Similar trends were revealed by 

immunofluorescence microscopy (Fig. 2.4 B, 0.03 mM OxaPt 

treatment), where this treatment had not abolished autophagic flux. 

The action of 0.06 mM OxaPt treatment on the autophagy was 

cell line-dependent. In HCT116 cells, the amounts of 

autophagosomes were increased for 1.8 folds (P=0.008), while the 

autophagic flux decreased for 1.2 folds (P=0.009). The opposite was 

seen in HCT116/OXA cells, where the amounts of autophagosomes 

were decreased for 5.2 folds (P<0.001) and autophagic flux increased 

for 8.8 folds. Meanwhile, in HCT116/FU cells, 0.06 mM OxaPt had 

no effect on autophagosome amounts and significant autophagic flux 

was only evident in immunofluorescence microscopy (2.4 pav. B, 

0.06 mM OxaPt). 

The level of ATG7 protein in untreated chemoresistant 

HCT116/FU cells was 1.2 folds higher (P<0.001) and in 

HCT116/OXA cells – 1.4 folds higher (P<0.001) than in HCT116 

cells (Fig. 2.5 A). All tested 5-FU and OxaPt doses decreased ATG7 

levels in HCT116 cells: these levels were reduced for 39% by 

0.1 mM (P<0.001) and for 67% by 0.3 mM 5-FU (P<0.001), for 43% 

by 0.03 mM (P<0.001) and for 74% by 0.06 mM OxaPt (P<0.001). 

In HCT116/FU cells, these treatments had slightly weaker effect: 

0.1 mM 5-FU reduced ATG7 protein levels for 9% (P=0.016), 

0.3 mM 5-FU – for 37% (P<0.001), 0.03 mM OxaPt – for 33% 

(P=0.001) and 0.06 mM OxaPt – for 31% (P<0.001). Only 0.3 mM 

5-FU decreased ATG7 protein levels in HCT116/OXA cells (for 
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33%, P=0.005), while both OxaPt doses increased them (0.03 mM – 

for 23%, P=0.008; 0.06 mM – for 29%, P<0.001). 

 
Fig. 2.5 ATG7 level and effects of its silencing on 5-FU and OxaPt cytotoxicity. 
A, Western blot analysis of ATG7 at 48 h after exposure to drugs in monolayer cell 

culture (2D model). B, the effects of ATG7 silencing on 5-FU and OxaPt 

cytotoxicity. ATG7 was downregulated by transfection of ATG7 targeting siRNA at 

24 h prior to exposure to drugs. Cell viability was determined at 48 h after exposure 

to drugs using CTB assay. C, untreated cells; n≥3; Error bars ±SD. 

#, a statistically significant difference between HCT116/FU or HCT116/OXA vs. 

HCT116 cells;  

*, a statistically significant difference between treated vs. control cells. 

* p<0.05; ##/** p≤0.01; ###/*** p≤0.001. 

The expression of ATG7 was downregulated using siRNA, to 

explore the significance of this protein for the cytotoxic effects of  

5-FU and OxaPt. At 48 h post siRNA transfection, the reduction of 

ATG7 protein levels in all cell lines was approx. 75% (data not 

shown). The downregulation of ATG7 increased the viability of 

HCT116 (for 35%, P<0.001) and HCT116/OXA cells (for 40%, 
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P<0.001). The cells sensitivity to 5-FU treatment was not affected by 

ATG7-silencing, while sensitivity to OxaPt treatment was reduced: 

0.03 mM OxaPt dose was 23% less cytotoxic on HCT116 cells 

(P=0.026) and 12% less cytotoxic on HCT116/FU cells (P=0.038); 

0.3 mM OxaPt was 14% less cytotoxic on HCT116/OXA cells 

(P=0.004). 

2.2.2 The effects of mTHPC-PDT on autophagy 

mTHPC-PDT used as a single treatment, upregulated the levels of 

LC3B-II protein in both cell lines, except for 90s PDT in the 

HCT116/FU cells (Fig. 2.6 A): in HCT116 cells these levels 

increased for 4.5 folds after 90s PDT (P=0,006), for 10.8 folds after 

180s PDT (P<0.001) and for 10.5 folds after 270s PDT (P<0.001); in 

HCT116/FU cells – for 10.8 folds after 180s PDT (P<0.001) and for 

11.1 folds after 270s PDT (P<0.001). However, the degradation of 

autophagosomes was disrupted by this treatment – autophagic flux 

was inhibited by all doses of light exposure, except for 90s PDT in 

HCT116/FU cells where autophagic flux was 1.6 folds higher than in 

untreated cells (P=0.006). 

The combination of mTHPC-PDT with 5-FU affected autophagy 

in HCT116 and HCT116/FU cells (Fig. 2.6 B). In HCT116 cells, the 

addition of 5-FU had the negative effect on LC3B-II protein levels 

induced by 90s PDT: 0.03 mM 5-FU reduced these levels for 

2.4 folds (P=0.016), 0.1 mM 5-FU – for 3.3 folds (P=0.009). 

However, 5-FU promoted autophagic flux – the combination of 90s 

PDT with 0.03 mM, 0.1 mM or 0.3 mM 5-FU resulted in higher 

autophagic flux as compared to single 90s PDT: 0.03 mM increased 

it for 2 folds (P<0.001), 0.1 mM – for 3.8 folds (P<0.001), 0.3 mM – 

for 2.2 folds (P<0.001). Meanwhile in HCT116/FU cells (as 

compared to single 90s PDT), the addition of 5-FU had the positive 

effect on LC3B-II protein levels, but decreased autophagic flux: 

1 mM 5-FU addition resulted in a 1.9 fold increase of LC3B-II levels 

(P=0.021) and autophagic flux inhibition; 3 mM 5-FU – in 1.9 fold 



27 

 

 

decrease of LC3B-II levels (P=0.004) and 1.9 fold decrease in 

autophagic flux (P=0.006); 10 mM 5-FU – in 9 folds increase of 

LC3B-II levels (P<0.001) and inhibition of the autophagic flux. 

 
Fig. 2.6 The effects of mTHPC-PDT combination with 5-FU on autophagy in 

HCT116 and HCT116/FU cells. The dependence of LC3B-II levels on the duration 

of light exposure (A) and the combinations of PDT with different 5-FU doses (B) at 

24 h post exposure to light. PDT was induced by incubation of cells with 0.1 μg/mL 

mTHPC for 18 h which was followed by exposure to light from LED array 

UNIMELA-1 (λ=660±5 nm, 10 mW/cm2). The degradation of autophagosomes was 

inhibited by treatment with 30 μM CQ at 4 h prior to protein extraction. C, untreated 

cells; n≥3; Error bars ±SD. 

*, a statistically significant difference between treated vs. control cells;  

x, a statistically significant difference between CQ treated vs. CQ untreated cells. 

x/* p<0.05; xx/** p≤0.01; xxx/*** p≤0.001. 

2.3 Wnt/β-catenin signaling 

The activation of canonical Wnt signaling was evaluated by 

measuring the levels of non-phosphorylated β-catenin at residues 

Ser33, Ser37, and Thr41 (the active form of β-catenin). In the 2D cell 
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culture, the untreated HCT116/FU and HCT116/OXA cells had 

approx. 1.5 folds higher amounts of active β-catenin than HCT116 

cells (P<0.001 and P=0.004, respectively). Moreover, in the 3D cell 

culture the increase in this protein levels in untreated chemoresistant 

spheroids was also significant – in HCT116/FU spheroids the levels 

were 1.2 folds higher (P=0.018) and in HCT116/OXA spheroids – 

1.3 folds higher (P<0.001) than in untreated HCT116 spheroids 

(Fig. 2.7 A). 

The level of active β-catenin in HCT116 cells grown in 2D cell 

culture was only affected by high dose of 5-FU and OxaPt: 0.3 mM 

5-FU treatment reduced this level for 36% (P<0.001) and 0.06 mM 

OxaPt reduced it for 49% (P<0.001). Both doses of 5-FU and high 

dose of OxaPt reduced β-catenin level in HCT116/FU cells: 0.1 mM 

5-FU for 44% (P=0.002), 0.3 mM 5-FU for 27% (P=0.012), 

0.06 mM OxaPt for 57% (p=0.001). Only 5-FU, but not OxaPt 

treatment, had a significant effect on the active β-catenin level in 

HCT116/OXA cells: it was reduced for 35% by 0.1 mM 5-FU 

(P=0.017) and for 53% by 0.3 mM 5-FU (P=0.005). 

The importance of Wnt/β-catenin signaling for the cytotoxic 

effects of 5-FU and OxaPt was studied using inhibitor XAV939 

(XAV). It inhibits the tankyrases, thus promoting Axin stabilization 

and β-catenin degradation (Huang et al., 2009). When used as a 

single treatment 15 μM XAV did not affect cell viability in the 2D 

cell culture (Fig. 2.7 B, D). However, 1 μM XAV was toxic for 

chemoresistant HCT116/FU and HCT116/OXA spheroids: it reduced 

the relative volumes of HCT116/FU and HCT116/OXA spheroids by 

24% (P<0.001) and 11% (P=0.012), respectively (Fig. 2.7 C, E).  

In the 2D cell culture, the cytotoxic effect of 0.1 mM 5-FU was 

enhanced by the addition of 15 μM XAV: the viability decreased by 

9% in HCT116 cells (P=0.003), by 15% in HCT116/FU cells 

(P=0.008) and by 30% in HCT116/OXA cells (P=0.001) as 

compared to single 5-FU treatment (Fig. 2.7 B). Whereas in the 3D  
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Fig. 2.7 The effects of 5-FU and OxaPt on Wnt signaling. A, Western blot 

analysis of the active form of β-catenin at 48 h after exposure to drugs in monolayer 

cell culture (2D model) and in control spheroids at 168 h after initiation (3D model). 

The effects of XAV on 5-FU cytotoxicity in the 2D (B) and 3D (C) cell culture. The 

effects of XAV on OxaPt cytotoxicity in the 2D (D) and 3D (E) cell culture. Cell 

viability was determined at 48 h after exposure to drugs using MTT assay. Relative 

spheroid volume was determined at 120 h after drug addition. C, untreated cells; 

n=3; Error bars ±SD. 

#, a statistically significant difference between HCT116/FU or HCT116/OXA vs. 

HCT116 cells;  

*, a statistically significant difference between treated vs. control cells. 

* p<0.05; ##/** p≤0.01; ###/*** p≤0.001. 



30 

 

 

cell culture, the addition of 1 μM XAV reduced the relative volume 

of 5-FU-treated HCT116/FU spheroids by 7% (P=0.006) and had no 

significant effect on 5-FU treatment efficiency in HCT116 and 

HCT116/OXA spheroids (Fig. 2.7 C). 

In 2D cell culture, the cytotoxic effects of 0.06 mM and 0.3 mM 

OxaPt were decreased by the addition of 15 μM XAV: the efficiency 

of 0.06 mM OxaPt was reduced for 13% in HCT116 cells (P=0.002) 

and for 16% in HCT116/FU cells (P=0.027); the efficiency of 

0.3 mM OxaPt was reduced for 18% in HCT116/OXA cells 

(P=0.001) (Fig. 2.7 D). Meanwhile in the 3D cell culture, the effects 

of 1 μM XAV on OxaPt cytotoxicity were cell line dependent: the 

addition of XAV increased the volume of OxaPt-treated HCT116/FU 

spheroids by 11% (P=0.002); decreased the volume of OxaPt-treated 

HCT116/OXA spheroids by 16% (P=0.001); had no effect on the 

volume of OxaPt-treated HCT116 spheroids (Fig. 2.7 E). 

2.4 Notch1 signaling 

The activation of Notch1 signaling was evaluated by measuring 

the amounts of NOTCH1 intracellular domain (NICD1). In the 2D 

cell culture, untreated chemoresistant HCT116/FU and 

HCT116/OXA cells had increased amounts of NICD1: it was 

2.2 folds higher in HCT116/FU cells (P<0.001) and 1.6 folds higher 

in HCT116/OXA cells (P=0.009) than in HCT116 cells (Fig. 2.8 A). 

In the 3D cell culture, the levels of this protein were 2.9 folds higher 

in HCT116/FU spheroids than in HCT116 spheroids (P=0.003). 

However, no statistically significant differences in the NICD1 levels 

were evident when untreated HCT116/OXA and HCT116 spheroids 

were compared. 

The level of NICD1 in HCT116 cells grown in the 2D cell culture 

was only affected by the high doses of 5-FU and OxaPt: 0.3 mM  

5-FU reduced NICD1 amount for 68% (P<0.001) and 0.06 mM 

OxaPt reduced it for 44% (P<0.001). The treatment with 5-FU or 
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OxaPt reduced NICD1 amount in HCT116/FU cells at all doses 

tested: 0.1 mM 5-FU for 34% (P=0.004), 0.3 mM 5-FU for 63% 

(P<0.001), 0.03 mM OxaPt for 53% (P=0.001), 0.06 mM OxaPt for 

79% (P<0.001). In HCT116/OXA cells, the changes in NICD1 level 

were detected only after 5-FU treatment: 0.1 mM 5-FU decreased 

NICD1 amount for 31% (P=0.027) and 0.3 mM 5-FU for 65% 

(P=0.002), as compared to untreated HCT116/OXA cells. 

The importance of Notch signaling for the cytotoxic effects of  

5-FU and OxaPt were studied using γ-secretase inhibitor RO4929097 

(RO). When used as a single treatment 5 μM RO did not affect cell 

viability in the 2D cell culture (Fig. 2.3 C). However, 1 μM RO was 

cytotoxic for chemoresistant HCT116/FU and HCT116/OXA 

spheroids: it reduced the relative volumes of HCT116/FU and 

HCT116/OXA spheroids by 25% (P<0.001) and 11% (P=0.001), 

respectively (Fig. 2.8 B, D). In the 2D cell culture, the cytotoxic 

effect of 5-FU was not affected by the addition of 5 or 10 μM RO 

(data not shown). However, in the 3D cell culture, the addition of 1 

μM RO increased 5-FU cytotoxicity to chemoresistant spheroids: the 

relative volume of 5-FU-treated HCT116/FU spheroids was reduced 

by 6% (P=0.017), while the volume of 5-FU-treated HCT116/OXA 

spheroids was reduced by 28% (P<0.001) (Fig. 2.8 B). In the 2D cell 

culture, the cytotoxic effect of 0.06 mM OxaPt was decreased by the 

addition of 5 μM RO: viability increased for 14% in HCT116 cells 

(P=0.005), for 24% in HCT116/FU cells (P=0.007) and 23% in 

HCT116/OXA cells (P=0.003) as compared to single OxaPt 

treatment (Fig. 2.3 C). In the 3D cell culture, the cytotoxic effect of 

OxaPt was also decreased by RO treatment: 1 μM RO increased the 

relative volume of OxaPt-treated HCT116 spheroids by 29% 

(P<0.001), while the volumes of OxaPt-treated HCT116/FU and 

HCT116/OXA spheroids were increased a bit less – by 13% 

(P=0.004) and 16% (P<0.001), respectively (Fig. 2.8 D). 
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Fig. 2.8 The effects of 5-FU and OxaPt on Notch signaling. A, Western blot 

analysis of NICD1 at 48 h after exposure to drugs in monolayer cell culture (2D 

model) and in control spheroids at 168 h after initiation (3D model). The effects of 

RO on 5-FU cytotoxicity in the 3D (B) cell culture. The effects of RO on OxaPt 

cytotoxicity in the 2D (C) and 3D (D) cell culture. Cell viability was determined at 

48 h after exposure to drugs using MTT assay. Relative spheroid volume was 

determined at 120 h after drug addition. C, untreated cells; n=3; Error bars ±SD. 

#, a statistically significant difference between HCT116/FU or HCT116/OXA vs. 

HCT116 cells;  

*, a statistically significant difference between treated vs. control cells. 

* p<0.05; ##/** p≤0.01; ###/*** p≤0.001.  
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2.5 Transcription repressor HES1 

 
Fig. 2.9 HES1 protein level and effects of its silencing on 5-FU and OxaPt 

cytotoxicity. A, Western blot analysis of HES1 at 48 h after exposure to drugs in 

monolayer cell culture (2D model) and in control spheroids at 168 h after initiation 

(3D model). B, the effects of HES1 silencing on 5-FU and OxaPt cytotoxicity. HES1 

was downregulated by transfection of HES1 targeting siRNA at 24 h prior to 

exposure to drugs. Cell viability was determined at 48 h after exposure to drugs 

using MTT assay. C, untreated cells; n=3; Error bars ±SD. 

#, a statistically significant difference between HCT116/FU or HCT116/OXA vs. 

HCT116 cells;  

*, a statistically significant difference between treated vs. control cells. 

* p<0.05; ##/** p≤0.01; ###/*** p≤0.001. 

Even though transcription repressor HES1 was first identified as 

Notch target (Iso et al., 2002), the expression of this protein is also 

affected by other signaling pathways such as Wnt, Hedgehog and 

TGFβ (Borggrefe et al., 2016). The level of HES1 protein in 

untreated chemoresistant cells/spheroids was significantly 

upregulated as compared to untreated HCT116 cells/spheroids: in 

HCT116/FU cells the increase was for 2.2 folds (P=0.006) and in 
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HCT116/FU spheroids – for 2 folds (P=0.002); in HCT116/OXA 

cells the increase was for 3.3 folds (P=0.003) and in HCT116/OXA 

spheroids – for 2.2 folds (P<0.001) (Fig. 2.9 A). The level of HES1 

in HCT116 cells grown in the 2D cell culture was affected by both  

5-FU doses and high dose of OxaPt: 0.1 mM 5-FU reduced HES1 

level for 8% (P=0.03), 0.3 mM 5-FU reduced it for 89% (P<0.001), 

while at 0.06 mM dose HES1 was almost undetectable (P<0.001). 

High dose of 5-FU and both OxaPt doses reduced HES1 protein 

levels in HCT116/FU cells: after 0.3 mM 5-FU, it was reduced for 

86% (P=0.001), after 0.03 mM OxaPt – for 67% (P=0.003) and after 

0.06 mM OxaPt – for 71% (P=0.002). In HCT116/OXA cells HES1 

protein levels were decreased by both 5-FU doses and high OxaPt 

dose: for 74% after 0.1 mM 5-FU (P=0.003), for 79% after 0.3 mM 

5-FU (P=0.002) and for 57% after 0.06 mM OxaPt (P = 0.007), as 

compared to untreated control. 

The impact of HES1 for the cytotoxic effects of 5-FU and OxaPt 

was tested by siRNA mediated downregulation of this protein levels. 

At 48 h post siRNA transfection, the reduction of HES1 protein 

levels in all cell lines was similar – it was reduced for approx. 45% 

(data not shown). Downregulation of HES1 increased the viability of 

HCT116 and HCT116/OXA cells by approx. 20% (P=0.004 for 

HCT116, P<0.001 for HCT116/OXA) and did not affect the viability 

of HCT116/FU cells (Fig. 2.9 B). When HES1-silenced cells were 

treated with 5-FU or OxaPt, cell viability was increased: the 

sensitivity of HCT116 cells for both treatments decreased for 

approx. 20% (P<0.001 for 5-FU and P<0.001 for OxaPt); the 

sensitivity of HCT116/FU cells for 5-FU treatment decreased for 

34% (P<0.001) and for OxaPt treatment – for 20% (P=0.002); the 

sensitivity of HCT116/OXA cells for both treatments decreased for 

approx. 20% (P=0.008 for 5-FU and P=0.008 for OxaPt). The similar 

tendencies were seen when HES1 expression was downregulated for 

approx. 80% using ON-TARGETplus HES1 SMARTpool siRNA 

(data not shown).   



35 

 

 

3. Discussion 

In this dissertation, the importance of autophagy and Wnt, Notch 

signaling pathways for the response of human colorectal cancer cell 

line HCT116 and its chemoresistant sublines HCT116/FU, 

HCT116/OXA to 5-FU or OxaPt treatment was investigated. In 2D 

and 3D cellular models, HCT116/FU exhibited increased resistance 

to 5-FU treatment, while HCT116/OXA cells were more resistant to 

both 5-FU and OxaPt treatments, as compared to HCT116 cells. 

Various molecular changes can lead to increased cell resistance to a 

certain drug. The resistance to 5-FU treatment is often caused by the 

increased drug efflux, the decreased expression of proteins involved 

in 5-FU metabolic activation or overexpression of thymidylate 

synthase, one of the main 5-FU targets (Longley and Johnston, 2005; 

Temraz et al., 2014; Jensen et al., 2012). Meanwhile, the acquired 

resistance to OxaPt is associated with increased nucleotide DNA 

excision repair and altered levels of antioxidants, glutathione or 

metallothioneins (Jensen et al., 2012). Cells can also acquire the co-

resistance to multiple drugs with different modes of action. Thus the 

comparison of molecular response patterns of cells featuring 

different type of resistance could help identify processes which are 

important for chemoresistance. 

Our results revealed, that when compared to cells grown in the 

2D model, HCT116/FU and HCT116/OXA spheroids were less 

resistant to 5-FU, whereas HCT116/OXA spheroids were more 

resistant to OxaPt. It was suggested that 5-FU could have higher 

cytotoxic effects in the 2D model because this drug targets only the 

proliferating cells, thus having less effect on the quiescent cells in 

spheroids (Tung et al., 2011). Meanwhile, OxaPt can kill not only 

proliferating but also quiescent cells. Furthermore, hypoxia found in 

spheroids could increase cell resistance to OxaPt (Roberts et al., 

2009). 
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The growing amount of evidence suggests that photodynamic 

treatment could be used for overcoming the acquired 

chemoresistance of cancer cells (Spring et al., 2015). In our study, 

we found that the sensitivity of HCT116 and HCT116/FU cells to 

mTHPC-PDT was similar. That means that HCT116/FU cells did not 

acquire cross-resistance to PDT, which is usually associated with 

increased expression of ABCG2 transporter (Liu et al., 2007). It was 

previously shown that the cytotoxicity of mono-L-aspartyl chlorin e6 

based PDT to 5-FU resistant or sensitive esophageal squamous cell 

carcinoma cells was also similar (Ohashi et al., 2014). We have 

found that the combination of 5-FU and mTHPC-PDT inhibited the 

viability of the HCT116 cells with a significant effect both by 5-FU 

and PDT, but in the case of HCT116/FU cells, the added value of 5-

FU in the combination of 5-FU and PDT was not significant. So the 

action of PDT, although efficient per se, does not eliminate the 

acquired restrictions in the cells imposed by chemoresistance. The 

additive effect of PDT and 5-FU was already reported in the case of 

glioblastoma multiforme (Christie et al., 2017) and superficial 

esophageal squamous cell carcinoma (Kawazoe et al., 2010). 

In order to test the relevance of a specific process to cells 

chemoresistance, two strategies were chosen. First, the evaluation of 

this process activity was carried out. The activation of autophagy 

was measured by ATG7 protein, which is involved in the growth of 

autophagic membranes. The amounts of autophagosomes were 

estimated by measuring the levels of LC3B-II protein. The 

degradation of autophagosomes was determined by LC3B-II 

turnover in the presence and the absence of lysosomal degradation. 

The activation of canonical Wnt signaling was assessed by 

measuring the amounts of non-phosphorylated β-catenin at residues 

S33, S37, and T41 (the active form of β-catenin). The protein 

amounts of Notch1 intracellular domain (NICD1) was used as a 

reporter of Notch1 receptor activation. Furthermore, the levels of 

transcription repressor HES1, which can be affected by both Notch 
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and Wnt signaling (Borggrefe et al., 2016), were also evaluated. 

Second, the impact of this signaling/process on cellular response to 

the effects of 5-FU or OxaPt was tested using small-molecule 

inhibitors or siRNA. Wnt/β-catenin signaling was inhibited using 

tankyrase inhibitor XAV. Notch signaling was inhibited using  

γ-secretase inhibitor RO. HES1 or ATG7 levels were downregulated 

by specific siRNA. 

We had determined that the amount of autophagosomes in 

HCT116/FU cells was higher, while in HCT116/OXA cells it was 

lower than in HCT116 cells (Table 3.1). The opposite trends were 

detected in different CRC cell lines – the 5-FU resistant SNUC5 cells 

had slightly lower (Yao et al., 2017), while OxaPt resistant HT29 

cells had the higher amount of autophagosomes than the parental cell 

lines (Sun et al., 2017). The similar basal autophagic flux was 

detected in HCT116, HCT116/FU, HCT116/OXA cells, thus no 

significant changes were evident in the intensity of autophagosome 

degradation. The downregulation of ATG7 levels using siRNA 

revealed that autophagy had a negative effect on the proliferation of 

HCT116 and HCT116/FU cells. It has been demonstrated that 

autophagy can reduce the cell division rate by promoting 

dephosphorylation and degradation of c-Myc, which is facilitated by 

AMBRA1-dependent PP2A phosphatase (Cianfanelli et al., 2015). 

Our results uncovered that the activation of Wnt/β-catenin 

signaling was increased in chemoresistant HCT116/FU and 

HCT116/OXA cells as compared to HCT116. The higher activation 

of Wnt/β-catenin signaling in several 5-FU resistant CRC cell lines 

also have been documented (He et al., 2018; Ayadi et al., 2015). The 

XAV doses used in this study downregulated the protein levels of 

active β-catenin and HES1. That means that XAV decreased the 

activation of Wnt/β-catenin signaling and this signaling at least 

partially regulated the levels of HES1. It is important to note, that in 

HCT116, HCT116/FU and HCT116/OXA cells, the heterozygous 

activating in-frame deletion of S45 in β-catenin was detected (the 
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unpublished data of A. Laurinavičius et al.). Thus a portion of 

cellular β-catenin could not be sent for degradation by the β-catenin 

destruction complex. Nevertheless, the stimulation of HCT116 cells 

with Wnt3A ligand leads to an increase in β-catenin protein levels 

and activation of TCF/LEF promoter (Wu et al., 2012). We noticed 

that 15 μM XAV was not cytotoxic to HCT116, HCT116/FU and 

HCT116/OXA cells grown in the 2D cell model, while 1 μM XAV 

reduced the volume of HCT116/FU and HCT116/OXA spheroids. 

These XAV effects on HCT116 cells is supported by other studies 

where the targeted deletion of mutated β-catenin had no significant 

effect on HCT116 cell proliferation: cell doubling times in 2D cell 

model (Sekine et al., 2002) and the rates of xenograft growth in the 

mouse model were not affected (Kim et al., 2002). Our results 

suggest that the proliferation of chemoresistant HCT116/FU and 

HCT116/OXA cells in the 3D model might be more dependent on 

Wnt/β-catenin signaling. 

Table 3.1. The activation of Wnt/β-catenin, Notch1 signaling pathways and 

autophagy extent in HCT116/FU and HCT116/OXA cells vs. HCT116 cells 

Protein Model 
Cell line 

HCT116/FU HCT116/OXA 

active  

β-catenin 

2D ↑ ↑ 

3D ↑ ↑ 

NICD1 
2D ↑ ↑ 

3D ↑ - 

HES1 
2D ↑ ↑ 

3D ↑ ↑ 

LC3B-II 2D ↑ ↓ 

ATG7 2D ↑ ↑ 

↑/↓, the relative increase/decrease in protein levels for ≥1.5-folds;  

↑/↓, the relative increase/decrease in protein levels which is statistically 

significant, but lower than 1.5-folds 

We demonstrated that NICD1 protein level was higher in 

chemoresistant HCT116/FU (both in the 2D and 3D model) and 

HCT116/OXA cells (only in the 2D model) as compared to HCT116 

cells. Other authors had reported the increased amount of Notch1 
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receptor in 5-FU resistant HCT8 cells and 5-FU or OxaPt resistant 

HCT116 cells (Dinicola et al., 2016; Liu et al., 2016; Huang et al., 

2015). The doses of γ-secretase inhibitor RO used in this study 

reduced the protein amounts of NICD1 and HES1, which indicates 

the downregulation of Notch signaling. RO was not cytotoxic for 

HCT116, HCT116/FU and HCT116/OXA cells grown in the 2D cell 

model, while in the 3D cell model decreased the volume of 

HCT116/FU and HCT116/OXA spheroids. That could imply that the 

proliferation of HCT116/FU and HCT116/OXA cells grown in 3D 

cell model might be more dependent on Notch signaling. Similar 

effects were reported in another study, where another γ-secretase 

inhibitor – DAPT was more potent to inhibit the growth of 5-FU or 

OxaPt resistant HCT116 cells xenographs (Huang et al., 2015). It is 

possible that in HCT116/OXA spheroids another Notch receptor 

might be activated since these spheroids were more sensitive to 

Notch signaling inhibition, but NICD1 levels were similar to the 

levels found in HCT116 spheroids.  

In our study, the chemoresistant HCT116/FU and HCT116/OXA 

cells had higher level of HES1 protein than HCT116 cells (both in 

the 2D and 3D model). Simmilar results in 2D model were already 

documented (Huang et al., 2015). We determined that the 

proliferation of HCT116 and HCT116/OXA cells was increased after 

HES1 downregulation using siRNA. The increased cell proliferation 

after HES1 downregulation could be linked to the decreased cell 

sensitivity to contact-inhibition, which were previously described in 

preadipocytes (Noda et al., 2011). 

The 5-FU treatment had a negative effect on autophagy in 

HCT116 and HCT116/FU cells: it leads to the downregulation of 

ATG7 protein levels, decreased amounts of autophagosomes and 

inhibited autophagic flux (Table 3.2). In HCT116/OXA cells, 5-FU 

effect was slightly weaker: the amounts of autophagosomes were 

increased, while ATG7 levels and autophagic flux were decreased. It  

  



Table 3.2. The effects of 5-FU or OxaPt on Wnt/β-catenin, Notch1 signaling activity, and autophagy extent 

Cell line Drug Concentration 
active  

β-catenin 
NICD1 HES1 LC3B-II 

Autophagic 

flux  
ATG7 

HCT116 

5-FU 
0.1 mM - - ↓ ↓ - ↓ 

0.3 mM ↓ ↓ ↓ - N ↓ 

OxaPt 
0,03 mM - - - ↓ ↑ ↓ 

0,06 mM ↓ ↓ ↓ ↑ - ↓ 

HCT116/FU 

5-FU 
0.1 mM ↓ ↓ - ↓ N ↓ 

0.3 mM ↓ ↓ ↓ ↓ N ↓ 

OxaPt 
0.03 mM - ↓ ↓ ↓ ↑ ↓ 

0.06 mM ↓ ↓ ↓ - N ↓ 

HCT116/OXA 

5-FU 
0.1 mM ↓ ↓ ↓ - ↓ - 

0.3 mM ↓ ↓ ↓ ↑ ↓ ↓ 

OxaPt 
0.03 mM - - - ↑ - ↑ 

0.06 mM - - ↓ ↓ ↑ ↑ 
-, no statistically significant change; 

↑/↓, the relative increase/decrease in protein levels which is ≥1.5-folds;  

↑/↓, the relative increase/decrease in protein levels which is statistically significant, but lower than 1.5-folds; 

N, the autophagic flux is not statistically significant 

 

 



is important to note the logical consequence that ATG7 protein 

downregulation correlated with a decrease of autophagic flux. Other 

authors reported ATG7 ability to promote autophagic flux (Pattison 

et al., 2011). The downregulation of ATG7 levels using siRNA did 

not affect 5-FU cytotoxicity (Table 3.3). Our results are supported by 

other studies where 5-FU decreased the amounts of autophagosomes 

in SNUC5 cells (Yao et al., 2017), while in HCT116 cells reduced 

autophagic flux and decreased protein levels of ATG7, p62, 

BECLIN1 by 5-FU treatment were reported (Akpinar et al., 2016). 

However, 5-FU effect might be cell type dependent, it had the 

opposite effect on autophagosome amounts in CRC cells WiDR and 

Lovo92 (Bijnsdorp et al., 2010). 

The autophagy was enhanced by OxaPt. In HCT116 and 

HT116/FU cells, the decrease in autophagosome amounts and ATG7 

protein levels at 48 h post exposure to OxaPt was detected and 

autophagic flux was evident. In HCT116/OXA cells, OxaPt 

treatment increased the levels of ATG7 protein, the amounts of 

autophagosomes and autophagic flux. Furthermore, siRNA mediated 

downregulation of ATG7 levels reduced the sensitivity of HCT116, 

HCT116/FU, HCT116/OXA cells to OxaPt treatment. It suggests, 

that autophagy is promoted by OxaPt treatment and might have a 

negative effect on cell survival. The increase of autophagosome 

amounts after OxaPt treatment was reported in HT116, SW480, 

SW620, HT29 and HT29/OXA cells (Liu et al., 2015; Yang et al., 

2015; Sun et al., 2017). However, the inhibition of autophagy using 

shATG5 or shATG7 had the opposite effect on OxaPt cytotoxicity in 

SW480 and SW620 cells (Yang et al., 2015). 

Autophagy had been identified as an early response to 

photodamage which can isolate and degrade photodamaged 

organelles. Furthermore, the cells with an increased autophagic 

process may have an enhanced ability to bypass phototoxicity 

(Kessel and Evans, 2016; Kessel, 2015). In this study, we found that 

mTHPC-PDT upregulated the amounts of autophagosomes in 

HCT116 and HCT116/FU cells, but autophagic flux was inhibited. It 
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is known that mTHPC can be accumulated in the membranes of 

lysosomes (Leung et al., 2002) and lysosomes photodamage can 

inhibit autophagic flux (Kessel et al., 2012). The investigation of 

mTHPC-PDT with 5-FU revealed some differences in the autophagic 

response of HCT116 and HCT116/FU cells. As compared to single 

mTHPC-PDT, the addition of 5-FU resulted in decreased amounts of 

autophagosomes and increased autophagic flux in HCT116 cells. 

While in HCT116/FU cells the effects were opposite. Lower amounts 

of autophagosomes and elevated autophagic flux indicates that 

autophagy is efficient in HCT116 cells: the autophagosomes are 

swiftly degraded. 

The activation of Wnt/β-catenin signaling was reduced by 5-FU 

treatment in HCT116, HCT116/FU and HCT116/OXA cells. This 

effect could be related to the 5-FU ability to promote the expression 

of APC in HCT116 and HT29 cells (Das et al., 2014), which could 

lead to increased degradation of β-catenin (Tortelote et al., 2017). It 

is important to note that the opposite effect of 5-FU on Wnt/β-

catenin signaling was described in HCT8 cells (He et al., 2018). In 

this study, XAV increased the cytotoxic effects of 5-FU on HCT116, 

HCT116/FU and HCT116/OXA cells grown in 2D cell model and 

HCT116/FU spheroids. That suggests that Wnt/β-catenin signaling 

could increase the CRC cell resistance to 5-FU treatment and 

promote cell survival. It was reported that XAV could increase the 5-

FU induced apoptosis in CRC cells SW480 and SW620 (Wu et al., 

2016).  

OxaPt treatment reduced the activation of Wnt/β-catenin 

signaling in HCT116 and HCT116/FU cells, while no effect on this 

signaling in HCT116/OXA cells was registered. The OxaPt ability to 

reduce the expression of the β-catenin gene in HCT116 cells was 

already documented (Yang et al., 2016). Our study revealed that in 

the 2D cell model, XAV decreased the cytotoxic effects of OxaPt for 

HCT116, HCT116/FU, HCT116/OXA cells. These results are 

supported by the study mentioned above where the upregulation of  
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β-catenin promoted OxaPt cytotoxicity on HCT116 cells (Yang et 

al., 2016). We unveiled, that in the 3D cell model XAV affected the 

cytotoxicity of OxaPt for chemoresistant spheroids only: in 

HCT116/FU spheroids the cytotoxicity of this drug was decreased 

(the same effect as in the 2D cell model), while in HCT116/OXA 

spheroids – increased (the opposite effect than in the 2D cell model). 

That means that Wnt/β-catenin signaling promotes OxaPt-induced 

HCT116/FU cell. We hypothesize that the effect of Wnt/β-catenin 

signaling on HCT116/OXA cell death/survival could depend on 

oxygen availability. It is reported that hypoxia (which is present in 

3D model) could induce the Wnt/β-catenin dependent expression of 

ID2 protein in CRC cells, which has anti-apoptotic and growth 

promoting effects (Dong et al., 2016).  

In this study, the Notch1 signaling was also reduced by 5-FU 

treatment in HCT116, HCT116/FU, HCT116/OXA cells. The 

inhibition of Notch signaling by RO increased the 5-FU cytotoxic 

effects on HCT116/FU and HCT116/OXA spheroids. Still, no effect 

was evident in cells grown in the 2D model. It suggests that 

resistance of HCT116/FU and HCT116/OXA spheroids to 5-FU 

could be promoted by Notch signaling. The effects of 5-FU treatment 

on HES1 levels were even stronger, compared to the decrease of 

NICD1 or active β-catenin levels, although the pattern was similar. 

However, the downregulation of HES1 had the opposite effect on  

5-FU cytotoxicity than RO or XAV treatment. We could 

hypothesize, that the deregulation of other Wnt and Notch signaling 

targets by XAV and RO might be responsible for 5-FU cytotoxicity 

promotion.  

Our results revealed that OxaPt treatment reduced Notch1 

signaling in HCT116 and HCT116/FU cells, while no effect on this 

signaling in HCT116/OXA cells was registered. However, the 

increase in NICD1 and HES1 protein levels by 2 μM OxaPt 

treatment was reported in HCT116 and SW620 cells (Meng et al., 

2009). RO doses used in our study decreased the OxaPt cytotoxic 
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effects in all cell lines grown in 2D or 3D cell models. That suggests 

that Notch signaling promotes cell death after OxaPt treatment. Our 

results are supported by another study, where the same effect was 

seen using γ-secretase inhibitors MRK003, DAPT, GSI-XII, GSI-

XX. Furthermore, the decreased OxaPt cytotoxicity was registered 

not only on HCT116 but also on CRC cells HT29, HCT15, SW480, 

Colo205 (Timme et al., 2013). The results of HES1 downregulation 

using siRNA coincide with RO effects on cell viability of OxaPt-

treated cells. It suggests that increased HES1 levels could have a 

negative effect on cell survival after OxaPt treatment. 

Table 3.3. The effects of Wnt/β-catenin, Notch signaling inhibitors, HES1 or 

ATG7 siRNA on 5-FU or OxaPt cytotoxicity 

Inhibitor 

or siRNA 
Drug Model 

Cell line 

HCT116 HCT116/FU HCT116/OXA 

XAV 

C 
2D - - - 

3D - T T 

5-FU 
2D ↑ ↑ ↑ 

3D - ↑ - 

OxaPt 
2D ↓ ↓ ↓ 

3D - ↓ ↑ 

RO 

C 
2D - - - 

3D - T T 

5-FU 
2D - - - 

3D - ↑ ↑ 

OxaPt 
2D ↓ ↓ ↓ 

3D ↓ ↓ ↓ 

HES1 

siRNA 

C 2D P - P 

5-FU 2D ↓ ↓ ↓ 

OxaPt 2D ↓ ↓ ↓ 

ATG7 

siRNA 

C 2D P - P 

5-FU 2D - - - 

OxaPt 2D ↓ ↓ ↓ 
C, cells which were not treated with the drug; 

-, did not change cell viability; 

T, toxic to cells which were not treated with the drug; 

P, promoted the proliferation of cells which were not treated with the drug; 

↑/↓, increased/lowered drug cytotoxicity 
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To sum up, this study indicates that Wnt/β-catenin and Notch 

signaling promotes CRC cells resistance to 5-FU, while HES1 

protein, Notch signaling and autophagy promotes cell death after 

OxaPt treatment. 
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CONCLUSIONS 

• Chemoresistant HCT116/FU cells are sensitive to mTHPC-

PDT. mTHPC-PDT inhibits autophagic flux. 

• In all tested cell lines, 5-FU diminishes the autophagic flux, 

while OxaPt increases it. The downregulation of ATG7 has no 

impact on 5-FU cytotoxicity and weakens the effects of OxaPt. 

• 5-FU decreases the Wnt/β-catenin and Notch1 signaling in all 

tested cell lines, while OxaPt – decreases it only in OxaPt-sensitive 

cells. 

• In all tested cell lines, the inhibition of Notch signaling 

augments the resistance to OxaPt. 

• Chemoresistant cell spheroids are more sensitive to  

Wnt/β-catenin and Notch signaling inhibition than HCT116 cell 

spheroids. 

• The inhibition of Wnt/β-catenin and Notch signaling sensitizes 

chemoresistant cell spheroids to 5-FU. 

• The expression of HES1 is higher in chemoresistant cells than 

in HCT116 cells. In all tested cells, HES1 protein levels are 

downregulated by 5-FU and OxaPt, while HES1 silencing increases 

cells resistance to these drugs. 
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