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ABSTRACT 

Colorectal cancer is the third most common cancer worldwide. The mortality rates 

remain high despite the wide variety of multiple preventive and treatment options.  

Platinum-derived chemotherapy medications are often combined with other conventional 

therapies for treating different tumors, including colorectal cancer. However, the development of 

drug resistance and multiple adverse effects remain common in clinical settings. Thus, there is a 

necessity to find novel treatments and drug combinations that could effectively target colorectal 

cancer cells without affecting normal tissues and lower the probability of disease relapse.  

To find potential synergistic interaction, I tried multiple different combinations between 

cisplatin, cannabidiol, cannabis extracts, and intermittent serum starvation on colorectal cancer 

cell lines. Based on the cell viability assay, we found that combinations between cannabidiol and 

intermittent serum starvation, cisplatin and intermittent serum starvation, as well as cisplatin, 

cannabidiol and intermittent serum starvation, can work in a synergistic fashion on different 

colorectal cancer cell lines. I analyzed differentially expressed genes and affected pathways in 

two colorectal cancer cell lines to further understand the potential molecular mechanisms behind 

the treatments and their interactions.  
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1.1. Introduction 

This part was mainly described in our review article by Cherkasova et al. (2020). 

1.1.1. Epidemiological data and molecular mechanisms of CRC 

Statistical data 

According to the Canadian Cancer Society, cancer is Canada's leading cause of death. 

Researchers estimated that there would be 233,900 new cancer cases in Canada and 85,100 cancer-

related deaths in 2022. More than 220,000 new cases were recorded in 2019, with lung, breast, 

colon, and prostate cancers as the most common (1). Colorectal cancer (CRC) is the third leading 

cancer worldwide in men and women, with a 5-year survival rate of 67% (2). About one million 

individuals are newly diagnosed with CRC each year (3). It is estimated that disease-related 

mortality in developed countries is around 33% (4). Most sporadic cases occur in patients over 50, 

with 75% occurring in those over 60. The lifetime risk of developing CRC is 3–4% in Western 

populations; however, the risk is doubled if there is a family history of CRC (5).  

CRC is not a single disease but a group of molecularly heterogeneous pathologies with 

standard features primarily affecting the colorectal region (4). The “classic” steps in CRC 

“evolution” start from a polyp or aberrant cryptic foci (ACF) developing into an early adenoma 

(<1 cm) followed by a late adenoma (>1 cm), eventually transforming into adenocarcinoma, which 

takes around 10–15 years to develop (4). The conventional adenoma-to-carcinoma model proposed 

by Fearon and Vogelstein (1990) was one of the first to explain the step-by-step processes of CRC 

development and is true for about 60–65% of colon cancers (5). In this model, the primary 

initiation of the mutation is the downregulation of the APC gene leading to an overgrowth of 

intestinal epithelial cells and the formation of colon adenomas. Further development in the model 

consists of mutations and epimutations in KRAS and NRAS, affecting the mitogen-activated 

protein kinase (MAPK) pathway; then SMAD4 or SMAD6 genes, affecting the phosphoinositil-

3-kinase (PI3K) pathway; and finally, downregulation of “guardian of the genome” p53, causing 

adenocarcinoma to progress (5). 

Molecular mechanisms of CRC development 

Despite a wide variety of conventional chemotherapy for CRC patients, the tumor 

eventually becomes drug-resistant in many cases, and treatments are ineffective. Another crucial 

limitation of CRC therapy is that these tumors are a genetically heterogeneous group of 

oncological pathology (6). In 2014, four consensus molecular subtypes (CMSs) of CRC have been 
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developed based on genetic alterations affecting colonic epithelium: CMS1 - microsatellite 

instability (MSI) immune (CpG island methylation phenotype, and BRAF mutation associated 

with immune cell infiltrates); CMS2 - canonical (WNT and MAPK associated, characterized by 

high proliferation); CMS3 - metabolic (KRAS associated); and CMS4 - mesenchymal (somatic 

copy number alteration of TGF-𝛽 associated with stromal invasion and angiogenesis) (7,8). 

Therefore, there is no "best" drug for CRC treatment, and different therapeutic approaches should 

be undertaken based on the stage, subtype, and the pathogenesis of CRC  (6,9,10). 

There is also so-called colitis-associated cancer (CAC) (12), which develops in 20% of 

inflammatory bowel disease (IBD) patients approximately after 30 years of disease onset (11)(12). 

Despite considerable similarities in the pathogenesis of CAC and “classical” CRC, some 

differences remain. A persistent chronic inflammatory response in IBDs with increased levels of 

TNF, IL-17, IL-23, IFN-𝛾, and IL-6 due to the activation of NFkB and STAT3 can lead to the 

formation of ACFs and adenomas. Moreover, continuous activation of COX-2 increases KRAS 

signalling and promotes tumor survival, progression, and metastatic potential (13–15). Increased 

levels of PGE2, which is produced from arachidonic acid, and protein kinase B (AKT) signalling 

increase produced from arachidonic acid, and protein kinase B (AKT) signalling increased 

intranuclear levels of transcription factor 𝛽-catenin that stimulate the proliferation of enterocytes 

(16,17). Activating genetic alterations leading to nuclear accumulation of 𝛽-catenin (TCFZL2, 

FZD8, AX1N1) is seen in 41% of these neoplasms (18). Additionally, in intestinal adenomas, there 

areis a higher TGF-𝛽 receptor (19,20). In many CRC tumors, there are infiltrations of natural 

killers, neutrophils, dendritic cells, and macrophages (21). A vital difference between CAC and 

“classical” CRC is the infiltration in the intestinal wall, with T-cells that react with tumour-specific 

antigens in the classical type. However, in CAC, many T-cells are reactive against intestinal 

microflora. That is why, in CACs, CD8+ cells can stimulate tumor proliferation with their 

cytokines (15). In this case, the immuno-suppressive effect of cannabinoids may have a protective 

role against cancer development and progression. 

Despite the multiple preventive measures, screening procedures, and a wide variety of 

treatment options, CRC holds one of the most significant positions in world disease and mortality 

rates. The development of novel, more effective preventive measures and treatment approaches 

isare critically needed, and based on recent experimental data, cannabinoids could potentially 

become good candidates (22–30).    
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1.1.2. Cancer and cannabinoids 

For many centuries, cannabis plants have been used empirically to treat different diseases, 

including cancer (31). Cannabinoids are commonly used as a treatment for insomnia, as an appetite 

stimulator or as an antinociceptive agent to alleviate chemo- and radiotherapy-induced nausea and 

vomiting (11). Since cannabinoids regulate CB1 expression, reduce the motility of the GI tract, 

and decrease proinflammatory mediators, they could potentially become one of the treatments for 

IBDs (30,32–34). Presently, there is broad scientific support regarding cannabinoid cytotoxicity 

in intestinal malignancies (22,26,35–37). Some experiments indicated a higher potency of whole-

plant extracts rich in phytocannabinoids, such as cannabidiol (CBD), over purified cannabinoids 

(38). Cannabinoids may reduce colonic polyp formation and intestinal inflammation and reduce 

cancer cells growth via cannabinoid 1 (CB1), cannabinoid 2 (CB2) receptors, transient receptor 

potential cation channel subfamily V member 1 (TRPV1) receptors, and G-coupled protein 

receptor 55 (GPR55) (22,30,37,39–45). The mechanisms of anticancer effects of cannabinoids 

include the activation of apoptosis, endoplasmic reticulum (ER) stress response, downregulation 

of survivin (inhibitor of apoptosis), a decrease of RAS/MAPK and PI3K/AKT signalling 

(22,26,35,37,40). Despite the multiple possibilities of clinical applications for cannabinoids, there 

are data regarding the anticancer effects of cannabinoid compounds in case reports (37–39). 

Classes of cannabinoids 

Currently, there are three main known classes of cannabinoids: endocannabinoids present 

in the human body, phytocannabinoids extracted from the cannabis plant, and synthetic 

cannabinoids (31). To accomplish their action, cannabinoids mainly bind to seven transmembrane 

Gi/o-coupled receptors (GPCRs), usually the inhibitory type (31,49,50). When cannabinoids bind 

to CB1 or CB2 receptors, there is a decrease in cyclic adenosine monophosphate (cAMP) and 

expression of adenylate cyclase (49,50). CB1 and CB2 receptors share only 44% of the protein 

homology and 68% in the transmembrane domains with binding sites for cannabinoids (51). 

In in situ receptor/G protein reconstruction techniques, the activation of CB1 receptors 

results in high-affinity interactions with both Gi and Go, whereas CB2 activation results in high-

affinity interaction with Go (52). Ionic channels are placed in the membrane as multimeric 

complexes that form passage pathways for selected molecules triggered by mechanical or chemical 

signals. Cannabinoids can stimulate A-type potassium channels, which causes an increased efflux 

of potassium from the cell. Moreover, by binding to CB1 receptors, cannabinoids may inhibit N- 
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and P/Q-types of voltage-dependent calcium channels and activate inwardly, rectifying potassium 

channels, which results in decreased calcium influx and increased potassium efflux from the cells 

(53–57). The ionic channels that respond to cannabinoids are transient receptor ion channels 

(TRPs), such as TRPV1, TRPV2, TRPM8, and TRPA1 (54–58). In addition to CB1 and CB2, 

multiple other receptors may respond to cannabinoids (49). The most studied receptors are 

GPR119, GPR55, peroxisome proliferating activated receptor 𝛼 (PPAR	𝛼), and PPAR	𝛾 

(44,58,59).  

The endocannabinoid system 

The endocannabinoid system (ECS) includes CB receptors, cannabinoid enzymes, and 

endocannabinoids. Endocannabinoids are mostly represented by arachidonoyl ethanolamine, or 

anandamide (AEA), and 2-arachidonoylglycerol (2-AG), which are derivatives of membrane 

phospholipids (31,49) and are produced by multiple pathways. Thus, inhibiting enzymes that 

participate in their synthesis will not always result in changes in endocannabinoid levels and may 

affect the amounts of other cell mediators (60,61). Endocannabinoids are synthesized from the cell 

membrane’s phospholipids on demand due to the intracellular calcium elevation. Both 

endocannabinoids, AEA and 2-AG, signal through GPCRs, ion channels (TRPs), and nuclear 

receptors (PPARs) (62). PPARs are the subfamily receptors that act with retinoic X receptors of 

the nuclear hormone receptor superfamily, regulating the expression of target genes by binding to 

peroxisome proliferator response elements in the genes (63). 

1.1.3. Cannabinoids in the gastrointestinal tract 

Both types of CB receptors are present within the gut but with various expression levels 

and different distribution in epithelial cells, lamina propria, smooth muscle cells, and enteric 

nervous plexuses. Importantly, the expression of cannabinoid receptors and endocannabinoid 

system vary in whether tissue is intact or diseased (64). 

In the gastrointestinal tract (GIT), the CB1 receptors are mainly present in excitatory motor 

neurons, interneurons, and intrinsic primary afferent neurons (65). Additionally, the 

endocannabinoid system takes part in neuronal proliferation, differentiation, axon guidance, and 

synaptogenesis in many organs in embryonic and early postnatal periods, including large intestines 

(66). On the contrary, CB2 receptors are expressed by subepithelial immune cells such as 

macrophages and plasma cells, while they are usually absent in normal epithelial cells of the 

intestinal mucosa (67). Interestingly, the CB1 expression is higher in the epithelial cells of the 
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crypts, goblet cells, and absorptive cells of the apical surface. The CB2 are expressed at the higher 

levels in Paneth cells (64). Another study showed that both CB1 and CB2 receptors are highly 

expressed in enteric nervous plexuses, especially myenteric and submucosal (68). Additionally, 

endocannabinoids AEA, acylethanolamide, and OEA are ligands for TRVP1 receptors (69). The 

highest density of TRVP1 is in myenteric plexus and interganglionic fibers (70). 

GIT maintains the endogenous regulation of the ECS according to its needs (71). 

Endocannabinoids AEA and 2-AG are synthesized on demand from membrane lipids by 

intracellular calcium influx (72). ECS plays an essential role in maintaining the GIT homeostatic 

function by ECS maintaining epithelial integrity, interactions with gut microbiota (73), and 

suppresses chronic stress-induced visceral hyperalgesia (74). Typically, 2-AG and 

palmitoylethanolamide (PEA) - another endocannabinoid - are the “gatekeepers” of the intestines. 

Their actions are achieved by increasing intestinal barrier functions. On the other hand, AEA can 

work as a “gate opener” (73) that increases intestinal permeability. 

1.1.4. Changes in the cannabinoid system in CRC 

Intact enterocytes express CB1 receptors; however, during intestinal inflammation or 

carcinogenesis, levels of CB1 receptors progressively decrease due to CpG island 

hypermethylation of the CB1R promoter’s transcription sites (67). In contrast, CB2 receptors 

expression increases, which in some cases is associated with poor prognosis of CRC patients (67). 

Wang et al. (2009) performed experiments on 10 CRC cell lines (HCT-116, HT-29, LS-174T, SW-

480, Colo-201, DLD-1, Caco-2, HCT-15, HCA-7, LoVo) showed that HCT-116, HT-29, and LS-

174T have low CB1 expression. In the SW-480 cell line or normal colon tissues, there was no CB1 

receptor change. Additionally, CB1 receptor loss was indicated in 8 out of 13 human tumor 

samples, showing that in human biopsies of the second and third grade of CRC, there was a loss 

of expression of CB1 receptors, often via CpG island promoter hypermethylation (26). The 

transcriptome analysis of 566 CRC patients showed a reduction of CB1 expression in the TNM-I 

stage. However, with the disease's progression, CB1 expression was again elevated. In contrast, 

GPR55 expression decreased with disease progression compared to healthy colon samples (45). 

Moreover, CpG methylation of the CB1 promoter site was hypomethylated in most healthy 

intestinal tissues and CRC patients – a cohort of 86 (45). These findings suggest that translational 

regulation of miRNAs may be the critical point of CB1 receptor expression changes in CRC 

patients (45). Additionally, CB1-deficient APC-mutated mice had 2.5–3.8-fold elevated polyp 
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formation compared to the control mice (75). However, the deletion of CB2 receptors did not 

significantly affect the formation of preneoplastic intestinal lesions in animal models (75). The 

DLD-1 CRC xenograft model had higher CB2 levels of expression, and treatment with CB2 

agonist such as N-cyclopentyl-7-methyl-1-(2-morpholin-4-ylethyl)-1,8-naphthyridin-4(1H)-on-3-

carboxamide (CB13) significantly decreased tumors in size (188). 

The study provided by Tutino et al. (2019), which involved samples from 59 CRC patients, 

showed low expression of CB1 receptors in primary tumors and adjacent mucosa, especially in 

those with diagnosed metastatic disease. In metastatic CRC, downregulation of CB1 expression 

was associated with decreased p38/MAPK and ERK1/2 signalling in both tumor tissue and 

adjacent normal mucosa. Additionally, there was significant upregulation of the pro-survival AKT 

pathway in the same samples, especially in the surrounding tumor tissues that were intact. 

Moreover, patients with metastatic disease had significantly lower levels of Bcl-2-associated-X 

protein (BAX), which is responsible for the stimulation of apoptosis (27). 

Some studies showed that CB receptor expression changes play a pro-cancer role in colon 

carcinogenesis (78–80). Analyses of CRC samples (both tumor front and interior) for CB1 

expression from 487 patients that underwent surgical resection showed that the levels of CB1 

presence are associated with tumor grade. Additionally, the authors suggested that high CB1 

expression is associated with poorer prognosis in stage II microsatellite stable tumors (79). The 

data comparison set included gender, tumor site, radiotherapy, stage, tumor differentiation, type, 

microsatellite stability, lymphocyte infiltration, and frequency of tumor aggregates at the invasion 

front. Surprisingly, the significant differences associated with CB1 receptor expression were 

histological tumor grade and microsatellite stability. In both tumor front and center samples, the 

CB1 receptor expression was higher in patients with moderate-poorly/poorly differentiated 

microsatellite-stable CRCs (79). One of the explanations for the relationship between poor 

patients’ prognosis and high CB1 expression was proposed by studies on glioblastoma cell lines 

(80). This study suggested that at low levels of expression, CB receptors are mainly coupled with 

ERK, thus, their activation caused apoptosis. It was also shown that high CB1 expression could 

cause additional AKT signalling activation that switches proapoptotic signalling to survival 

mechanisms. Endocannabinoid levels could protect intestinal mucosa from damage; however, they 

may also exacerbate cancer cell survival (79). Thus, alterations in CB receptor expression can be 

used as a prognostic marker in different molecular subtypes of CRC. 
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The data provided by Hasenoehrl et al. (2018) showed that cannabinoid receptor GPR55 

activation has pro-cancer effects by stimulating tumor invasiveness and promoting metastatic 

potential (45). Moreover, there is evidence that blocking GPR55 with CBD activates MAPK/p53 

signalling and stimulates ERK1/2, which can cause apoptotic cell death (81). GPR55 is a G𝛼12/13 

and Gq lysophosphatidylinositol type of receptor, stimulating proliferation, invasion, and 

angiogenesis of cancer cells (82,83). GPR55 can activate a cascade of reactions involving calcium 

mobilization (84), ERK1/2 phosphorylation (85), adhesion, and migration of colon cancer cells 

that may lead to liver metastasis (86). Besides cancer cells, GPR55 is expressed by macrophages, 

neutrophils, and lymphocytes (82,87,88). 

The research performed by Raup-Konsavage et al. (2018) showed the sensitivity of 

different molecular subtypes of CRC cell lines (SW480, SW620, HT-29, DLD-1, HCT-116, LS-

174T, RKO) to 370 different cannabinoid compounds (25). It was found that cell lines SW480, 

SW620, HT-29, and DLD-1 had APC mutations and HCT-116 and LS-174T had activating 

mutations in CTNNB1, the 𝛽-catenin encoding gene. SW620 is derived from lymph metastases. 

The identified synthetic cannabinoids that suppressed CRC cell viability most effectively were – 

HU-331; CP 55,940; 5-epi-CP 55,940; CP 47,497; 3-epi-CP 47,497 C-8 Homolog; CP 47,497 C-

8 Homolog; PTI-1; PTI2; and NPB-22. The selected compounds did not work through canonical 

signalling, including CB1, CB2, GPR55, and TRPV1 (25). The most significant result was the cell 

lines with APC mutations (SW480, HT-29, DLD-1). They were more sensitive to CBD than the 

cells mutated in the 𝛽-catenin pathway (HCT-116, LS-174T) (25). These results suggest that 

various molecular subtypes of CRC may react differently to cannabinoid treatment and that the 

antitumor action of cannabinoid compounds is not always CB1- or GPR55-dependent. 

Because of the high variety of receptors that are involved in cannabinoid effects on cancers, 

we did not prioritize the action of specific receptors on tested colorectal cancer cell lines. In this 

work, we focused more on the effects of treatment combinations on colorectal cancer cell lines 

with different genetic landscapes. However, to better understand the pathways affected, the next 

step would be to evaluate the expression and activation of various cannabinoid receptors under the 

chosen most effective treatments.  

1.1.5. Molecular mechanisms of anti-CRC effects of cannabinoids 

Over the recent years, multiple experimental data have provided evidence of the 

antioncogenic impact of cannabinoids on CRC (35,76,78,89–91). Phytocannabinoids reduce CRC 
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cell growth by multiple mechanisms of action (35,71,76,91,92), which are discussed in this 

subsection (Figure 1). 

Ceramide is a neutral lipid backbone of complex sphingolipids. Its de novo synthesis can 

be activated by chemotherapy, ionizing radiation, and enzyme sphingomyelinase. Ceramide action 

is specific to its carbon chain lengths (93,94). Ceramide can trigger apoptosis and inhibit cancer 

cell proliferation by causing cell cycle arrest. It can also activate autophagy in cancer cells. The 

main pathways in ceramide interaction are protein phosphatase 2A, p38/MAPK, JNK, AKT, 

protein kinase C, and survivin (95). Some cancers upregulate ceramide-degrading enzymes to 

avoid death or even promote mutagenicity (95). 

One of the best-explained anticancer mechanisms of cannabinoids is activating the de novo 

synthesis of ceramide via CB receptor activation (76,96). Due to the intensive synthesis of 

ceramide, the production of ROS is enhanced, leading to the ER stress response. Next, ER stress-

related signalling events may cause CRC cell death. First, eukaryotic translation initiation factor 

2𝛼 (eIF2𝛼) is downregulated, decreasing the global translation of proteins. Simultaneously, the 

C/EBP homology protein (CHOP) is activated. It acts on pseudokinase tribbles-homologue 3 

(TRIB3), which stimulates the release of proapoptotic BAD and BAX proteins (97). Moreover, 

AKT is downregulated by CHOP. AKT inhibition causes major intracellular changes, such as the 

downregulation of the mammalian target of rapamycin (mTOR) and the activation of autophagy. 

In addition, AKT can directly activate caspase 3 and caspase 9 and stimulate G1 cell cycle arrest 

through cyclin-dependent kinase inhibitors, such as p21 and p27. The anti-tumor mechanism of 

cannabinoids also involves the upregulation of AMP protein kinase (AMPK), which, along with 

low mTOR, strongly stimulates the macroautophagy of CRC cells (35,36,76,81,98–100). 

Cianchi et al. (2008) performed a study regarding CB receptor expression in human 

specimens (24 samples of primary sporadic adenocarcinoma and adjacent tissues), DLD-1, and 

HT-29 CRC cell lines, which showed CB1 expression mainly in normal colonic epithelial tissue 

samples (76). In addition, the tumor tissues highly expressed CB2 receptors. The activation of CB1 

by the synthetic agonist arachinodyl-2’-chloroethylamide and the CB2 agonist CB13 caused the 

stimulation of apoptosis by de novo ceramide synthesis in intestinal cancer cells. This study also 

showed that TNF-α connects CB receptor activation and ceramide synthesis in CRC cell lines, 

which activate apoptosis. CB1 receptor activation elevates intracellular ceramide levels via 

sphingomyelin hydrolysis by coupling with factors associated with neutral sphingomyelinase 
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activation that bind to TNF receptors, resulting in sphingomyelin breakdown and ceramide de novo 

production (76,101). This signalling is antiproliferative and proapoptotic to CRCs (76). 

Chen et al. investigated the connection between cannabinoid signalling and ceramide. They 

described the profiles of the main endocannabinoids AEA and 2-AG, ceramides, free fatty acids, 

and the critical enzymes of cannabinoid metabolism in 47 pairs of human CRC samples and 

adjacent non-cancerous tissues (90). Results showed that AEA and its metabolite, arachidonic acid, 

are elevated in CRC tissues and are mainly associated with lymphatic node metastases. In the CRC 

samples, the ceramide levels have different expression patterns, with elevated C16 and C24 and 

decreased C18 and C20. In addition, the mRNA levels of NAPE-PLD, FAAH, and ceramide 

synthases, such as CerS2, CerS5, and CerS6, are higher in cancer tissues (90). Other experiments 

have shown that C16 and C24 ceramides promote apoptosis of CRC cells (102,103). In summary, 

elevated levels of AEA, ceramides, and CB1 receptors have been shown to have protective effects 

against colon carcinogenesis (90). 

In CRCs, the RAS-MAPK pathway is overactivated, with KRAS and BRAF being 

overexpressed in approximately 50% and 15% of cases (104,105). PI3K/AKT signalling is 

upregulated in almost 40% of colon malignancies (106). This makes these pathways relevant in 

our research due to their changes in CRC and the fact that they are affected by the action of 

cannabinoids.  

In 2007, Greenhough et al. (2007) reported that in vitro THC-treated adenoma (AA/C1, 

AN/C1, BH/C1, RG/C2, AAC1/SB/10C) and CRC (SW480, HCT-15, HT-29, Caco2, HCT-116, 

LS-174t, SW620, and JW2) cell lines induce apoptosis via proapoptotic BAD activation by its 

dephosphorylation on serine 112 and 136 (35). These effects are achieved by inhibiting the major 

cancer survival pathways—RAS/MAPK, ERK1/2, and PI3K/AKT via CB1 receptor activation 

(35). However, THC does not affect p38/MAPK and JNK signalling (35). The provided data 

showed that the induction of CB1, but not CB2 receptors, by THC can result in CRC cell death 

(35). On the contrary, glioblastoma and lung carcinoma cell line treatment with nanomolar 

concentrations of THC may even promote cancer cell growth, which depends on metalloproteinase 

and EGFR activity. EGFR receptor signalling is the mechanistic link with cannabinoid receptors. 

It can activate the pro-survival AKT pathway via the shedding of pro-amphiregulin and pro-

heparin-binding epidermal growth factor-like growth factor by the TNF-α converting enzyme 

TACE/ADAM17. The experimental results showed that THC leads to the phosphorylation of 
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EGFR, the phosphorylation of adaptor protein Src homology 2 domain-containing, and the 

subsequent activation of ERK1/2 and AKT/PKB pathways. EGFR transactivation with CB1/2 

receptors requires EGFR tyrosine kinase and metalloproteinase activity. As a result, higher THC 

concentrations can induce apoptosis in multiple cell lines, although THC can accelerate cancer cell 

progression in nanomolar concentrations (107). 

CBD is a partial agonist of CB1 and CB2 receptors (108,109); it stimulates TRPV1, 

TRVP2, 5-HT1A, and PPAR𝛾, inhibits GPR55, and increases endogenous AEA concentration by 

blocking its hydrolysis (110). One of the best-described anticancer effects of CBD is the activation 

of NOXA, suppressing mTOR/AKT signalling and MAPK pathways (91). Recent studies on HCT-

116 and DLD-1 CRC cell lines indicated that CBD could induce apoptosis via the significant 

upregulation of NOXA-ROS signalling (91). ROS can induce ER stress by triggering unfolded 

protein response (UPR) (111,112). The ER stress can stimulate UPR to restore protein 

homeostasis. UPR is guided by the signalling proteins inositol-requiring protein-1𝛼	(IRE1𝛼), 

protein kinase RNA-like ER kinase (PERK) and activating transcription factor 6 (ATF6). Usually, 

PERK and ATF6 are kept inactive by binding to the binding immunoglobulin protein (BIP) 

chaperone. IRE1𝛼 is activated directly under unfolded proteins and then starts to accumulate. 

When UPR is activated, all three proteins are signalled to increase the levels of chaperones, 

decrease translation, and transport misfolded proteins back into the cytosol for ubiquitination and 

subsequent degradation (112). In CBD-treated CRC cells, the expression of the stress-related ER 

gene is decreased, with further activation of NOXA (91). Activating transcription factor 3 (ATF3) 

and ATF4 may be involved in CHOP and NOXA stimulation (113). Adding CBD stimulates ER 

response, resulting in ATF3 and ATF4 binding directly to the ATF/cAMP response element in the 

NOXA and CHOP promoter region (91). As a result, NOXA migration into mitochondria causes 

the release of cytochrome c, the further activation of caspase 3, caspase 8, and caspase 9; the 

cleavage of PARP, and the initiation of apoptosis in CRC in vivo and in vitro models (91). In 

addition, CBD may enhance the phosphorylation of p38 stress protein kinase, eventually leading 

to apoptosis (92). 

The combination of CBD with TNF-related inducing apoptosis ligand (TRAIL) causes a 

synergistic effect of the two molecules on CRC in vivo. CBD treatment activates ER stress 

response with CHOP release and phosphorylated protein kinase RNA-like ER kinase (PERK). In 

addition, CBD stimulates the expression of molecules responsible for the extrinsic apoptotic 
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pathway by stimulating DR5 expression. The addition of 4 𝜇M CBD to 10 ng/mL TRAIL 

potentiates the effect of TRAIL by sensitizing CRC cells to undergo TRAIL-induced apoptosis in 

a xenograft mouse model (114). Moreover, CBD suppresses the expression of apoptosis (IAPs) 

inhibitors c-FLIP and survivin (114). IAPs are a group of antiapoptotic molecules that suppress 

caspase activity (115). One of the IAPs, survivin, is overexpressed in merely every tested tumor 

and may serve as a promising target molecule for CRC treatment (116). CBD may exhibit a 

protective role against CRC by stimulating CB1 receptors, which causes the inhibition of cAMP-

dependent protein kinase. This process leads to the reduction of the cdc2 (Wee1/cdc25C-cdc2 

cascade), which leads to the destabilization of survivin, the activation of caspase 3, and apoptosis 

(26). These findings show that cannabinoids can become efficient preventive agents in canonical 

molecular subtypes of CRCs (26). 

Extracellular vesicles are classified into exosomes, microvesicles, and apoptotic bodies 

(117). Exosomes and microvesicles mediate intercellular communications by carrying molecules 

from parental cells to recipient cells. These lipid-bilayer vesicles can affect the physiology of 

cancer cells' migration, differentiation, and angiogenesis (118–120). The vesicular release is 

regulated by membrane receptors, apoptotic signals, and intracellular calcium release (121). It was 

shown that apoptotic bodies could transfer oncogenes horizontally, resulting in cancer cell survival 

(122). Thus, tumor-derived exosomes prepare a pre-metastatic niche in specific organs (123). 

Kosgodage et al. (2018) showed that CBD could inhibit cancer-derived extracellular vesicle 

release in a dose-dependent fashion. The effect is associated with alterations in mitochondrial 

functions, the modulation of STAT3 signalling, and changes in prohibitin expression (124). As a 

result, CBD may sensitize cancer cells to chemotherapy drugs by altering the biogenesis of 

extracellular vesicles (124). 

Autophagy is the self-consumption mechanism that eliminates intracellular waste, 

attenuates stressful factors, and exhibits anti-carcinogenic effects (125). One of the conventional 

chemotherapy drugs used in CRCs is oxaliplatin, which causes the formation of DNA crosslinks, 

usually between guanines and guanine-adenine, effectively killing cancer cells (126). However, 

40% of patients with CRC may develop resistance to it (127). Jeong et al. (2019) showed that CBD 

could overcome oxaliplatin resistance by activating autophagy and inhibiting superoxide 

dismutase 2, a main antioxidant enzyme within a cell (128). Moreover, the authors observed 

decreased phosphorylation of nitric oxide synthase 3 (NOS3), resulting in reduced NO and ROS 
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production (128). The study suggested that NOS3 phosphorylation is indispensable for developing 

oxaliplatin resistance. Oxaliplatin resistance can be overcome by adding CBD to the treatment, 

which results in autophagy-mediated cell death and the formation of free radicals by dysfunctional 

mitochondria in resistant cells (128). Combined CBD treatment with oxaliplatin causes the 

activation of the microtubule-associated protein 1A/1B light chain 3B and the increased expression 

of p63 (128). These markers are commonly used to assess autophagy (129). In addition, the 

combination of CBD and oxaliplatin decreases the number of mitochondria in the resistant cells 

and reduces the levels of cardiolipin and NADH dehydrogenase 1𝛼 subcomplex subunit 9 

(mitochondrial complex I), resulting in abnormal oxidative phosphorylation and autophagy-

mediated cancer cell death (128). This data was one of the reasons why we decided to combine 

platinum drug cisplatin with cannabinoids. Other studies regarding drug resistance and 

cannabinoids indicated that THC, CBD, and CBN could inhibit ATP-binding cassette family 

transporters, P-glycoprotein, and the breast cancer resistance protein (BCRP) (130), resulting in 

the potential chemosensitizing effect of cannabinoids in resistant CRCs (131–133). 

Cannabinoids can inhibit the invasion and metastasis of cancer cells by downregulating 

vascular endothelial growth factor (VEGF), matrix metalloproteinase 2 (MMP2), MMP9, and the 

adhesion molecule E-cadherin (134). In a xenograft and AOM model of colon carcinogenesis, 

Pagano et al. (2017) showed that 2-AG and MAGL, a serine hydrolase that degrades 2-AG, are 

highly expressed in aggressive colon cancers. The inhibition of MAGL by URB602 decreases 

xenograft tumor volume by downregulating VEGF and fibroblast growth factor-2 (FGF-2). This 

study has shown that 2-AG exerts an anti-tumor effect on colon cancer via the inhibition of 

angiogenesis (VEGF) and cell proliferation (cyclin D1). Moreover, in a mouse AOM model of 

colon carcinogenesis, URB602 attenuates the formation of preneoplastic lesions, such as polyps, 

thus supporting the chemopreventive role of endocannabinoid 2-AG in CRC (134). The in vitro 

experiments provide evidence that 17𝛽-estradiol stimulates CB1 expression via the activation of 

the estrogen receptors ER𝛼 and ER𝛽 in the primary tumor CRC cell lines DLD-1 and HT-29 and 

the lymph node metastatic cell line SW620. The authors suggested the antiproliferative effect of 

estrogens on primary and metastatic CRCs via interaction with polyamine and growth factors in 

the tumor (134,260). 

In another study, the strong antiangiogenic effect of the cannabinoid-like compound LYR-

8 was demonstrated on a xenograft model using chorioallantoic chick membranes. The mechanism 
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behind cannabinoid action is the suppression of VEGF, COX-2, and hypoxia-inducible factor 𝛼 

(HIF	𝛼) (136). One of the synthetic cannabinoids, HU-311, a quinone of CBD, shows 

antiangiogenic effects by stimulating apoptosis in endothelial cells and inhibiting topoisomerase 

II (137). Some experiments have also demonstrated that 12 𝜇M CBD may induce the migration of 

HUVECs. CBD inhibits MMP 2, MMP 9, and tissue inhibitor of metalloproteinase 1, which results 

in the suppression of cell motility and the invasion of endothelial cells; also, CBD inhibits 

urokinase-type plasminogen activator (uPA) and serpin E1/plasminogen activator inhibitor 1, 

which are involved in the degradation of the extracellular matrix and contribute to cancer cell 

invasiveness. Moreover, CBD downregulates HIF1𝛼 in U87 cells, which suggests the suppression 

of cell survival, motility, and angiogenesis (138); endothelin 1, PDGF-A (139); and the reduction 

of STAT5-induced vasorelaxation (138,140). In addition, the antimetastatic action of CB receptor 

agonists have been shown on SW480 cell lines. AEA, HU-210 (non-selective CB agonists), and 

docosatetraenoylethanolamide (CB1 selective agonist) suppress the norepinephrine-induced 

migration of human CRC cells (77,141). 

Overall, we observe a tremendous variety of the anti-cancer mechanisms of cannabinoids 

in different tumors. It was one of the reasons why we looked at the mRNA expression in CRC cell 

lines to better understand the entire picture of cannabinoids’ antiproliferative effects. Despite the 

existence of substantial data on anticancer effect of cannabinoids in preclinical studies, we decided 

to test combination of cannabinoids with conventional chemotherapeutics such as cisplatin. The 

rationale behind it would be the insufficient clinical data regarding cannabinoid action on CRC 

and no data on combination of the treatment with chemotherapy drugs. Moreover, clinical 

protocols involve platinum drugs for multiple cancer treatments and many patients ingest cannabis 

for symptom relief. It would be relevant to test if cannabinoids may affect the action of platinum 

medications in a synergistic or antagonistic way.  
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Figure 1. The effects of cannabinoids on colorectal cancer. See text for 

discussion. Created with BioRender.com  

Abbreviations: AMPK – AMP kinase; ATF4 – activated transcription factor 4; AKT – protein kinase B; CBR – 

cannabinoid receptor; cdc2 – cell division control 2; cAMP PK – cyclic AMP protein kinase; CBD – 

cannabidiol; CHOP – C/EBP homologous protein; DR5 – death receptor 5; eIF2𝛼 – eukaryotic initiation factor 

2𝛼; ERK1/2 – extracellular regulated kinase 1/2; FGF2 – fibroblast growth factor 2; GPR55 – G protein 

coupled receptor 55; HIF	𝛼 – hypoxia inducible factor 𝛼; ICAM-1 – intercellular adhesion molecule 1; IFN-𝛾 – 

interferon 𝛾; IL-1 – interleukin 1; IL-8 – interleukin 8; IL-10 – interleukin 10; MAPK – mitogen-activated 

protein kinase; MMP 9 – matrix metalloproteinase 9; STAT-5 – signal transducer and activator of transcription 

5; mTOR – mammalian target of rapamycin; PDGFA – platelet-derived growth factor A; PGE2 – 

prostaglandin 2; PI3K – phosphoinositide-3 kinase; TNF-𝛼 – tumor necrosis factor 𝛼; TRAIL – Tumor 

necrosis factor-related apoptosis-inducing ligand; TRIB3 – tribbles homolog 3; VEGF – vascular endothelial 

growth factor. 

1.1.6. Cisplatin in cancer therapy 

Mechanism of cisplatin’s action 
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The potential application of cisplatin (cis-dichlorodiammineplatinum II) as a 

chemotherapy agent arose when Rosenberg et al., 1965 (142) observed that the products of 

platinum mesh electrodes inhibited the growth of E. coli. FDA first approved cisplatin in 1978 

(143) then, it has shown effectiveness in fighting different types of cancer, including cancers of 

the ovaries, testes, head and neck cancers, sarcomas, CRC, and many other types of tumors (144). 

Cisplatin is used in multiple combination therapies with paclitaxel, tegafur-uracil, doxorubicin, 

gemcitabine, and vitamin D (145). Unfortunately, any chemotherapy, including cisplatin, has a 

narrow therapeutic window and multiple adverse effects. The main side effects of cisplatin are 

nephrotoxicity, nausea, and vomiting (146,147).  

The cytotoxic effects of cisplatin start once it enters the cell. Water molecules substitute 

the chloride ions from cisplatin. Next, the formed electrophile reacts with sulfhydryl groups on 

proteins and nitrogen donor atoms on nucleic acids, which leads to DNA crosslinks of purine bases 

with cisplatin causing DNA damage and apoptosis (144).  

Cancer cells are adapted to higher oxidative stress conditions due to increased metabolism 

and mitochondrial dysfunction. Cisplatin induces oxidative stress mainly in mitochondria, causing 

membrane potential reduction (148). The formation of ROS under cisplatin treatment depends on 

intracellular redox homeostasis maintained by thiol group (-SH) molecules. Under cisplatin 

exposure, a thiol group can form thiyl radicals that interact with molecular oxygen and produce 

ROS, which consequently causes apoptosis (149). In low intracellular concentrations of Cl ion, 

cisplatin may hydrolyze into monoaqua and diaqua forms that are 1000 times more reactive than 

cisplatin. These forms can uncouple oxidative phosphorylation and result in Ca release from 

mitochondria, which eventually contributes to the activation of apoptosis (150). Cannabinoids 

could possibly potentiate the effects of cisplatin on oxidative phosphorylation. This could be one 

of the rationales for combining two treatments together. 

Additionally, cisplatin can affect antioxidant systems such as glutathione (GSH), leading 

to its nephrotoxic effect (151). Another mechanism of cisplatin action is the activation of the 

MAPK pathway via ERK. However, due to cisplatin-mediated activation of DNA-damage 

response, activation of ERK may lead to cell cycle arrest via p21, which allows the cell to repair 

DNA damage (152).  

The ability to generate DNA crosslinks culminates in activating cell cycle checkpoints. 

Cisplatin temporarily induces S phase arrest facilitated with p16. G2/M cell cycle arrest is more 
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prominent due to potent inhibition of Cdc2-cyclin A or B kinase. Cisplatin also activates ATM 

and ATR, which causes the phosphorylation of the p53 protein. Cisplatin-induced ATR activation 

results in the upregulation of CHK1 kinase and directly CHK2, which is independent of ATM. 

One of the major cascades activated by ATR is MAPK. MAPK signalling cascade includes ERK, 

JNK, SAPK, and p38, which regulate cell proliferation, differentiation, cell survival, and apoptosis 

(153), with ERK being one of the most prominent inducers of apoptosis (154). 

As already mentioned, one of the crucial pathways of cisplatin-induced apoptotic death is 

the activation of p38 MAPK, which causes transcription of PUMA and NOXA through p53 

activation (155,156). Hayakawa et al. (2000) (157) demonstrated that cisplatin-induced DNA 

damage leads to the phosphorylation of BAD via the prosurvival AKT pathway. Later studies have 

also shown that BAD protein was phosphorylated with the help of ERK cascade under cisplatin 

treatment (158). Inhibition of AKT or ERK cascades caused sensitization of ovarian cancer cells 

to cisplatin (157). These mechanisms are also commonly affected by cannabinoids, which could 

justify the attempt to combine the treatments with seeingto see if we could achieve synergistic 

interaction on CRC cells. 

Resistance to cisplatin 

Sadly, resistance to cisplatin is a common phenomenon. According to Zahid, 2003, there 

are multiple mechanisms involved in inhibiting apoptosis in cisplatin-resistant tumor cells, which 

include increased efflux transporter, uptake defects, increased drug inactivation, HER-2/neu 

overexpression, defect in mismatch repair (MMR), enhanced activity of PI3K/AKT, H-Rras 

overexpression, deregulation of MAPK pathway, increase in DNA damage tolerance, increase in 

replicative bypass, increase in DNA repair, suppressed caspase activity, increase in Bcl-2 or Bcl-

xL, downregulation of Bax or Bad, reduced Fas expression, and finally, loss of p53 function (153). 

Nucleotide excision repair is a major pathway for removing cisplatin DNA adducts and DNA 

damage repair. The basal activity of the PI3K /AKT pathway facilitates the induction of p21 under 

cisplatin action in a p53-dependent fashion (159). AKT may also attenuate Mdm2 phosphorylation 

and downregulation of p53, which can assist in resistance to cisplatin (160). Additionally, AKT 

can be upregulated by XIAP, which causes inhibition of caspases resulting in cell survival (161). 

Due to similar molecular targets between cisplatin and cannabinoids, we decided to test 

whether combining cisplatin and cannabinoids could act in synergy. This would allow to widen 
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the therapeutic window of cisplatin, maintain its cytotoxic effects on cancer cells yet reduce 

potential adverse effects.  

1.1.7. Serum starvation and cisplatin 

It was shown that serum starvation sensitized cancer cells to cisplatin while protecting 

normal cells. In normal cells, serum starvation caused cell cycle arrest in G0/G1 phase due to 

p53/p21 activation, which depended on AMPK but not on the activation of ATM. In cancer cells, 

serum starvation-activated p53 was both AMPK- and ATM-dependent. Furthermore, the 

combination of cisplatin with serum starvation led to the activation of the ATM/CHK2/p53 

pathway, compared to cisplatin alone, which indicated that the combination therapy sensitized 

cancer cells to chemotherapy. As a result, short-term starvation sensitized tumor xenografts to 

cisplatin, as indicated by significant tumor growth delay and the induction of complete remission 

in 60% of mesotheliomas and 40% of lung carcinoma xenografts. Thus, combining starvation with 

cisplatin may enhance the therapeutic index of cisplatin-based chemotherapy (162).   

1.1.8. Intermittent fasting and cancer 

Humanity has been practicing fasting for centuries. However, only recent years' discoveries 

have shown the health benefits of simple time-adapted food consumption and calorie deprivation. 

Fasting helps reprogram cellular stress-related adaptation mechanisms and energy metabolism and 

boosts cellular defence mechanisms. It was shown in animal models that intermittent fasting (IF) 

could protect against diabetes mellitus, cardiovascular pathologies, neurodegeneration, and cancer. 

Recent human trials showed that IF helps fight obesity, hypertension, asthma, and rheumatoid 

arthritis. Fasting may expand the lifespan of bacteria, yeast, worms, and mice (163–166).  

Research showed that serum starvation in vitro and short-term food starvation in vivo 

reduced levels of growth factor stimulation (167–169). In normal cells, the depletion of growth 

signals decreases the activity of proliferation-stimulating signalling and reduces metabolism (170). 

However, in cancer cells, starvation increases cellular stress due to their metabolism 

reprogramming to maintain continuous proliferation (171) and activates the DNA damage 

response (162).  

Fasting has shown potential in the prevention and treatment of cancer. In rodent models 

and humans, fasting for 2 or 5 days can lead to more than 50% decreased insulin growth factor 1 

(IGF-1), around 30% decreased glucose levels and an almost 10-fold increase in IGF-1 binding 

protein (172–176). Elevated levels of IGF-1 have been associated with certain types of tumors 
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(177,178). It was shown that IGF-1 and other hormones and growth factors might regulate energy 

metabolism, cell proliferation, and differentiation in response to calorie and protein availability 

(179–181). IGF-1 has a tumorigenic effect on cancer cells by stimulating proliferation and 

inhibiting apoptosis (179,182). IGF-1 can reduce Ras, Akt/mTOR and MAPK signalling. These 

endocrinological changes cause the expression of hundreds of genes, leading to decreased 

proliferation and increased stress resistance. Multiple oncogenic pathways play a role in decreased 

stress resistance in cancer cells, which results in their inability to switch into a stress-protective 

mode (183). The reduction of IGF-1, insulin, and glucose levels could lead to the activation of 

protective mechanisms in cells, decreasing DNA damage and creating an unfavorable environment 

for carcinogenesis. 

Adding serum deprived of IGF-1 protects human cells from oxidative DNA damage. 

However, once the DNA became damaged, cells were more likely to activate apoptosis (184). In 

mice models, short-term fasting protected normal cells while sensitizing malignant cells to 

chemotherapy drugs. This depends on reduced levels of IGF-1 and glucose. Interestingly, only the 

complete short-term protein deficiency reduced IGF-1 levels. Short-term 50% calorie restriction 

combined with protein deficiency or a ketogenic diet improved chemotoxicity resistance (185).  

Another animal study, including fasting, showed that alternate-day fasting in mice reduced 

the incidence of lymphomas (186). The same study also presented that the significant reduction in 

the formation of ROS in mitochondria was associated with the upregulation of superoxide 

dismutase (SOD) activity (186). Fasting 1 day a week could delay spontaneous tumorigenesis in 

p53-deficient mice (187). The mechanism of cancer delay was p53-independent, and IGF-1 

related. These studies identified possible energy balance interventions in humans to prevent cancer 

development (187). However, refeeding may cause abnormally high cell proliferation (188). In 

some mice models, periodic fasting can be as effective as chemotherapy (175). Periodic fasting 

may also sensitize some tumors to chemotherapy medications because, in contrast to normal cells, 

cancer cells cannot adapt to fasting due to the accumulation of mutations responsible for cell 

growth enhancement in normal environmental conditions called differential stress sensitization 

(175).  

Lee et al. showed that short-term cycles of starvation could protect normal cells from 

chemotherapy-induced side effects (175). In their study, starvation sensitized RAS2 expressing 

yeast cells to oxidative stress and 15 of 17 tested mammalian cancer cell lines to chemotherapeutic 
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drugs. Cycles of fasting were as effective as chemotherapy alone in delaying tumor progression 

and increased chemotherapy sensitivity in melanoma, glioma, and breast cancer cells. The 

combination of fasting cycles with chemotherapy resulted in long-term cancer survival in mouse 

models of neuroblastoma. Moreover, starvation of the breast cancer cell line increased the 

phosphorylation of AKT and S6 kinases, stimulating oxidative stress and DNA damage, which 

resulted in apoptosis. The differential stress resistance during fasting may be attributed to the 

redistribution of energy from growth and proliferation into protection and maintenance in normal 

but not in cancer cells (189) due to different regulations of mTOR signalling in cancer cells (190). 

These results may indicate that multiple cycles of starvation that stimulate differential stress 

sensitization of cancer cells could potentially find their way into clinical practice (175).  

In metastatic animal models, the combination of fasting and chemotherapy resulted in 20-

60% cancer-free survival compared to chemotherapy or fasting alone (162,175). Additionally, 

studies on neuronal protection showed that IF might boost antioxidant defence and heat shock 

proteins and decrease levels of proinflammatory factors such as TNF-a, IL-1b, and IL-6 (191). 

Thus, inhibition of the mTOR pathway, activation of autophagy, and ketogenesis also benefit the 

human body, which would help fight cancer (192,193).  

Despite the notable cytotoxic effects of fasting in animal models, few human trials were 

studying fasting effects in cancer patients. The clinical trial that involved ten subjects with different 

malignancies reported that fasting during chemotherapy reduced common chemotherapy-induced 

side effects (194). Case studies where cancer patients voluntarily fasted before (48-140 hours) and 

after (5-56 hours) chemotherapy reported a reduction in fatigue, weakness, and gastrointestinal 

side effects caused by chemotherapy. Thus, fasting helped to ameliorate chemotherapy-induced 

side effects in cancer patients (194). 

Some of the literature indicated that shift work with nighttime eating was associated with 

higher risks of breast cancer (195,196). The prospective data analysis of breast cancer survivors 

with follow-up for seven years showed that patients who fasted less than 13 hours per night had 

an increased recurrence risk (197). According to Patterson et al. (2017), IF could influence 

metabolic regulation via circadian rhythms, gut microbiota, and modifiable lifestyle behaviour 

(198). 

Fasting also has a notable anti-inflammatory effect. As the study showed, alternate-day 

fasting significantly reduced levels of TNF-a and ceramides in asthma patients (199). As 
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previously mentioned, ceramides are released from membrane sphingomyelin in response to 

inflammation and oxidative stress. Johnson et al. provided evidence that markers of oxidative 

stress (protein carbonyls, nitrotyrosine, and 8-isoprostane), as well as TNF-a, BDNF, and 

ceramides C16:0, C18:0, C22:0, and C24:1 was significantly decreased in alternate-day caloric 

restriction trial, which suggests that this diet reduces inflammation and oxidative injury in asthma 

patients (199). There are a few mechanisms that could explain the results. First, during calorie 

restriction, there is a decrease in energy intake. Thus, the production of free radicals is decreased. 

Second, cells under fasting may respond by up-regulation of antioxidant systems to increase 

cellular stress resistance (199). The anti-inflammatory effect of fasting and increased ceramide 

production with the help of cannabinoids can be one of the joining pieces of the puzzle of how the 

combination of CBD and IF may synergistically interact with cancer cells but not on normal cells. 

1.1.9. Oncogenic and non-oncogenic stress in cancer cells 

There are a few types of stress encountered by the tumor cells. This includes metabolic, 

proteotoxic, mitotic, oxidative and stresses due to DNA damage.  

DNA damage happens when cancer cells pass through extreme genomic instability, 

generating multiple mutations, deletions, chromosomal rearrangements, and aneuploidy (200). 

These changes activate the DNA damage stress response pathway (201). Thus, mutations in DNA 

repair systems such as ATM and p53 cause increased rates of DNA damage, cell-cycle progression, 

and genomic instability (202). Proteotoxic stress can result from the aneuploidies often present in 

cancers (203), which can lead to the excessive formation of protein complex subunits and increased 

production of truncated proteins (202). Regarding mitotic stress, many tumors exhibit chromosome 

missegregation; such tumors have a name of a CIN phenotype. Cancer cells rely on stress-support 

pathways for proper chromosome segregation. Thus, they are more sensitive to catastrophic 

genomic instability in case of stress overload (204). 

In 1926, Otto Warburg discovered that cancer cells produce their ATP mostly via 

glycolytic pathway even when the oxygen supply is sufficient (205). Surprisingly, the mechanisms 

of the Warburg effect are still unclear. It was suggested that such adaptation allows cancer cells to 

divert resources for biosynthesis and reduce ROS production (206,207).  

As one of the major hallmarks of cancer is rapid proliferation, it often puts cancer cells to 

experience hypoxia and nutrient deprivation. However, due to low p53 levels, apoptosis is not 

induced as it would be in normal cells (208). The stimulation of the proliferation of cancer cells 
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requires an excess of nutrients in the environment because each passage through the cell cycle 

yields two daughter cells and requires a doubling of biomass (207). During cell division, activation 

of the glycolytic pathway provides ATP and intermediates needed for biosynthetic pathways, 

including ribose sugars, glycerol and citrate for lipids, amino acids and via pentose phosphate 

pathway, NADPH. Thus, the Warburg effect benefits bioenergetics and biosynthesis overall (207). 

The inhibition of the glycolytic pathway in cancer cells could lead to stress overload due 

to constant proliferative signalling from oncogenes (209). Cancer frequently encounters hypoxia-

reperfusion in its microenvironment leading to extreme ROS production, causing mitochondrial 

damage and apoptosis (210). Thus, tumors learned to alleviate oxidative damage via increased 

glycolysis and downregulate mitochondrial function (210). 

Glycolysis is activated by the PI3K pathway and its downstream target AKT, which can 

trigger cell hypertrophy, enhances glycolysis, and activates cell survival (211). AKT may regulate 

post-transcriptionally multiple glycolytic steps, such as the localization of glucose transporters in 

the cell membrane and stimulation of hexokinase function without growth-stimulating signals. 

High glucose uptake by tumor cells compensates for mitochondrial dysfunction and is required for 

proliferation. Stimulation of glycolysis enables cells to redirect accumulated pyruvate toward the 

biosynthesis of lipids, which is needed for membrane assembly (212). 

Additionally, during nutrient deprivation, one of the mechanisms of tumor cell adaptation 

is autophagy. Thus, impaired autophagy could contribute to stimulating genomic instability and 

the release of cytokines (213). Autophagy is critical for survival when apoptosis-resistant cancer 

cells encounter severe nutrient deprivation. In this case, inhibition of autophagy would sensitize 

tumor cells to metabolic stress and promote necrosis.  

Above-mentioned metabolic changes in cancer cells might become one of the targets for 

anticancer therapy. As we discussed before, fasting affects metabolism in cancer cells leading to 

differential stress sensitization. Additionally, cannabinoids are also known to regulate stress 

survival pathways in cancer cells. Thus, it makes sense to test these treatments individually and in 

combination to assess if there is a cytotoxic effect on CRC cells and whether these treatments can 

act in synergy. 

1.1.10. Metabolic changes in cancer cells and AKT signalling 

Cancer cells are highly exposed to oncogene-mediated genotoxic stress (214), oxidative 

damage (215), and metabolic stress (216), which are usually not present in normal cells. As a 
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result, tumor cells are highly dependent on stress-support pathways for their survival. Thus, 

therapy targeting stress pathways, for example, fasting in cancer cells, would more specifically 

affect tumors while sparing the normal cells (202). Previous research showed that interfering with 

the cellular response to oxidative damage selectively killed cancer cells (217), and targeting the 

replicative stress response killed oncogene-driven tumors (218). 

Cancer cells usually have excessive proliferative signalling that is not coordinated with the 

rest of cellular metabolism. This creates excessive free radicals and additional metabolic stress on 

tumor cells. Consequently, to survive, cancer cells heavily rely on the activity of stress-defensive 

pathways such as ATR and CHK1. The replicative stress in cancer cells originates in the 

deregulation of the S-phase progression, mainly driven by upregulated oncogenes such as Myc 

(202,218), which accounts for multiple genomic rearrangements in tumor cells. Myc can promote 

entry into the S phase by stimulating cyclin E-Cdk2 and E2F1 activity (219) or directly stimulating 

replication (220). In tumors, the oncogene-induced replicative stress activates ATR and CHK1. 

For instance, mice with deficient ATR completely prevented the development of myc-induced 

lymphomas and pancreatic tumors, which have a high replicative turnover (218). Thus, adding 

CHK1 inhibitors to myc-induced lymphomas promoted a strong increase in gH2AXax and 

apoptosis in lymphoma cells but not in normal cells (218). 

The therapeutic perspective of tumor metabolic modulation has yet to be extensively 

studied. There are a few ways to influence tumor cell metabolism that could have therapeutic 

implications and normalize cell metabolism. First, inhibition of HIF-1a, which can inhibit 

angiogenesis. Next is the re-establishment of p53, which can activate apoptosis, and lastly, 

suppression of the PI3K/AKT/mTOR signalling pathway, inhibiting cell growth and proliferation 

(206). Thus, in glucose-addicted cancer cells that have overactivated oncogenes, low-nutrient 

conditions and inhibitors of glycolysis may enhance the activation of apoptosis. 

As previously mentioned, many cancer cells have higher glucose uptake rates and rely on 

glycolysis and lactic acid fermentation even when there is an oxygen source, known as the 

Warburg effect (216). The metabolic effects of the PI3K/AKT/mTOR pathway involve enhanced 

glucose uptake, essential amino acids, and translation of proteins. The PI3K/AKT/mTOR pathway 

is a master regulator of aerobic glycolysis and cellular biosynthesis (207). In cancers, the 

hyperactivation of AKT prevents apoptosis and boosts uncontrolled cell proliferation (221). 
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The signalling from growth factors and cytokine receptors are major determinants for cell 

survival via opposing the basal intrinsic and extrinsic proapoptotic stimuli (222). It has been 

demonstrated that PI3K/AKT/PKB signalling mediated cell survival by various growth factors and 

cytokines and can inhibit the activation of apoptosis (223,224). When growth factors bind to cell 

surface receptors, it activates PI3K with phosphorylation of phosphatidylinositol lipids in a plasma 

membrane. AKT is activated by PI3K, stimulating its downstream effector, the mTOR. 

Subsequently, it enhances multiple biosynthetic pathways. Stimulation of the PI3K/AKT/mTOR 

results in increased expression of nutrient transporters (225–229), increased glycolysis and lactate 

production, the so-called Warburg effect (205,230,231). 

Additionally, AKT causes enhancement of lipogenesis, whereas mTOR is mainly 

responsible for protein translation (232). Mutations in the AKT pathway are usually one of the 

most significant metabolic dysregulating events in cancer cells, which enables them to drive 

aerobic glycolysis and suppress macromolecular degradation (231,233). mTOR is a complex 

kinase that coordinates cell growth with the availability of nutrients, energy, and growth factors. 

It was shown that the inhibition of mTOR leads to the induction of PPARa, which activates 

ketogenesis (193). 

Activated AKT requires glucose and its metabolic pathways to maintain mitochondrial 

integrity and inhibit apoptosis. AKT increased the coupling of oxidative phosphorylation to 

glucose metabolism and regulated PT pore opening via activation of hexokinase-voltage-

dependent anion channel (VDAC) at the outer membrane in mitochondria (234). Inhibition of 

apoptosis by AKT does not require de novo protein synthesis. Thus, AKT provided 

posttranslational regulation via phosphorylation of downstream effectors. AKT may inhibit 

apoptosis via the activation of mitochondria-bound hexokinase (234). 

One of AKT's most evolutionally conserved functions is the control of energy metabolism 

(211). AKT may directly phosphorylate DAF-16 and its mammalian homolog FOXO, which 

excludes this transcription factor from the nucleus and its transcriptional activation (235). Thus, 

activation of FOXO happens when AKT activity is reduced. FOXO transcription factors play a 

role in the regulation of ROS via the activation of antioxidants such as catalase and SOD (235).  

The FOXO transcription factors are one of the major substrates of the AKT during growth 

factor and insulin presence. Insulin and growth factors lead to the re-localization of FOXO from 

the nucleus to the cytoplasm, where they are degraded via ubiquitination. On the contrary, when 
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the growth factors are scarce, FOXOs are localized to the nucleus, where they upregulate a series 

of genes, such as growth arrest and DNA-damage-inducible protein 45 (GADD45), cyclin-

dependent kinase inhibitor p27, manganese superoxide dismutase (MnSOD), BIM and Fas ligand 

(FasL), which results in cell cycle arrest, stress resistance, or apoptosis. Thus, FOXO plays a tumor 

suppressor role in cancers (235). Moreover, the MAPK signalling protein JNK is sufficient to 

overcome the inhibition of FOXO by AKT. Furthermore, it was shown that b-catenin might bind 

FOXO and inhibit cell cycle progression (236). 

Overall, AKT increases oxygen consumption and oxidative phosphorylation, consequently 

increasing ROS production (234). AKT may increase ROS production by two mechanisms. First, 

it increases oxidative phosphorylation. Second, AKT decreases scavenging ROS by inhibiting 

FOXO transcription factors (237). 

Depletion of AKT caused resistance to replicative senescence, oxidative damage, Ras-

induced premature senescence, and ROS-induced apoptosis. On the contrary, activation of AKT 

induced cell senescence and increased free radical production via increased oxygen consumption. 

Furthermore, AKT inhibited ROS scavengers downstream of FOXO and sestrin 3 and sensitized 

cells to ROS-induced apoptosis. Moreover, treatment with rapamycin led to AKT activation 

hypersensitized cells to ROS-mediated apoptosis. In general, AKT suppresses apoptosis 

activation. However, it fails to inhibit ROS-mediated apoptosis (237). 

Moreover, PI3K/AKT/mTOR pathway can control levels of HIF-1a, which also can 

stimulate glycolysis. Mitogen stimulation can also increase levels of c-Myc in the G1 phase, 

enhancing entry into the S phase by activating the expression of cyclins and CDK4 (238).  

Based on the literature search, we decided to test if the addition of intermittent serum 

starvation to cisplatin and cannabinoids could result in synergistic interactions on CRC cell lines.  

1.2. Hypotheses 

Based on the literature review and initial data from our laboratory, we formulated the 

following hypotheses: 

1. The antiproliferative effect of CBD is attributed to its modulation of CRC 

cell metabolism and stress survival pathways.  

2. The combined application of CBD and cisplatin demonstrates synergistic 

inhibition of CRC cell proliferation through DNA damage and metabolic alterations. 



 26 

3. Intermittent serum starvation induces cytotoxicity in CRC cells via 

metabolic reprogramming and activation of stress survival pathways. 

4. Combining cisplatin and ISS has a synergistic effect. The synergistic effect 

of cisplatin and ISS is due to their combined induction of DNA damage and excessive 

stress response in CRC cells. 

5. Combining CBD and ISS has a synergistic effect on cell cytotoxicity. CBD 

and ISS synergistically affect CRC cells by targeting cancer cell metabolism and stress 

response. 

6. Combining cisplatin, CBD, and ISS has a synergistic effect. CBD, cisplatin 

and ISS synergistically affect CRC cell viability by targeting cancer cell metabolism, 

abnormal stress response, and DNA damage.  

1.3. Materials and methods 

1.3.1. Main reagents 

Cisplatin was obtained from Sigma-Aldrich (CAS 15663-27-1), CBD from Sigma-Aldrich 

(Cerilliant, C -045 Lot: FE01271601), and Δ9-THC from Sigma-Aldrich (Cerilliant, T4764, Lot: 

SLBQ8309V). DMSO (Dimethyl sulfoxide anhydrous) was purchased from Thermo Fisher 

Scientific (Cat#D12345). Cannabinoids (10 mg/ml) were dissolved in methanol and stored at -

20℃. The stock solution of cisplatin (100 μM) was dissolved in DMSO and kept in -20℃ for no 

longer than 3 weeks.  

1.3.2. Cell culture and maintenance 

The experiments were performed on three human CRC cell lines, HT-29 (HTB-38™), 

HCT-116 (CCL-247™), and LS-174T (CL188™), and immortalized human colonic epithelial cell 

line HCEC-1CT (abm catalogue N# T0715). The CRC cell lines HCT-116 (CCL-247™) and LS-

174T (CL188™) were purchased from ATCC (Rockvile, MD, USA). The HT-29 (HTB-38™) was 

a kind gift from Dr. Roy Golsteyn’s Laboratory at the University of Lethbridge. The mutational 

background of CRC cell lines is represented in Table 1. 

The HCEC-1CT (abm catalogue N# T0715) cell line was cultured in Complete Human 

Epithelial Cell Medium (cat. # H6621) with a supplement kit. The HT-29 (HTB-38™) was 

cultured in RPMI-1640 medium (30-2001TM), the HCT-116 (CCL-247™) – in McCoy’s 5A 

Medium (30-2007Tm), and LS-174T (CL188™) – in Eagle’s Minimum Essential Medium (30-

2003TM). All cell lines were grown as adherent cells supplemented with a final concentration of 



 27 

10% heat-activated fetal bovine serum (FBS) (ATCC® 30-2020™) and 100 U/mL 

penicillin/streptomycin (ATCC® 30-2300™). All cell lines were incubated at 37°C in a 

humidified atmosphere of 5% CO2. Every experiment was repeated at least three times. The 

culture medium was replaced with a fresh complete medium every 2 days until cell confluency 

reached 85-90% for further experiments.  

Table 1. CRC cell lines used with the list of driver mutations and corresponding 

possible molecular subtypes 

Cell line Pathogenic mutations 

Census TIER1 

References The molecular 

subtype of CRC 

HT-29 APC, BCL9L, BRAF, 

BRD3, CAMTA1, EBF1, 

FAT4, FCGR2B, FLT3, 

GOLGA5, KAT6B, PAX3, 

PIK3CA, POLQ, PRDM16, 

PTCH1, SMAD4, SPEN, 

TP53, TP63, TRIM24, 

ZFHX3 

 

https://cancer.sanger.ac.uk/cell_ 

lines/sample/overview?fathmm= 

PATHOGENIC&genes= 

census&id=905939#muts 
 

 

Classical subtype 

with APC, P53 

and PI3K 

mutations 

HCT-

116 

ABL1, ABL2, ACSL3, 

ATIC, ATM, BCL11A, 

BCOR, CACNA1D, CALR, 

CAMTA1, CDK12, 

CHCHD7, CHD4, CHEK2, 

CLIP1, COL1A1, CREBBP, 

CUX1, CXCR4, DCTN1, 

DDR2, DICER1, DNM2, 

DROSHA, ERBB3, 

ERCC5, FAT1, FAT4, 

FGFR1, FGFR2, FLT3, 

FLT4, FOXO3, GNAQ, 

GNAS, GPHN, HSP90AA1, 

https://cancer.sanger.ac.uk/cell_ 
lines/sample/overview?fathmm= 

PATHOGENIC&genes= 

census&id=905936#muts 

 

Microsatellite 

unstable with 

MLH1 and PI3K 

mutations 
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IDH1, IL21R, KAT6B, 

KDM6A, KIF5B, KMT2C, 

KMT2D, KRAS, KTN1, 

LCK, LPP, LRP1B, 

MAP3K1, MITF, MLH1, 

MN1, MYH11, MYO5A, 

MYOD1, NCOA1, NCOA2, 

NCOR1, NCOR2, NF1, 

NFATC2, NOTCH1, 

NOTCH2, NSD3, NTRK3, 

PAX7, PDE4DIP, PDGFB, 

PICALM, PIK3CA, 

PLCG1, PPFIBP1, 

PPP2R1A, PRCC, PRDM1, 

PREX2, PTPRB, PTPRT, 

RNF43, ROS1, RUNX1, 

SALL4, SETD2, SLC34A2, 

SLC45A3, SMO, SOX, 

SS18, SS18L1, STAT5B, 

TENT5C, TP63, TRIM24, 

TRIP11, TRRAP, TSC1, 

TSHR, UBR5, WRN, 

ZFHX3, ZMYM2, ZNF331 

LS-174T AFF1, APC, ATIC, AXIN2, 

BCL11A, BRAF, BRIP1, 

CARS, CBFB, CCND3, 

CDH11, CDK6, CEBPA, 

CIC, CLTC, CNOT3, 

CNTRL, CREB1, CTNNB1, 

CUX1, DDR2, DROSHA, 

EP300, ERBB4, EZH2, 

https://cancer.sanger.ac.uk/cell_ 
lines/sample/overview?fathmm= 

PATHOGENIC&genes= 

census&id=998189#muts 

 

Canonical or 

microsatellite 

unstable with 

APC, BRAF, 

MLH1, PI3K 

mutations 
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FANCC, FAT4, FBXO11, 

FGFR1, FLT4, FOXP1, 

GATA2, GATA3, 

HOXD11, JAK1, JAK2, 

KDM5A, KDM6A, KRAS, 

LRP1B, MECOM, MEN1, 

MLH1, MN1, MSN, 

MYH9, MYO5A, NCOR1, 

NSD3, PBX1, PCM1, 

PDE4DIP, PDGFRB, 

PIK3CA, POLQ, PRKACA, 

PTCH1, PTPRB, PTPRT, 

RNF43, RPL5, RUNX1T1, 

SETBP1, SND1, SPEN, 

STIL, STK11, SUFU, 

TNFAIP3, TPR, TRIP11, 

TSC1, TSHR, U2AF1, 

XPC, ZFHX3 

 

1.3.3. Treatments 

Exposure of CRC cells to cisplatin 

To establish IC50s, a range of concentrations (1-15 μM) of cisplatin were obtained by 

diluting the cannabinoids in the fresh complete media and tested on CRC and normal colon 

epithelial cell line. 

Exposure of CRC cells to cannabinoids 

To establish IC50s, a range of concentrations (2-12 μM) of pure THC and CBD were 

obtained by diluting the cannabinoids in the fresh complete media and were tested on CRC and 

normal cell lines. 

Exposure of CRC cells to intermittent serum starvation 

To maintain the same nutritional supply for each CRC cell line, the cells were cultivated 

in RPMI-1640 medium (30-2001TM). The intermittent serum starvation was recreated by depriving 
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cells with FBS for 16 hours and reintroducing media with FBS for 8 hours. The experiments lasted 

for 5 consecutive days in HT-29, HCT-116, and HCEC, and for 10 days in LS-174T cells.  

All the treatment samples were filtered with 0.22 μm filter after being diluted in the growth 

media and were kept at 4oC. 

Exposure of cells to different combinational treatments is represented in Table 2. 

Table 2. Experimental treatments in normal and CRC cell lines. 

Treatments 

Complete media for 24 h Addition of FBS for 8 h  Serum starvation for 16 h 

Cisplatin and CBD in different 

doses 

- - 

Cisplatin in different doses for 8 h - - 

CBD in different doses for 16 h - - 

- Cisplatin in different doses - 

- - CBD in different doses 

- Cisplatin in different doses CBD in different doses 

 

1.3.4. Cell viability assay (MTT) 

Cell viability was determined by MTT [3-(4, 5-dimethylthiazol-2-Yl)-2, 5-

diphenyltetrazolium bromide] assay. An MTT assay (Roche, Sigma-Aldrich, Germany) was used 

to evaluate the effect of cisplatin, cannabis extracts, CBD, and THC on CRC and normal epithelial 

colon cell viability.  

Cells were incubated to 80-90% confluency in 10 cm Petri dishes. Next, cells were 

trypsinized by TRYPSIN/EDTA (0.25% Trypsin and 2.21 mM EDTA-4Na; Cat#325-043-EL; 

WISENT Inc., Quebec, Canada). After trypsinization and centrifuging, fresh media was added to 

the cells, and one (for experiments with complete media) or three (for ISS experiments) thousand 

cells per well were plated in triplicate into flat-bottom 96-well plates in 100 μl of the appropriate 

medium. The cells were allowed to adhere to the plate surface overnight and were exposed to 

treatment for five (HT-29, HCT-116, and HCEC) and ten days (LS-174T). Cells were then 

maintained at 37oC in a humidified atmosphere containing 5% CO2 for 24 hours. Treatments were 

changed daily with the normalized concentrations of methanol and DMSO.  
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Every 24 hours of treatment, for instance, 0, 1, 2, 3, 4 and 5 days, 10 μl of MTT kit I 

(#11465007001, Roche, Ontario, Canada) was added and plates were incubated at 37°C in the 

CO2 incubator for 4 hours. At 4 h after incubation, 100 μl of MTT solution was added to each well 

and the plate continued to incubate at 37°C overnight. Absorbance was measured at 595 nm using 

a FLUOstar Omega microplate reader (BMG Labtech Ortenberg, Germany). Results were 

calculated by comparing the treatments to the appropriate controls. All treatments were in 

triplicate, and each test was performed in at least three independent experiments. Cell 

morphologies were assessed daily by light microscopy. 

1.3.5. RNA extraction and Gene Expression Analysis 

RNA isolation of HT-29 and HCT-116 cell lines 

Once grown to 85-90% confluency in a Petri dish, cells were detached using 

TRYPSIN/EDTA (0.25% Trypsin and 2.21 mM EDTA-4Na, Cat#325-043-EL, WISENT INC., 

Quebec, Canada) and re-plated in 6-well plates at a density of 6 x 10 5 cells/well for HCT-116, and 

3 x 10 5 cells/well for HT-29 experiments. After 24 h after incubation, cells were exposed to 

treatments for 72 h. The culture medium was replaced with a fresh treatment medium every 24 

hours for HT-29 and at specific time points for ISS (at the 16th and 8th hour during 24 h) 

experiments on the HCT-116 cell line. At the endpoint, cells were washed twice with ice-cold PBS 

and harvested using the TRIzol™ Reagent (Invitrogen). Total RNA extraction followed the TRIzol 

Reagent protocol (https://assets.thermofisher.com/TFS-Assets/LSG/manuals/trizol_reagent.pdf). 

Immediately after the isolation, the quality and quantity of the extracted RNA waswere assessed 

using a NanoDrop 2000/2000c Spectrophotometer (Thermo-Fisher Scientific Company, 

Wilmington, DE). Additionally, the RNA integrity of RNA samples was assessed by agarose gel 

electrophoresis.  

The RNA samples from the HCT-116 CRC cell line were shipped to Génome Québec 

(Montréal, Québec) for mRNA library preparation and next-generation sequencing. The stranded 

mRNA libraries were prepared using NEBNext® Ultra™ RNA Library Prep Kit for Illumina® 

(New England BioLabs). Massive parallel sequencing was performed using Illumina 

NovaSeq6000 S4 PE 100 bp – 25M reads, number of sequencing units – 30.00. Basecalling and 

demultiplexing were done by the Sequencing provider (Genome Quebec). 

Pathway analysis for HCT-116 CRC cell line 
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Library construction, basecalling and demultiplexing. Libraries were generated from 250 

ng of total RNA using the kit Illumina® Stranded mRNA Prep, Ligation (Illumina) as per the 

manufacturer’s recommendations. Adapters and PCR primers were purchased from Illumina. 

Libraries were quantified using the KAPA Library Quantification Kits - Complete kit (Universal) 

(Kapa Biosystems). Average size fragment was determined using a LabChip GXII (PerkinElmer) 

instrument. The libraries were normalized and pooled and then denatured in 0.05N NaOH and 

neutralized using HT1 buffer. The pool was loaded at 175pM and 200pM on an Illumina NovaSeq 

S4 lane using Xp protocol as per the manufacturer’s recommendations. The run was performed for 

2x100 cycles (paired-end mode). A phiX library was used as a control and mixed with libraries at 

1% level. Base calling was performed with RTA v3.4.4. Program bcl2fastq2 v2.20 was then used 

to demultiplex samples and generate fastq reads. 

Initial quality control  

Initial quality control was conducted using FastQC v0.11.9 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/. The base qualities were excellent 

across the board, and no quality issues were detected at this stage. 

Adapter and quality trimming  

Sequencing reads were trimmed of adapter sequences and low-quality bases using 

Trimmomatic.  (239). Trimmed sequence files were examined with FastQC to verify the trimming 

results. Trimmed reads were saved in the trimmed_reads folder, and trimmed FastQC reports can 

be found in the fastqc_results/ directory. 

Read mapping 

Trimmed sequencing reads were mapped to Human genome (GRCh37, Ensembl) 

downloaded from illuminaIllumina iGenome website. 

Counting reads mapping to features (genes) 

Differentially expressed genes are detected based on counts of reads mapping to genes after 

appropriate normalization. The counts if reads mapping to features (genes) were counted using 

FeatureCounts v.2.0.1 software. The files containing raw counts data and corresponding 

summaries are located in read_counts/ directory. 

Integrating quality information 

Output summaries and quality report from various software used in the analysis were 

integrated into a single report using multiqc v.1.13 https://multiqc.info/. MultiQC report is located 
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in multiqc_results/ directory and can be viewed in any web browser. Qualimap integrates various 

statistics from sequencing files, QualiMap, HISAT2, FeatureCounts, Trimmomatic, and FastQC. 

All graphs and tables present in MultiQC report can be exported. 

Differential expression analysis 

Data exploration, visualization and statistical comparisons were conducted using R 

language version 4.2.2. Pair-wise comparisons between experimental groups were done using 

DESeq2 v.2.1.36 as described in the package manual. To decrease computational time, only the 

genes with at least 5 reads across 3 samples were kept in the analysis. In addition to hard threshold 

filtering mentioned above, DESeq2 implements independent filtering based on mean of 

normalized count as a filter statistic. The purpose of independent filtering is to remove lowly 

expressed genes that cannot produce a reliable measure of significance. This in turn allows to 

decrease overall number of the statistical tests and increase the power to detect truly differentially 

expressed genes (DEGs). 

We used hierarchical clustering (HC) and principal components analysis (PCA) to 

investigate the relationship between samples and detect potential outliers. Prior to HC and PCA 

analysis, DESeq2 normalized values underwent variance stabilizing transformation with using 

vst() function from DESeq2. HC was done using hclust() function implemented in R, with the 

clustering method set as “complete” for the matrices of sample-to-sample distances, and 

“Ward.D2” in case of the sample and gene clustering based on top 500 most variable genes. The 

distance measure in HC analysis was set to “euclidean”. Principal components analysis, applied to 

top 500 highly variable genes, was conducted using prcomp() function implemented in R with 

default options. 

DEGs were detected with DESeq2 function results() with default options. DESeq2 uses 

Wald test to determine significantly changed genes between groups. The independent filtering 

option was set to TRUE with alpha threshold kept at 0.1. Multiple comparison adjustment was 

done using Bejamini-Hochberg procedure. Significantly changed genes were visualized as MA 

plots, volcano plots and heatmaps built using pheatmap v.1.0.12 and ggplot2 v.3.4.0. The genes 

involved in the analysis were annotated with entrez ids, descriptions, using BiomaRt 2.54.0. Genes 

with adjusted p.values below 0.05 and absolute log2 fold change over 0.59 were considered 

significant. Additionally, we prepared the result reports that with summaries in the form of graphs 

and tables using regionReport Bioconductor package 1.32.0. 
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Figure 2. Principal component analysis (PCA) plot based on the top 500 genes with 

the highest variance for multiple treatments in the HCT-116 CRC cell line. Each treatment 

group (biological triplicate) is represented in a different colour. The x-axis represents the values 

of the first principal component (PC1), and the y-axis represents values for the second principal 

component (PC2). The PCA plot was generated using R software version 4.2.2. 

We expected the biological replicates to cluster closely in the PCA plot, which reflected 

the similarity of their gene expression profiles. Since inter-individual variance is not expected 

within the same cell line, the biological replicates belonging to separate clusters in the case of cell 

lines indicate a high degree of technical variance. Most of the samples clustered perfectly 

according to the experimental treatments, except for 9.3 and 10.1., which were excluded as 

statistical outliers (Figure 2).  

Differentially expressed genes were detected with DESeq2. Genes with adjusted p-values 

below 0.05 and absolute log2 fold change over 0.59 were considered significantly changed. 
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GO term enrichment analysis 

PathfindR analysis. Gene ontology (GO) and Reactome pathways enrichment analysis was 

conducted using pathfindR v.1.64.0 (240), an R package that identifies significantly enriched 

biological terms utilizing active subnetworks. This tool detects active subnetworks in protein-

protein interaction networks using a user-provided list of genes with associated p-values. In this 

case, the user-selected list included significant genes with adjusted p-values less than 0.05 and 

absolute log2 fold change over 0.59. In addition, pathfindR functionality was used to cluster 

enriched GO categories by similarity and identify representative terms. The main pathfindR 

function was used with the following options: gene_sets = “GO-All” (use all GO categories), 

adj_method = “fdr”, enrichment_threshold = 0.05, pin_name_path = “STRING”, search_method 

= “GR”, max_gset_size = 500. The same options were applied to pathfindR enrichment of 

Reactome analysis. PathfindR output includes a table with enriched terms, a table of enriched term 

clusters, dot plots, gene-term maps, and upset plots. Clustering analysis and corresponding plots 

were prepared using corresponding pathfindR functions with default settings. 

Additionally, SPIA analysis was performed. Pathway topology analysis was performed 

with the Signaling Pathway Impact Analysis (SPIA) tool (version 2.50.0). Reactome pathways 

were used as the reference database. Results with Padj < 0.05 were considered statistically 

significant. 

Pathway analysis for the HT-29 CRC cell line was described in chapter 2. 

The analysis of the pathway results, including gene functions and interactions, was 

performed with the help of GeneCards – the human gene database www.genecards.org (241,242). 

1.3.6. Statistical analysis 

GraphPad Prizm 9.0 software was used to calculate two- and one-way analysis of variance 

(ANOVA), and the two-tailed Student’s t-test to determine the statistical significance between 

treatment groups for cell viability experiments. Results were presented as the mean ± SD of data. 

The p < 0.05 was considered statistically significant.  

1.3.7. Calculation of combination index (CI) 

To determine synergism, additivity, or antagonism, we performed drug combination 

analysis based on the Chou-Talalay method using CompuSyn software (243–245). In Chou’s 

approach, the scattering data points fit the median-effect principle with mass-action law. The 
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combination index (CI) was calculated to quantify synergism and antagonism of the drugs, where 

CI<1 indicates synergism, CI=1 – additive effect, and CI>1 – antagonistic effect (Table 3).  

Table 3. Description of synergism or antagonism in drug combination studies 

analyzed with CI method.  

Range of CI Description 

<0.1 Very strong synergism 

0.1-0.3 Strong synergism 

0.3-0.7 Synergism 

0.7-0.85 Moderate synergism 

0.85-0.90 Slight synergism 

0.90-1.10 Neary additive 

1.10-1.20 Slight antagonism 

1.20-1.45 Moderate antagonism 

1.45-3.3 Antagonism 

3.3-10 Strong antagonism 

>10 Very strong antagonism 

 

The favourable outcomes of drug synergism could be to increase the efficacy of therapeutic 

effect, decrease the dosage but maintain the same efficacy, minimize the development of drug 

resistance, and provide selective synergism against the target.  

1.4 Results and discussion 

1.4.1 Cisplatin and colorectal cancer cell lines 

To establish a time and dose-dependent effect of cisplatin on different CRC cell lines and 

to calculate IC50s for each tested cell line, I performed a cell viability assay (MTT).  
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Figure 3. The time-dose-dependent effect and nonlinear regression analysis of the 

dose-effect curve with calculated IC50 values of cisplatin on HCT-116 (1.a, 1.b), HT-29 (2.a, 

2.b), LS-174T (3.a, 3.b), and HCEC (4.a, 4.b) cell lines based on MTT results. Results are 

expressed as means of calculated cell viability ± standard deviations of each group in triplicate at 

absorbance 595 nm. To calculate time-dose effects, two-way ANOVA was performed using 

GraphPad Prism version 9.0. Significant differences between groups are marked with ns – non-

significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. A nonlinear fit with log(inhibitor) 

vs. normalized response–variable slope analysis was performed using GraphPad Prism version 9.0.  

We observed cisplatin's time and dose-dependent effect on all tested cell lines during 

treatment (Figure 3). Cell viability was significantly inhibited throughout tested concentrations. 

Based on non-linear regression analysis, the IC50 for normal epithelial cell line HCEC was lower than 

for all tested CRC cell lines, which might indicate higher toxicity of cisplatin on normal cells. This 

could explain cisplatin’s narrow therapeutic window and multiple adverse effects in clinical settings. 

Although more normal cell lines would need to be tested to support this suggestion, it would be relevant 

to test cisplatin in combination with different treatments to find if there would be a synergistic effect, 

which would allow for its dose reduction but maintain its cytotoxic effect.  

Next, to understand the underlying effects of cisplatin on APC (HT-29) and MMR (HCT-116) 

mutated CRC cell lines, we performed mRNA sequencing and bioinformatics analysis of pathways 

affected by cisplatin. This also helped to choose what treatment combinations could be beneficial to 

add to cisplatin and achieve potential synergism.  

In our experiment, we used the HT-29 CRC cell line, which resembles the classical subtype 

of CRC. It has mutations in APC, PI3K, and P53 genes, which are common in CRCs.  

Exploratory analysis 
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Figure 4. A hierarchical clustering heatmap analysis of the differentially expressed 

genes with fold change over 1.5 and adjusted p-values < 0.05 for DMSO control versus 

cisplatin in the HT-29 CRC cell line. The x-axis shows non-supervised clusters between the two 

treatment groups. The DMSO_1, DMSO_2, and DMSO_3 are independent replicates for DMSO 

and cis10_1, cis_2, and cis10_3 are for cisplatin 10 µM. The y-axis shows differentially expressed 

genes. The fold changes of up-regulated genes are in the red spectrum, and the down-regulated 

genes are represented in the green spectrum. The heatmap was generated using R software. 

A heatmap represents differentially expressed genes for DMSO versus cisplatin in the HT-

29 CRC cell line (Figure 4). The unsupervised clustering based on the underlying data determined 

if there were sub-categories within DMSO control and cisplatin treatment. As the figure shows, 

there were significant differences in gene expression between treatment groups. The differences 

were not substantial for the biological replicates within the same group, showing the treatment 

samples' good quality.  

A 
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B

 
Figure 5. Decreased expression of multiple genes regulating 

glycolysis/gluconeogenesis (A) and citrate cycle (B) pathways under cisplatin 10 µM 

compared to DMSO control in HT-29 CRC cell line. The genes are coloured according to the 

difference in expression level between treatment and control for each individual sample. Red 

colour shows up- and green down-regulation relative to the treatment group. Data based on GAGE 

uni-directional analysis. 

Cisplatin decreased the expression of multiple genes responsible for the glycolysis, 

gluconeogenesis, and citrate cycle pathways (Figure 5) in CRC cell line HT-29 compared to 

DMSO control. This could point out the metabolic effects of cisplatin on the tested CRC cell line, 

which could deplete the energetic supplies of cancer cells and push them toward cell cycle arrest 

or even cell death.  
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Figure 6. Decreased expression of multiple genes regulating aminoacyl-tRNA 

synthesis (A), ribosome biosynthesis (B), and genes regulating mRNA transport, maturation, 

and translation initiation (C) under cisplatin 10 µM compared to DMSO control in HT-29 

CRC cell line. The genes are coloured according to the difference in expression level between 

treatment and control for each individual sample. Red colour shows up- and green down-regulation 

relative to the treatment group. Data based on GAGE uni-directional analysis. 

Based on mRNA sequencing results, cisplatin decreased the expression of multiple genes 

responsible for translation involving processes such as amino-acyl tRNA synthesis, synthesis of 

ribosomes, and mRNA transport, maturation, and initiation of translation (Figure 6) in CRC cell 

line HT-29 compared to DMSO control. The results suggest that cisplatin could stimulate stress 

pathways that led to global translation inhibition to reduce energy expenditure, thus, increasing the 

chances of cell survival.   
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Figure 7. Changes in the expression of multiple genes in cytokine-cytokine interaction 

under cisplatin 10 µM compared to DMSO control in HT-29 CRC cell line. The genes are 

coloured according to the difference in expression level between treatment and control for each 

individual sample. Red colour shows up- and green down-regulation relative to the treatment 

group. Data based on GAGE uni-directional analysis. 

Cisplatin increased the expression of multiple genes responsible for the cytokine-cytokine 

receptor interaction in CRC cell line HT-29 compared to DMSO control. As Figure 7 presents, 

mRNAs have increased expression for chemokines CCL22 from the CC subfamily and CXC 

subfamily with decreased expression of the CXCR4 receptor. Cisplatin upregulated the expression 

of the receptors for IL2, IL4, IL7, IL9, IL15, IL21 and IL13. There was also an increased 

expression of multiple class II helical cytokine receptors to which IL10, IL22, IL26, IL28 A and 

B, and IL29 bind. Additionally, there was increased expression of IFNAR1, IFNAR2, and 

IFNGR1, which are interferon family receptors. Moreover, cisplatin upregulated IL-1 and many 

IL17 receptors, TRAIL, and TNF family receptors, including DR4 and DR5, which take part in 

the extrinsic apoptosis pathway. Interestingly, increased levels of TGF-b could indicate possible 
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activation of cancer cell invasiveness, but most TGF-b receptors were decreased. Thus, cancer 

cells could not be able to undergo EMT and achieve their invasive potential.   

A 
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Figure 8. Changes in the expression of multiple genes responsible for lysosomal 

enzyme biosynthesis (A), and phagosome formation and phagocytosis (B) under cisplatin 10 

µM compared to DMSO control in HT-29 CRC cell line. The genes are coloured according to 

the difference in expression level between treatment and control for each individual sample. Red 

colour shows up- and green down-regulation relative to the treatment group. Data based on GAGE 

uni-directional analysis. 

Cisplatin increased the expression of most of the lysosomal acid hydrolases, membrane 

proteins and ATPeV, which may indicate high lysosomal activity in cancer cells leading to cell 

death (Figure 8). Moreover, cisplatin upregulated multiple genes encoding proteins involved in 

phagosome formation as well as MHCI and MHCII that are responsible for antigen presentation 

and recognition by the immune cells.  
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Figure 9. Changes in the expression of multiple genes responsible for cell adhesion 

molecules under cisplatin 10 µM compared to DMSO control in HT-29 CRC cell line. The 

genes are coloured according to the difference in expression level between treatment and control 

for each individual sample. Red colour shows up- and green down-regulation relative to the 

treatment group. Data based on GAGE uni-directional analysis. 

Cisplatin upregulated multiple molecules involved in cell adhesion, which may point out 

its activities for the stimulation of epithelial-to-mesenchymal transition and invasion of tumor 

cells. There was also an increased expression of PDL-1 receptors that are targeted during cancer 

immune therapies, which may improve the therapeutic effectiveness of monoclonal antibodies 

targeting PDL-1 (Figure 9).  
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Figure 10. Changes in the expression of multiple genes responsible for JAK/STAT 

signalling pathway under cisplatin 10 µM compared to DMSO control in HT-29 CRC cell 

line. The genes are coloured according to the difference in expression level between treatment and 

control for each individual sample. Red colour shows up- and green down-regulation relative to 

the treatment group. Data based on GAGE uni-directional analysis. 

In the HT-29 cell line, cisplatin downregulated Ras and PI3K expression and upregulated 

p21, which can be responsible for cell cycle arrest, inhibition of proliferation and cell survival 

mechanisms (Figure 10). However, it increased the expression of JAK/STAT signalling, which 

could lead to the inhibition of apoptosis and cell cycle progression via upregulated cyclin D.  

A 
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B 

 
Figure 11. Changes in the expression of multiple genes responsible for natural killer 

mediated cytotoxicity (A) and pathways involved in cell bioenergetics, ER stress, and 

apoptosis (B) under cisplatin 10 µM compared to DMSO control in HT-29 CRC cell line. The 

genes are coloured according to the difference in expression level between treatment and control 
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for each individual sample. Red colour shows up- and green down-regulation relative to the 

treatment group. Data based on GAGE uni-directional analysis. 

In a figure representing natural killer (NK) cell-mediated cytotoxicity, cisplatin increased 

MHC I, IFN receptors and integrins that are present on stressed and tumor cells, which can 

potentially attract cytotoxic immune cells. Additionally, there was increased expression of 

proapoptotic genes such as ERK1/2, TRAIL, Bid, and caspase 3 and downregulated Rac, PI3K, 

Ras, and PKC, which assist in cisplatin's antiproliferative and proapoptotic properties (Figure 11).  

Cisplatin strongly inhibits oxidative phosphorylation by inhibiting all five complexes, 

which will would result in substantial ATP reduction in cancer cells. Cisplatin also activated ER 

stress response via PERK and IRE1a and increased the expression of pro-apoptotic genes, Bid, 

Bad, Apaf1, and caspases 8, 9, 7, and 3. These mechanisms align with the previously discussed 

cytotoxic effects of cannabinoids, which we can consider as a combination therapy with cisplatin. 

 
Figure 12. Changes in the expression of multiple genes responsible for endo- and 

exocytosis, basal transcription factors expression, oxidative phosphorylation, and regulation 

of apoptosis under cisplatin 10 µM compared to DMSO control in HT-29 CRC cell line. The 

genes are coloured according to the difference in expression level between treatment and control 
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for each individual sample. Red colour shows up- and green down-regulation relative to the 

treatment group. Data based on GAGE uni-directional analysis. 

Cisplatin upregulated clathrin and other proteins that caused endo- and exocytosis 

enhancement in HT-29 CRC cells (Figure 12). There was downregulation of Ca signalling via PLC 

and upregulation of pro-apoptotic proteins except for PUMA. Cisplatin also increased levels of 

antioxidants such as superoxide dismutase 1 and 2. It also decreased levels of PPARg, one of the 

effectors of CBD.  

 
Figure 13. Changes in the expression of multiple genes responsible for growth factor 

signalling, tight junction maintenance, and inflammation under cisplatin 10 µM compared 

to DMSO control in HT-29 CRC cell line. The genes are coloured according to the difference in 

expression level between treatment and control for each individual sample. Red colour shows up- 

and green down-regulation relative to the treatment group. Data based on GAGE uni-directional 

analysis. 

Under cisplatin action, there was upregulation of EGFR and growth factors release in the 

HT-29 cell line, which can indicate an autocrine signalling cascade in cancer cells that could be 

essential for self-initiated proliferation and activation of MAPK cascade (Figure 13). There was 
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upregulation of ZO-1, which is responsible for maintaining tight junctions in cancer cells that can 

prevent cancer invasion and metastasis of HT-29 CRC cells.  

Moreover, cisplatin upregulated the MAPK pathway by increased expression of p38, 

MKK4 and transcription factor AP-1. On the other side, there was downregulation of NF-kB with 

strong suppression of IKKb. Cisplatin decreased the expression of chemotactic IL-8, which can 

indicate the anti-chemotactic effect of cisplatin in cancer cells.  

 
Figure 14. Changes in the expression of multiple genes responsible for immune system 

response under cisplatin 10 µM compared to DMSO control in HT-29 CRC cell line. The 

genes are coloured according to the difference in expression level between treatment and control 

for each individual sample. Red colour shows up- and green down-regulation relative to the 

treatment group. Data based on GAGE uni-directional analysis. 

Figure 14 presents cisplatin action on multiple pathways involved in immune system 

response. It increases the expression of MHC class II responsible for antigen presentation, ICAM1 

enhancing cellular adhesion, and cytokines responsible for inflammatory reactions such as IL-1b 

and IL-8. There is also upregulation of TGF-b, which may indicate activation of epithelial-to-

mesenchymal transition, and VEGF, which is responsible for angiogenesis. This could promote 

the invasive and metastatic potential of HT-29 cancer cells. TGF-b and IL-23 may stimulate Th17 
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cells, inhibiting the cellular immune response of cancer cells. The interesting effect of cisplatin 

was the downregulation of the toll-like receptor signalling pathway, TLR 2/4, together with IL-18 

that is required for killer T-cell activation. This may indicate an attempt by cancer cells to avoid 

immune destruction.  

We also did differential gene expression analysis in of the HCT-116 CRC cell line, which 

resembles the MMR-deficient subtype of CRC.  

Exploratory analysis 

 
Figure 15. A hierarchical clustering heatmap analysis of the differentially expressed 

genes with fold change over 1.5 and adjusted p-values < 0.05 for DMSO control versus 

cisplatin IC50 in the HCT-116 CRC cell line. The x-axis shows non-supervised clusters between 

the two treatment groups. The 3.1, 3.2, and 3.3 are independent replicates for DMSO and 5.1, 5.2, 

and 5.3 are for cisplatin IC50. The y-axis shows differentially expressed genes. The fold changes 

of up-regulated genes are in the red-orange colour spectrum, and the down-regulated genes are 

represented in the blue colour spectrum. The heatmap was generated using R software version 

4.2.2.   
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A heatmap represents differentially expressed genes for DMSO versus cisplatin IC50 in 

the HCT-116 CRC cell line. The unsupervised clustering based on the underlying data determined 

if there were sub-categories within DMSO control and cisplatin IC50 treatment. As the figure 

shows, there were significant differences in gene expression between treatment groups. The 

differences were not substantial for the biological replicates within the same group, showing the 

treatment samples' good quality (Figure 15).  

Pathway analysis 

 
Figure 16. The Reactome dot plot of the top 20 terms for DMSO versus cisplatin IC50 

in the HCT-116 CRC cell line. The top 20 terms with the highest fold change are shown in this 

plot, with their corresponding Reactome pathways on the y-axis. The size of the dots represents 

the number of genes in each pathway, while the red colour's intensity indicates the enrichment's 

significance. The most enriched pathways are shown at the top of the plot. The figure was 

generated using pathfindR enrichment analysis software. 
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Figure 17. The Reactome Term-Gene Graph for Top 20 terms for DMSO versus 

cisplatin IC50 treatment in the HCT-116 CRC cell line. The graph displays the top 20 Reactome 

terms and their corresponding gene sets. Each node represents a Reactome term, and the size of 

the node is proportional to the number of genes associated with that term. The edges between the 

nodes represent the overlap in gene sets between the terms. The edge's thickness represents the 

overlap's magnitude, and the edge's colour represents the direction of the overlap, with green for 

upregulated and red for downregulated genes. The figure was generated using pathfindR 

enrichment analysis software. 
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Based on the Reactome data for differential expression analysis in HCT-116 CRC cells, 

cisplatin increased expression of genes responsible for p53-mediated cell cycle arrest in G1/S and 

G2 phases, activation of DNA-damage response including SNF and apoptosis such as BAX and 

FAS, which is expectable based on the drug action (Figures 16 and 17). There was also 

upregulation of gene coding for fibroblast growth factor 2, which can be responsible for epithelial-

to-mesenchymal transition and tumor progression, and genes taking part in angiogenesis and 

interaction with the vascular wall (ANGPT2 – angiopoietin 2, CEACAM1 – CEA cell adhesion 

molecule 1, INPP5D – inositol polyphosphate-5-phosphatase D, SDC1 – Syndecan 1). Moreover, 

overexpression of MDM2 would also lead to inhibition of p53 activity and its effects.  

One of the most enriched terms under cisplatin action on the HCT-116 CRC cell line was 

TP53-regulated transcription of cell death gene. The increased levels of TP53, BAX, FAS and 

TNF receptor ligands would strongly indicate that cells were heading toward apoptotic cell death, 

which is similar to the expression data in the HT-29 CRC cell line. The increased levels of Cyclin-

Dependent Kinase inhibitor 1A (CDKN1A) that binds to cyclin-cyclin-dependent kinase 2 or 4 

complexes and functions as a regulator of the G1 cell cycle could support the notion of G1/S cell 

cycle arrest. Increased RGCC gene expression is also responsible for cell cycle regulation and is 

induced by p53 because of DNA damage. Additionally, higher levels of BTG anti-proliferation 

factor 2 could have helped with G1/S cell cycle arrest. The increased levels of stratifin (SFN) 

transcript, which binds to translation initiation factors and functions as a regulator of translation 

during mitosis, helps prevent DNA errors during mitosis and could correspond to cancer cell 

survival. The increased transcription of the SESN1 gene, coding for sestrin 1, which is induced by 

p53 and serves as a potent inhibitor of mTOR, would help in cisplatin’s cytotoxic effects. Although 

the increased levels of polo-like kinase 2 might indicate a strong stimulus for cell proliferation, the 

weight of antiproliferative signalling was stronger, which supports our MTT results.  

The increased levels of fibroblast growth factor 2 (FGF2) and syndecan 1 (SDC1), which 

are responsible for cell binding, cytoskeletal organization, interactions with ECM, and cell 

migration, could stimulate EMT and invasiveness of HCT-116 cell line, which are the signs of 

cancer cell progression.   

The ATF3 (activating transcription factor 3) and RPS27L (ribosomal protein S27) were 

also activated, the genes responsible for eIF2-mediated response to amino acid starvation.    

The top 10 up- and 5 down-regulated genes are presented in Table 4. 
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Table 4. Top 10 up-and 5 down-regulated genes for DMSO versus cisplatin treatment 

in the HCT-116 CRC cell line based on mRNA expression analysis. 

Top 10 up-regulated genes 

Gene name Gene description Gene biotype Log2 Fold Change 

ABCA12 ATP binding cassette subfamily 

A member 12 

Protein coding 1.95 
 

PTCHD4 patched domain containing 4 Protein coding 1.60 

INPP5D inositol polyphosphate-5-

phosphatase D  

Protein coding 1.45 

INKA2 Inka box actin regulator 2  Protein coding 1.39 

MUC19 mucin 19, oligomeric Protein coding 1.32 

ACTA2 actin alpha 2, smooth muscle Protein coding 1.28 

DRAXIN dorsal inhibitory axon guidance 

protein 

Protein coding 1.23 

CDKN1A cyclin dependent kinase 

inhibitor 1A 

Protein coding 1.22 

SULF2 sulfatase 2 Protein coding 1.14 

CEACAM1 CEA cell adhesion molecule 1 Protein coding 1.14 

Top 5 down-regulated genes 

Gene name Gene description Gene biotype Log2 Fold Change 

DHRS2 dehydrogenase/reductase 2  Protein coding -0.85 

DHFR2 dihydrofolate reductase 2  Protein coding -0.73 

PRAM1 

PML-RARA regulated adaptor 

molecule 1  Protein coding 

-0.63 

LINC01011 

long intergenic non-protein 

coding RNA 1011  lncRNA 

-0.62 

KCNQ1 

potassium voltage-gated channel 

subfamily Q member 1  Protein coding 

-0.60 

 

Overall, despite cisplatin’s ability to activate programmed cell death and cell cycle arrest, 

there was also activation of the transcripts that could be responsible for the tumour’s progression 
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and development of drug resistance. The mRNA sequencing results of the HCT-116 CRC cell line 

were similar to the ones we received for the HT-29 CRC cell line.       

 

 
Figure 18. Cytotoxic effect of cisplatin on HT-29 cell line based on gene expression 

data. Created with BioRender.com 

The mRNA expression data on the HT-29 cell line showed that cisplatin might affect 

cancer cells in multiple ways. As Figure 18 shows, cisplatin inhibited global translation by 

inhibiting aminoacyl-tRNA, rRNA and spliceosome biosynthetic pathways. It also decreased 

multiple metabolic pathways cancer cells rely on for growth and proliferation, such as glycolysis, 

gluconeogenesis, and oxidative phosphorylation. One of the major cytotoxic effects of cisplatin 

was the increased expression of multiple genes that take part in the activation and execution of 

extrinsic and intrinsic apoptotic pathways. Additionally, cisplatin increased the expression of p21, 

which can lead to cell cycle arrest in the G1/S phase. However, cell cycle arrest could also lead to 

cell survival and is not necessarily a beneficial effect of chemotherapy. Interestingly, cisplatin 

increased the expression of some genes that take part in endoplasmic reticulum stress response, 

which can assist the anticancer action of cannabinoids. Moreover, cisplatin increased PDL-1 
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expression, a known target for cancer immunotherapy. This can be one of the milestones for 

combining cisplatin with immunotherapy with a possible synergistic effect. 

 
Figure 19. Possible mechanisms of tumor progression in HT-29 CRC cell line under 

cisplatin treatment. Created with BioRender.com 

The Figure 19 represents the undesirable effects of cisplatin on HT-29 CRC cells based on 

mRNA sequencing results. Cytotoxic T-cells are the ones that may kill cancer cells by binding to 

death receptors and infusing perforins and granzymes. Multiple cisplatin effects help with immune 

response evasion. For instance, cisplatin decreased the expression of IL18, which takes part in 

cytotoxic T-cell activation. At the same time, it increased the expression of IL4 and IL10, which 

can shift cellular immune response to humoral, as well as could activate regulatory T-cells in tumor 

microenvironment by increased expression of IL17 and IL23.  

Surprisingly, cisplatin may stimulate cancer progression by enhancing invasion and 

metastasis with the help of TGF-b signalling and increased formation of exosomes, which has been 

shown to prepare the niche in different organs for successful metastasizing. Moreover, it increased 

the expression of VEGF, which promotes angiogenesis – another hallmark of cancer progression.  
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Overall, cisplatin has controversial effects on HT-29 CRC cells. On the one hand, it 

strongly stimulated apoptosis. Still, the cells that survived may become more adapted to the next 

rounds of chemotherapy because of the upregulated genes responsible for the tumor progression 

and evasion by the immune response.  

1.4.2. Cannabinoids and colorectal cancer cell lines 

To establish a time and dose-dependent effect of THC and CBD on different CRC cell lines 

and to calculate IC50s for each tested cell line, I performed a cell viability assay (MTT). 

 

 
Figure 20. The time-dose-dependent effect of THC on HCT-116 (1), HT-29 (2), and 

LS-174T (3) cell lines based on MTT results. Results are expressed as means of calculated cell 

viability ± standard deviations of each group in triplicate at absorbance 595 nm. To calculate time-

dose effects, two-way ANOVA was performed using GraphPad Prism version 9.0. Significant 

differences between groups are marked with ns – non-significant, *p < 0.05, **p < 0.01, ***p < 

0.001, ****p <0.0001.  

Based on the MTT results, THC did not substantially reduce cell viability in the HT-29, 

HCT-116, and LS-174T CRC cell lines (Figure 20). We did not continue testing THC as anti-

cancer therapy due to its low antiproliferative properties on tested CRC cell lines.  
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Figure 21. The time-dose-dependent effect and nonlinear regression analysis of dose-

effect curve with calculated IC50 values of CBD on HCT-116 (1.a, 1.b), HT-29 (2.a, 2.b), LS-

174T (3.a, 3.b), and HCEC (4.a, 4.b) cell lines based on MTT results. Results are expressed as 

means of calculated cell viability ± standard deviations of each group in triplicate at absorbance 

595 nm. To calculate time-dose effects, two-way ANOVA was performed using GraphPad Prism 

version 9.0. Significant differences between groups are marked with ns – non-significant, *p < 

0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. A nonlinear fit with log(inhibitor) vs. normalized 

response–variable slope analysis was performed using GraphPad Prism version 9.0. 

CBD significantly inhibited the cell viability of all tested cell lines in a time and dose-

dependent manner (Figure 21). Based on nonlinear regression analysis, the CBD’s IC50s for tested 

CRC cell lines were lower than the IC50 for normal colon epithelial cell line. This means that 

tested cancer cells were more susceptible to CBD than tested normal cell line. Thus, CBD might 

have lesser adverse effects than cisplatin.  

The next step was to establish the possible molecular mechanisms behind CBD 

cytotoxicity. For that, we performed mRNA sequencing and pathway analysis for the HCT-116 

CRC cell line.   

Exploratory analysis 
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Figure 22. A hierarchical clustering heatmap analysis of the differentially expressed 

genes with fold change over 1.5 and adjusted p-values < 0.05 for DMSO control versus CBD 

IC50 in the HCT-116 CRC cell line. The x-axis shows non-supervised clusters between the two 

treatment groups. The 3.1, 3.2, and 3.3 are independent replicates for DMSO and 7.1, 7.2, and 7.3 

are for CBD IC50. The y-axis shows differentially expressed genes. The fold changes of up-

regulated genes are in the red-orange colour spectrum, and the down-regulated genes are 

represented in the blue colour spectrum. The heatmap was generated using R software version 

4.2.2.   

A heatmap represents differentially expressed genes for DMSO versus CBD IC50 in the 

HCT-116 CRC cell line. The unsupervised clustering based on the underlying data determined if 

there were sub-categories within DMSO control and CBD IC50 treatment. As the figure shows, 

there were significant differences in gene expression between treatment groups. The differences 

were not substantial for the biological replicates within the same group, showing the treatment 

samples' good quality (Figure 22).  

Pathway analysis 
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Figure 23. The Reactome dot plot of the top 20 terms for DMSO versus CBD IC50 in 

the HCT-116 CRC cell line. The top 20 terms with the highest fold change are shown in this plot, 

with their corresponding Reactome pathways on the y-axis. The size of the dots represents the 

number of genes in each pathway, while the red colour's intensity indicates the enrichment's 

significance. The most enriched pathways are shown at the top of the plot. The figure was 

generated using pathfindR enrichment analysis software. 

Based on the dot plot data, CBD significantly affected carbohydrate metabolism, PPAR, 

TGF-β, and MAPK signalling (Figure 23). 
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Figure 24. The Reactome Term-Gene Graph for Top 20 terms for DMSO versus CBD 

IC50 treatment in the HCT-116 CRC cell line. The graph displays the top 20 Reactome terms 

and their corresponding gene sets. Each node represents a Reactome term, and the size of the node 

is proportional to the number of genes associated with that term. The edges between the nodes 

represent the overlap in gene sets between the terms. The edge's thickness represents the overlap's 

magnitude, and the edge's colour represents the direction of the overlap, with green for 

downregulated and red for upregulated genes. The figure was generated using pathfindR 

enrichment analysis software. 
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Based on the Reactome data for differential expression analysis in HCT-116 CRC cells, 

CBD decreased the expression of genes responsible for glucose metabolism, glycolysis, and 

gluconeogenesis, such as PFKFB4 that regulates fructose-2,6-bisphosphate, and responded to 

hypoxia to help cancer cells produce more ATP (Figure 24). There was also downregulation of 

hexokinase 2 (HK2) expression that is involved in the rapid activation of glycolysis in cancer cells. 

The transcript for glucose-6-phosphate isomerase (GPI) was decreased too. The function of GPI, 

along with the regulation of glucose metabolism, is acting as an autocrine motility factor, a tumor-

secreting cytokine, and an inducer of angiogenesis. This shows that the addition of CBD inhibited 

transcription of factors that help cancer cells in energy and oxygen scarcity and might prevent 

cancer progression.  

Addition of CBD changes NGF-stimulated transcription kinase and transcription factor 

activation by downregulating genes such as FOSB, EGR3, and EGR1. FOSB gene codes for FosB 

proto-oncogene, AP-1 transcription factor, which can activate cell proliferation, differentiation, 

and transformation in cancer cells. EGR3 and EGR1, transcripts for the early growth response 3 

and 1, are regulators of cell mitogenesis, and differentiation was higher too.  

Adding CBD also modulated pathways involving TGF- β signalling, such as SMAD7 and 

SMAD3. SMAD7 was shown to antagonize signalling by the TGF- β type 1 receptor and inhibit 

TGF- β by associating with their receptors and preventing SMAD 2 access. SMAD7 mutations 

have been associated with CRC. The upregulation of SMAD 3 has a similar effect, which is part 

of the transcription factor complex and can serve as a tumor suppressor.  

There was also downregulation of IL1RAPL1 gene expression, which is a part of the IL-1 

receptor family. The gene that takes part in regulating the interaction between the extracellular 

environment and regulating the disassembly of focal adhesions PPFIA4 was decreased.   

   CBD decreased expression ABCA1, the ATP binding subfamily A member 1, which 

functions as a cholesterol efflux pump and is regulated by the PPAR signalling system. The ABC 

family transporters are commonly responsible for chemotherapy drug resistance. Thus, CBD might 

reduce the likelihood of drug resistance development. The downregulation of angiopoietin-like 4 

(ANGPTL4), which is induced by PPAR signalling, functions as a serum hormone regulating 

glucose and lipid metabolism and insulin sensitivity. Furthermore, there was upregulation of 

CYP1A1, a gene coding for monooxygenase enzymes that take part in drug metabolism, and 

AHRR, which is involved in cytochrome P450 signalling and drug metabolism.  
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The decreased expression of a transcription factor JUN could inhibit T-cell activation-

induced death and reduce transcription in response to Toll-like receptor signalling. JUN transcript 

is also responsible for KRAS-mediated transcriptional activation of USP28 in CRC. It also takes 

part in the MyD88-dependent cascade initiated by endosome signalling. Additionally, CBD 

increased the expression of CD22, which helps in B-cell activation. Finally, there was decreased 

level of MAP3K8 transcript, an oncogene coding for Mitogen-Activated Protein Kinase Kinase 

Kinase 8, which can activate both MAP and JNK pathways as well as proinflammatory pathways 

involving activation of NFκB.  

The top 10 up- and 10 down-regulated genes are presented in Table 5. 

Table 5. Top 10 up-and 10 down-regulated genes for DMSO versus CBD treatment 

in the HCT-116 CRC cell line based on mRNA expression analysis. 

Top 10 up-regulated genes 

Gene name Gene description Gene biotype Log2 Fold 

Change 

CYP1A1 

cytochrome P450 family 1 

subfamily A member 1  

Protein coding 

1.8 

AHRR 

aryl hydrocarbon receptor 

repressor  

Protein coding 

1.8 

CYP1B1 

cytochrome P450 family 1 

subfamily B member 1  

Protein coding 

1.3 

ALDH1A3 

aldehyde dehydrogenase 1 

family member A3  

Protein coding 

1.2 

HOXA1 homeobox A1  Protein coding 1.1 

SMAD7 SMAD family member 7  Protein coding 1.1 

GDA guanine deaminase [ Protein coding 1 

LINC00886 

long intergenic non-protein 

coding RNA 886  

lncRNA 

0.9 

VIPR1 

vasoactive intestinal peptide 

receptor 1  

Protein coding 

0.9 

PLA2G7 phospholipase A2 group VII  Protein coding 0.8 
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Top 10 down-regulated genes 

Gene name Gene description Gene biotype Log2 Fold 

Change 

ANKRD37 ankyrin repeat domain 37  Protein coding -1.4 

FOSB 

FosB proto-oncogene, AP-1 

transcription factor subunit  Protein coding -1.3 

SUSD2 sushi domain containing 2  Protein coding -1.2 

UPK1A-AS1 UPK1A antisense RNA 1  lncRNA -1.1 

ARRDC4 Arrestin domain containing 4  Protein coding -1.1 

CA9 carbonic anhydrase 9  Protein coding -1.1 

JUN 

Jun proto-oncogene, AP-1 

transcription factor subunit  Protein coding -1.1 

ABCA1 

ATP binding cassette 

subfamily A member 1  Protein coding -1.0 

FAM13A-AS1 FAM13A antisense RNA 1  lncRNA -1.0 

IGFBP3 

insulin like growth factor 

binding protein 3  Protein coding -0.9 

 

Overall, based on Reactome data for differential expression analysis in HCT-116 CRC 

cells, CBD had various effects on gene expression. CBD decreased the expression of genes 

responsible for glucose metabolism, glycolysis, and gluconeogenesis, which may prevent cancer 

growth. It could also downregulate cell mitogenesis and differentiation genes, FOSB, EGR3, and 

EGR1. Additionally, CBD modulated pathways involving TGF- β signalling and could reduce the 

likelihood of drug resistance development by decreasing the expression of ABCA1 and 

ANGPTL4. Furthermore, it increased the expression of oncogenes, such as JUN and MAP3K8. In 

summary, these findings suggest that CBD may have potential therapeutic benefits for treating the 

MSI subtype of CRC. However, more experimental data would be needed to support this notion, 

such as apoptosis assay, protein expression of chosen pathways and animal models.  

1.4.3 Intermittent serum starvation and colorectal cancer cell lines 

To establish a time and dose-dependent effect of ISS on different CRC and normal cell 

lines and to calculate IC50s for each tested cell line, I performed a cell viability assay (MTT). 
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Figure 25. The time-dose-dependent effect and nonlinear regression analysis of the 

dose-effect curve with calculated IC50 values of ISS (10% FBS for 8 h/ 0% FBS for 16h) in 

HCT-116 (1.a, 1.b), HT-29 (2.a, 2.b), LS-174T (3.a, 3.b), and HCEC (4.a, 4.b) cell lines based 

on MTT results. Results are expressed as means of calculated cell viability ± standard deviations 

of each group in triplicate at absorbance 595 nm. To calculate time-dose effects, two-way ANOVA 

was performed using GraphPad Prism version 9.0. Significant differences between groups are 

marked with ns – non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. A nonlinear 

fit with log(inhibitor) vs. normalized response–variable slope analysis was performed using 

GraphPad Prism version 9.0.  

We observed ISS's time and dose-dependent effect during treatment on all tested cell lines 

(Figure 25). The nonlinear regression analysis was performed to calculate IC50s of ISS in treated 

cell lines, which was around 70% in all cases. The results represent the percentage of time 

recommended to introduce serum starvation in the cell lines to reduce cell viability by 50%. This 

means we would need to introduce serum starvation for 16h (70%) out of 24 during five to ten 

days of treatment. 

Next, to understand the possible mechanisms behind the action of ISS, we performed 

mRNA expression analysis of the HCT-116 CRC cell line, which resembles the MSI subtype of 

CRC.  

Exploratory analysis 
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Figure 26. A hierarchical clustering heatmap analysis of the differentially expressed 

genes with fold change over 1.5 and adjusted p-values < 0.05 for untreated control versus 

ISS in the HCT-116 CRC cell line. The x-axis shows non-supervised clusters between the two 

treatment groups. The 1.1, 1.2, and 1.3 are independent replicates for untreated and 2.1, 2.2, and 

2.3 are for ISS. The y-axis shows differentially expressed genes. The fold changes of up-regulated 

genes are in the red-orange colour spectrum, and the down-regulated genes are represented in the 

blue colour spectrum. The heatmap was generated using R software version 4.2.2.   

A heatmap represents differentially expressed genes for untreated versus ISS in the HCT-

116 CRC cell line. The unsupervised clustering based on the underlying data determined if there 

were sub-categories within untreated control and ISS treatment. As the figure shows, there were 

significant differences in gene expression between the groups. The differences were not substantial 

for the biological replicates within the same group, showing the treatment samples' good quality 

(Figure 26).  

Pathway analysis 
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Figure 27. The Reactome dot plot of the top 20 terms for untreated versus ISS in the 

HCT-116 CRC cell line. The top 20 terms with the highest fold change are shown in this plot, 

with their corresponding Reactome pathways on the y-axis. The size of the dots represents the 

number of genes in each pathway, while the red colour's intensity indicates the enrichment's 

significance. The most enriched pathways are shown at the top of the plot. The figure was 

generated using pathfindR enrichment analysis software. 

Based on dot plot analysis, the ISS changed multiple pathways involved in CRC cell 

survival, lipid metabolism, extracellular matrix organization, ERBB2 receptor signalling, as well 

as PI3K/AKT pathway (Figure 27).  
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Figure 28. The Reactome Term-Gene Graph for Top 20 terms for untreated versus 

ISS treatment in the HCT-116 CRC cell line. The graph displays the top 20 Reactome terms and 

their corresponding gene sets. Each node represents a Reactome term, and the size of the node is 

proportional to the number of genes associated with that term. The edges between the nodes 

represent the overlap in gene sets between the terms. The edge's thickness represents the overlap's 

magnitude, and the edge's colour represents the direction of the overlap, with green for 

downregulated and red for upregulated genes. The figure was generated using pathfindR 

enrichment analysis software. 
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There was a strong upregulation of multiple genes that participate in NTRK1 signalling, 

including ARC, EGR1, EGR2, EGR3, EGR4, FOS, FOSB, FOSL1, ID2, ID3, ID4, JUNB, JUND, 

NAB2, SRF, TRIB1 (Figures 27 and 28). Most listed factors participate in cell proliferation, 

invasion, metastasis, and resistance to chemotherapy-induced apoptosis. There was an increased 

expression of ARC, which is an apoptosis repressor with CARD. The upregulation of ARC 

expression in CRC has been associated with increased resistance to chemotherapy-induced 

apoptosis. Next, the increased levels of EGR1-4, the early growth response genes, are involved in 

regulating cellular proliferation, differentiation, and survival. Upregulation of EGFR1-4 

expression in CRC has been linked to increased cell proliferation, invasion, and metastasis. An 

increase in serum response factor (SRF), which is a transcription factor that regulates gene 

expression in response to extracellular signals, could indicate the activation of pro-survival 

mechanisms in tested cancer cells.  

On the other hand, there was a downregulation of TF (coding for iron-binding factor) and 

VGF, a neuropeptide precursor implicated in cancer progression and metastasis. Downregulation 

of TF and VGF can have different effects on CRC, with TF downregulation potentially leading to 

reduced proliferation and increased apoptosis, while VGF downregulation may decrease migration 

and invasion of CRC cells.    

There were multiple genes that were upregulated under RAF-independent MAPK1/3 

activation term, which involved DUSP1, DUSP10, DUSP2, DUSP4, DUSP5, DUSP6, and 

DUSP8. The upregulation of listed DUSP genes in CRC can have different effects on MAPK 

signalling and may contribute to the development and progression of the disease. For instance, 

increased levels of DUSP1, which is a phosphatase that dedephosphorylates and inactivates 

ERK1/2, JNK, and p38 MAPKs. Overexpression of DUSP1 in CRC can inhibit the growth and 

proliferation of the cells and suppress the growth and proliferation by reducing the activity of 

MAPKs. The upregulation of DUSP6 may inhibit ERK1/2 activity and prevent apoptosis. DUSP8 

is a phosphatase that dephosphorylates and inactivates JNK and p38 MAPKs, and it was shown to 

inhibit cell proliferation and migration of cancer cells. However, the upregulation of DUSP2 has 

been shown to have both pro- and anti-tumorigenic effects in different cancer types. Overall, the 

effects of upregulating DUSP in CRC can be complex and may depend on the specific DUSP 

isoform.  
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Multiple gene upregulation was responsible for interferon signalling, including EGR1, 

GBP2, GBP5, IFI35, IFI6, IFIT1, IFIT3, IFIT5, MX1, OAS1, OAS3, OASL, SMAD7, STAT1, 

and UBE2L6. Interferon signalling is thought to have anti-tumor effects by promoting apoptosis 

and inhibiting tumor cell proliferation and migration. On the other hand, some of the upregulated 

genes, such as STAT1 and SMAD7, could have pro-tumor effects. STAT1 is a transcription factor 

involved in immune system activation to viral infection, and it has been shown to promote tumor 

growth and survival. In contrast, SMAD7 is involved in the TGF-β signalling pathway and can 

promote tumor growth and metastasis.  

Regulation of lipid metabolism by PPARα signalling was mainly increased with ISS. The 

genes responsible for making medium-chain acyl-CoA dehydrogenase (ACADM), long-chain 

fatty acids synthesis, and cholesterol metabolism, including the HMGCS1 gene, which is the first 

committed step in synthesizing ketone bodies, were increased. There were a few genes that were 

downregulated too. Decreased levels of ANGPTL4 expression of the gene coding for angiopoietin-

like protein 4 that regulate lipid and glucose metabolism, as well as the growth of new blood 

vessels, could lead to inhibition of angiogenesis in cancer cells. Interestingly, there was inhibition 

of the NR1D1 (Nuclear Receptor Subfamily 1 Group D Member 1), which is involved in the 

regulation of circadian rhythms and forms a critical negative limb of the circadian clock by 

repressing the expression of core clock components. NR1D1 also regulates lipid metabolism, 

adipogenesis, gluconeogenesis and the macrophage inflammatory response.  

The genes BTC, EREG, HBEGF, and NRG2 that take part in the epidermal growth factor 

receptor family were upregulated and take part in cancer proliferation and migration. On the other 

hand, the downregulation of EGFR (epidermal growth factor receptor), which takes part in the 

regulation of cell growth, proliferation, differentiation, and survival, could be one of the important 

targets in cancer therapy. Additionally, decreased levels of neuregulin 1 transcript could also 

decrease proliferation and survival. Moreover, lowering PRKCA (protein kinase C alpha) and 

PTK6 (protein tyrosine kinase 6) could also inhibit cell growth, proliferation, and cancer 

progression.  

The following genes were upregulated in PI3K signalling under ISS treatment: AREG 

(amphiregulin), BTC (betaleucin), EREG (epiregulin), FGF9 (fibroblast growth factor 9), HBEGF 

(heparin-binding EGF-like growth factor), NRG2 (neuregulin 2), PIK3AP1 (phosphoinositide-3-

kinase adaptor protein 1), and PIK3R3 (phosphoinositide-3-kinase regulatory subunit 3). All the 
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mentioned genes take part in the activation of cell growth, proliferation, insulin signalling, and 

cancer progression, which could result in the unwanted effects of cancer. On the other hand, the 

EGFR, NRG1, and PDGFA were downregulated under ISS. The epidermal growth factor receptor, 

coded by the EGFR gene, triggers a signalling pathway that promotes cell growth and proliferation 

of cancer cells. Thus, inhibition of EGFR by ISS could be beneficial in CRC therapy.    

Many genes that code for the extracellular matrix organization were upregulated, including 

BMP4, CAPN8, COL3A1, COL5A2, FBLN5, ITGA1, SERPINE1, SPOCK3, THBS1, and TLL1. 

The bone morphogenic protein coded by the BMP4 gene was overexpressed under ISS. BMP4 

plays a role in cell differentiation and proliferation. Next, the overexpressed gene was CAPN8, 

coding for calpain 8 protein, a calcium-dependent cysteine protease, which plays a role in 

cytoskeletal organization. The increased expression of genes responsible for coding for collagen 

type 3 and type 5, could indicate stimulation of connective tissue formation by cancer cells. 

Increased expression of the FBLN5 gene responsible for fibulin 5 could help promote the adhesion 

of endothelial cells and help develop new arteries. ITGA1 codes for an alpha 1 subunit of integrin 

receptors. SERPINE1 (plasminogen activator inhibitor 1) is responsible for inhibiting fibrinolysis; 

thus, it would help with the reorganization of extracellular tissue to the cancer cell's advantage. 

THBS1 is responsible for thrombospondin-1p180, which helps in cell-to-cell and cell-to-matrix 

interactions. TLL1 codes for tolloid-like protein 1 is a metalloprotease that helps process 

procollagen C-propeptides, which means that it also takes part in extracellular matrix 

reorganization.  

On the other hand, multiple genes taking part in extracellular matrix organization were 

downregulation too, including ADAMTS16, COL13A1, COL4A3, CTSK, DDR2, EFEMP2, 

FBLN2, FBN1, ITGA10, ITGA5, LAMA4, LAMB3, LAMC1, LAMC2, LOXL2, LTBP3, 

MMP16, P4HA1, P4HA2, PDGFA, PLOD1, and PRKCA. ADAMTS16 gene codes for ADAM 

metallopeptidase with thrombospondin type 1. It is a disintegrin and metalloproteinase. COL13A1 

and COL4A3 codes for collagen types 13 and 4, respectively. Collagen type 4 is a main structural 

component of basement membranes and would help in the formation of new vessels. CTSK coding 

for cathepsin K, a lysosomal cysteine proteinase that could contribute to tumor invasiveness, was 

also decreased. DDR2 is a gene encoding for discoidin domain receptor subclass of the receptor 

tyrosine kinase protein family. This protein is a collagen-induced receptor that activates signal 

transduction pathways involved in cell adhesion, proliferation, and extracellular matrix 
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remodelling. DDR2 could be involved in wound repair and regulate tumor growth and 

invasiveness. EFEMP2, a gene responsible for EGF-containing fibulin extracellular matrix protein 

2, is part of many ECM proteins and has been implicated in elastic fiber formation and connective 

tissue development; particularly, it participates in terminal differentiation and maturation of 

smooth muscle cells. FBLN2 codes for fibulin 2, which is an ECM matrix protein that plays a role 

in organ development and can bind to fibrillin. The downregulation of FBN1 coding for fibrillin 

1, an ECM glycoprotein that is a structural component of calcium-binding microfibrils, could lead 

to the inhibition of cancer invasion. ITGA10 and ITGA5 codes for integrin subunit alpha 10 and 

5 are collagen-binding proteins involved in cell-matrix adhesion. LAMA4 (laminin-8 subunit 

alpha), LAMB3 (laminin B1k chain), LAMC1 (laminin subunit gamma 1), and LAMC2 (laminin 

subunit gamma 2) were downregulated too. Laminins, a family of ECM glycoproteins, are ones of 

the main noncollagenous constituents of basement membranes, which are implicated in cell 

adhesion, differentiation, migration, and metastasis. Decreased LOXL2 coding for lysyl oxidase-

like 2 delta E13 essential to connective tissue biogenesis, encoding an extracellular copper-

dependent amine oxidase that catalyzes the first step in forming crosslinks in collagen and elastin 

could contribute to the inhibition of cancer invasiveness. LTBP3 (latent TGF-β binding protein 3), 

which forms a complex with TGF- β and plays a structural role in the extracellular matrix was also 

reduced. MMP16 (matrix metalloproteinase 16) takes part in the breakdown of ECM, tissue 

remodeling, and metastasis. P4HA1 and 2 (prolyl 4-hydroxylase, alpha polypeptide 1 and 2) 

encode a key component of prolyl hydroxylase, which is a major enzyme in collagen synthesis. 

PDGFA (platelet-derived growth factor subunit A) this protein is a part of PDGF, which is essential 

for cell proliferation, cell migration, survival, angiogenesis, and chemotaxis. PLOD1 

(Procollagen-lysine 1,2-Oxoglutarate-Dioxygenase) catalyzes the hydroxylation of lysyl residues 

in collagen-like peptides. PRKCA (Protein kinase C alpha) belongs to a family of serine-threonine 

protein kinases that calcium can activate. This protein takes part in cell adhesion, cell 

transformation, cell cycle checkpoint, cell volume control, tumorigenesis, and angiogenesis.  

The top 10 up- and 10 down-regulated genes are presented in Table 6. 

Table 6. Top 10 up-and 10 down-regulated genes for untreated versus ISS treatment 

in the HCT-116 CRC cell line based on mRNA expression analysis. 

Top 10 up-regulated genes 

Gene name Gene description Gene biotype Log2 Fold Change 
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NR4A3 

nuclear receptor subfamily 4 

group A member 3  

Protein coding 

6.2 

EGR3 early growth response 3  Protein coding 4.2 

EGR2 early growth response 2  Protein coding 3.8 

NR4A1 

nuclear receptor subfamily 4 

group A member 1  

Protein coding 

3.7 

OVOL2 Ovo like zinc finger 2  
Protein coding 3.3 

 

THBS1 thrombospondin 1  Protein coding 3.1 

METTL7A methyltransferase like 7A  Protein coding 2.9 

HK2-DT HK2 divergent transcript  Protein coding 2.8 

LONRF2 

LON peptidase N-terminal 

domain and ring finger 2  

Protein coding 

2.8 

FGFBP1 
 fibroblast growth factor binding 

protein 1  

Protein coding 
2.8 

Top 10 down-regulated genes 

Gene name Gene description Gene biotype Log2 Fold Change 

HKDC1 hexokinase domain containing 1  Protein coding -3.1 

SPX spexin hormone  Protein coding -3.1 

PHF24 PHD finger protein 24  Protein coding -2.8 

XBP1P1 

X-box binding protein 1 

pseudogene 1  Processed pseudogene -2.8 

RBM46 RNA binding motif protein 46  Protein coding -2.7 

TBPL2 

TATA-box binding protein like 

2  Protein coding -2.6 

N/A 

family with sequence similarity 

151, member A (FAM151A) 

pseudogene Processed pseudogene -2.5 

N/A novel transcript lncRNA -2.5 

CD68 CD68 molecule  Protein coding -2.5 
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LINC02631 

long intergenic non-protein 

coding RNA 2631  Protein coding -2.4 

 

Overall, the reduction of the vast majority of factors that take part in CRC’s invasion and 

metastatic mechanisms could become beneficial effects of ISS.   

1.4.4 Combination of intermittent serum starvation and CBD in colorectal cancer cell lines 

Based on the literature review and data from mRNA expression pathway analysis, I 

combined different doses of CBD with ISS to see if there would be a synergistic interaction 

between these treatments.  
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Figure 29. The changes of cell proliferation under ISS (FBS 10% for 8 h/FBS 0% for 

16 h) combined with different doses of CBD treatment on the HCT-116 (1), HT-29 (4), LS-

174T (7), and HCEC (10) cell lines based on MTT results. Results are expressed as means of 

calculated cell viability ± standard deviations of each group in triplicate. Multiple unpaired t-tests 

were performed using GraphPad Prism version 9.0. Significant differences between groups are 

marked with ns – non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. 

Normalized isobologram for the combination of CBD and ISS with normalization of the dose 

with IC50 to the unity of both x and y axis in the HCT-116 (2), HT-29 (5), LS-14T (8), and 

HCEC (11). All the combination points indicated the synergistic interaction. Normalized 

isobologram was generated using CompuSyn software. Abbreviations: A – ISS (D)1/(IC50)1; B – 

CBD (D)2/(IC50)2; D – dose; Point 1 – the combination of CBD IC70 and ISS IC50; Point 2 – the 

combination of CBD IC50 and ISS IC50; Point 3 – the combination of CBD IC20 and ISS IC50. Fa 

– DRI plot for the combination of ISS with CBD in HCT-116 (3), HT-29 (6), and LS-174T (9) 

CRC cell lines. Abbreviations: DRI – dose reduction index; Fa - fraction affected by the drug 

concentration (% of cell growth inhibition/100); CBD – CBD; ISS – intermittent serum starvation. 

The plot was generated using CompuSyn software.  

When we combined different doses of CBD with intermittent serum starvation (ISS), we 

observed a significant difference between the controls and CBD combined with ISS (Figure 29).  

To further analyze our results, whether we observed synergistic or antagonistic interaction, 

we calculated CI based on the median-effect equation (Chou) and combination index theorem 

(Chou-Talalay) as well as generated dose-effect curves using CompuSyn software (243–245).  

Based on the results, we observed a strong synergistic interaction between CBD and ISS. 

The actual CI values are shown in Table 7. Furthermore, to see if we could reduce the dose of 

treatment and maintain the same cytotoxic effect, we calculated the dose reduction index (DRI). 

The DRI measures how many-fold the dose of each drug in a synergistic combination may be 

reduced at a given effect level compared with the doses of each drug alone (243). The DRI is 

important in clinical situations in which dose reduction leads to reduced toxicity toward the host 

while the therapeutic efficacy is retained. The greater the DRI value (DRI>1), the greater the dose 

reduction for a given therapeutic effect. However, it does not necessarily indicate synergism 

(243,244). The DRI values for CBD and ISS were all above 1, which indicates that we can reduce 

the dose of CBD or ISS when administered together.  



 80 

Overall, we would recommend the combination of ISS with CBD due to its synergistic 

interaction and high DRI values for further testing on CRC.     

Table 7. CI data for the combination of ISS with CBD in tested cell lines. Data was 

generated using CompuSyn software. 

Dose of CBD 

(μM) 

Dose of ISS (% 

of time under 

serum 

starvation) 

Effect (fraction 

of cell growth 

inhibition) 

CI Interaction effect 

HCT-116 

8.3 70 0.99 0.03 Very strong synergism 

5.9 70 0.86 0.24 Strong synergism 

2.4 70 0.69 0.43 Synergism 

HT-29 

4.9 70 0.88 0.07 Very strong synergism 

3.5 70 0.58 0.32 Synergism 

1.4 70 0.35 0.78 Moderate synergism 

LS-174T 

6.7 70 0.79 0.004 Very strong synergism 

4.8 70 0.62 0.009 Very strong synergism 

1.9 70 0.37 0.02 Very strong synergism 

 

We performed mRNA sequencing and bioinformatic pathway analysis on the HCT-116 

CRC cell line to further investigate the synergistic effect of combining CBD with ISS.  

Exploratory analysis 
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Figure 30. A hierarchical clustering heatmap analysis of the differentially expressed 

genes with fold change over 1.5 and adjusted p-values < 0.05 for DMSO control versus CBD 

IC50 and ISS in the HCT-116 CRC cell line. The x-axis shows non-supervised clusters between 

the two treatment groups. The 3.1, 3.2, and 3.3 are independent replicates for DMSO and 8.1, 8.2, 

and 8.3 are for CBD IC50 and ISS treatment. The y-axis shows differentially expressed genes. The 

fold changes of up-regulated genes are in the red-orange colour spectrum, and the down-regulated 

genes are represented in the blue colour spectrum. The heatmap was generated using R software 

version 4.2.2.   

A heatmap represents differentially expressed genes for DMSO versus CBD IC50 

combined with ISS in the HCT-116 CRC cell line. The unsupervised clustering based on the 

underlying data determined if there were sub-categories within untreated control and ISS 

treatment. As the figure shows, there were significant differences in gene expression between the 

groups. The differences were not substantial for the biological replicates within the same group, 

showing the treatment samples' good quality (Figure 30).  

Pathway analysis 
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Figure 31. The Reactome dot plot of the top 20 terms for DMSO versus CBD IC50 

and ISS in the HCT-116 CRC cell line. The top 20 terms with the highest fold change are shown 

in this plot, with their corresponding Reactome pathways on the y-axis. The size of the dots 

represents the number of genes in each pathway, while the red colour's intensity indicates the 

enrichment's significance. The most enriched pathways are shown at the top of the plot. The figure 

was generated using pathfindR enrichment analysis software. 

Based on the Reactome dot plot, the genes that take part in MAPK and PI3K/AKT 

signalling, carbohydrate metabolism, NGF signalling, and apoptosis were differentially expressed 

when we compared the combination of CBD and ISS to DMSO control (Figure 31). 
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Figure 32. The Reactome Term-Gene Graph for Top 20 terms for DMSO versus CBD 

IC50 combined with ISS treatment in the HCT-116 CRC cell line. The graph displays the top 

20 Reactome terms and their corresponding gene sets. Each node represents a Reactome term, and 

the size of the node is proportional to the number of genes associated with that term. The edges 

between the nodes represent the overlap in gene sets between the terms. The edge's thickness 

represents the overlap's magnitude, and the edge's colour represents the direction of the overlap, 

with green for downregulated and red for upregulated genes. The figure was generated using 

pathfindR enrichment analysis software. 
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When we analyzed each major Reactome term for differentially expressed genes, the 

multiple pathways of interest were changed (Figure 32). The following genes under the “TP53 

regulate the transcription of cell death genes” term was upregulated – FAS, PERP, PMAIP1, and 

TP53I3. All the mentioned genes might help in the stimulation of apoptosis. FAS codes for the 

cell surface death receptor, which is a TNF-superfamily of receptors taking part in the extrinsic 

apoptotic pathway. PERP is a p53 apoptosis effector related to PMP22. PMAIP1 (Phorbol-

12Myristate-13-Acetate-Induced Protein 1) is a pro-apoptotic subfamily within the BCL-2 protein 

family that determine whether a cell commits to apoptosis. Lastly, TP53I3 (tumor protein P53 

inducible protein 3), this gene is involved in p53-mediated cell death. Additionally, decreased 

levels of IGFBP3 (insulin-like growth factor binding protein 3), which binds to IGF and prolongs 

its half-life, which is shown to promote cell growth effects of the IGF in cell culture, could further 

assist in the suppression of CRC cell growth.   

Similarly to CBD alone, the combination of CBD and ISS inhibited multiple genes 

responsible for carbohydrate metabolism. The inhibition of hexokinases 1 and 2 and other enzymes 

that are part of glycolysis and gluconeogenesis were downregulated. It was shown that many 

tumors rely on glycolysis as a major source of energy production. Thus, carbohydrate metabolism 

inhibition could drastically affect cancer cells' survival (231).  

The RAF/MAP kinase cascade genes were upregulated: AREG, BTC, DUSP1, DUSP2, 

DUSP4, DUSP5, EGF, FGF19, FGF2, FGF9, HBEGF, ICMT, PDGFB, PSMB10, PSMB9. The 

increased levels of amphiregulin (AREG), epidermal growth factors, fibroblast growth factors 19, 

2, and 9, and platelet-derived growth factor subunit B transcripts, which play essential roles in the 

stimulation of cancer cell proliferation, survival, EMT, and invasion could be responsible for cell 

survival under CBD and ISS treatments. Increased transcripts of heparin binding EGF like growth 

factor (HBEGF), a positive regulator of epidermal growth factor receptor and protein kinase B 

might overstimulate stress response pathways and cell survival in a way that could be damaging 

to cancer cells. Additionally, the increased expression of dual specificity phosphatases 1, 2, 4 and 

5 (DUSP1, DUSP2, DUSP4, DUSP5), negative regulators of MAP kinase MAPK1/ERK2 

SAPK/JUN, p38, which results in its interference with several cellular processes such as response 

to environmental stress and negative regulation of cellular proliferation. Next, the downregulation 

of fibroblast growth factor receptor 3 and 4 (FGFR3 and FGFR4), which are genes coding for cell 

surface receptors that respond to fibroblast growth factors and regulate cell proliferation, 
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migration, lipid metabolism, glucose uptake, and activation of RAS, MAPK1/ERK2, 

MAPK3/ERK1, as well as AKT1 signalling cascades, would result in inhibition of cell 

proliferation. Furthermore, the decreased expression of kinase suppressor Ras 2 (KSR2) and RAS 

guanyl-releasing protein 1 (RASGRP1) that promotes BRAF-mediated phosphorylation of 

MAP2K1/MEK1 and helps in the activation of Ras would also contribute to the inhibition of cell 

proliferation. Additionally, inhibition of fibronectin 1 (FN1) involved in cell adhesion, migration, 

and invasion of cancer cells could suppress tumor progression.  

Next, we analyzed changes in the “PI3K/AKT signalling in cancer” term. The increased 

levels of transcripts for a component of inhibitor of NFκB (CHUK) and NFκB inhibitor alpha 

(NFKBIA) would suggest inhibition of inflammatory cytokine formation. The phosphoinositide-

3-kinase regulatory subunit 3 (PIK3R3), a regulatory subunit of PI3K, was also increased, which 

could point to the overactivation of the PI3K/AKT pathway. Moreover, the higher levels of the 

NR4A1 gene, nuclear receptor subfamily 4 group A member 1, which is the steroid-thyroid 

hormone-retinoid receptor superfamily, is a transcription factor induced by the serum stimulation 

could further indicate an attempt of cancer cells to stimulate cell proliferation. On the contrary, 

decreased levels of neuregulin 1 (NRG1), a direct ligand of ERBB3 and ERBB4 tyrosine kinase 

receptors, which activate ERBB receptors, could be responsible for the inhibition of cancer cell 

growth. Additionally, the downregulated fibroblast growth factor receptors 3 and 4, PDGFA, and 

GAB1 (GRB2-associated binding protein 1), which take part in FGF signalling, indicate 

downregulation of this pathway and possible suppression of tumor cell invasiveness and EMT.  

The increased signalling by NTRK1 (Neurotrophic tyrosine receptor kinase gene fusion) 

term could promote cancer cell growth. The elevated levels of BDNF (brain-derived neurotrophic 

factor), EGR 1-4 (early growth response proteins 1-4), JUNB (transcription factor jun-B) that 

enables sequence-specific dsDNA binding activity and is a part of AP-1 transcription factors, SRF 

(serum response factor), which stimulates cell proliferation and takes part in immediate-early 

genes, might indicate stimulation of cell proliferation. Moreover, increased TIAM (T-lymphoma 

invasion and metastasis-inducing protein 1), a guanine nucleotide exchange factor (GEF), 

regulates RAC1 signalling pathways that affect cell shape, migration, adhesion, growth, survival, 

actin cytoskeleton formation, endocytosis and membrane trafficking could contribute to activation 

of cancer cell migration and metastasis.   
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On the other hand, lower levels of ARC (activity-regulated cytoskeleton-associated 

protein) involved in cell migration and cytoskeleton organization may indicate decreased cancer 

cell invasion. Additionally, decreased CRKL (CRK-like proto-oncogene adaptor protein) that has 

been shown to activate the RAS and JUN kinase signalling pathways and transform fibroblasts in 

a RAS-dependent fashion, MAPK7 (mitogen protein kinase 7), involved in cell proliferation and 

transcription regulation, and RIT1 (Ras-like without CAAX 1 – Ras-related GTPase), involved in 

regulating p38 MAPK-dependent signalling cascades related to cellular stress could support the 

hypothesis that combination of CBD and ISS can have an antiproliferative effect.  

Based on the IL-1 signalling term, there was an overall inhibition of NFkB signalling. For 

instance, the increased expression of an NFkB kinase complex (CHUK) inhibitor component and 

NFKBIA suggests the downregulation of NFkB signalling. Higher levels of NLR family CARD 

domain containing 5, a caspase recruitment domain containing NLR family, play in cytokine 

response through inhibition of NFkB and negative regulation of IFN signalling could also 

contribute to inhibition of pro-inflammatory cascades.  

Additionally, the downregulation of  IL1RAP (IL1 receptor accessory protein), which helps 

in the activation of signalling events of IL-1-responsive genes, NFKB2 (NFkB subunit 2), NOD1, 

NOD2 (nucleotide binding oligomerization domain containing 1 and 2), members of Nod1/Apaf-

1 family proteins that take part in the immune response to LPS and activation of NFkB, and TRAF6 

(TNF receptor associated factor 6), which helps in the activation of NFkB and response to 

inflammation, suggest that NFkB signalling was substantially downregulated under our treatment.  

Interferon signalling term. There was an increased expression of early growth response 1 

transcript (EGR1), which is a transcriptional regulator required for differentiation and mitogenesis. 

Higher levels of GBP2 (guanylate binding protein 2), a GTPase, which induces IFN-induced 

proteins, IFI35 and IFIT5 (interferon-induced protein and interferon-induced protein with 

tetratricopeptide repeats 5) induce macrophage activation, antiviral defence, and negatively 

regulates NFkB.   

The top 10 up- and 10 down-regulated genes are presented in Table 8. 

Table 8. Top 10 up-and 10 down-regulated genes for DMSO versus ISS and CBD 

treatment in the HCT-116 CRC cell line based on mRNA expression analysis. 

Top 10 up-regulated genes 

Gene name Gene description Gene biotype Log2 Fold Change 
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NR4A3 

nuclear receptor subfamily 4 

group A member 3  

Protein coding 

4.1 

THBS1 thrombospondin 1  Protein coding 3.3 

SSTR5-AS1 SSTR5 antisense RNA 1  lncRNA 3.2 

LINC01629 

long intergenic non-protein 

coding RNA 1629  

lncRNA 

2.9 

RNF39 ring finger protein 39  Protein coding 2.7 

EDN1 endothelin 1  Protein coding 2.6 

CCN1 

cellular communication network 

factor 1 

Protein coding 

2.6 

N/A novel transcript lncRNA 2.5 

AHRR 

aryl hydrocarbon receptor 

repressor  

Protein coding 

2.4 

CCN2 cellular communication network 
factor 2  

Protein coding 2.4 

Top 10 down-regulated genes 

Gene name Gene description Gene biotype Log2 Fold Change 

CA9 carbonic anhydrase 9  Protein coding -4.6 

ARRDC4 arrestin domain containing 4  Protein coding -3.9 

UPK1A-

AS1 UPK1A antisense RNA 1  lncRNA -3.5 

HLA-V 

major histocompatibility 

complex, class I, V 

(pseudogene)  

Transcribed 

unprocessed 

pseudogene -3.4 

PAG1 

phosphoprotein membrane 

anchor with glycosphingolipid 

microdomains 1  Protein coding -3.2 

FAM13A-

AS1 FAM13A antisense RNA 1  lncRNA -3.2 



 88 

PFKFB4 

6-phosphofructo-2-

kinase/fructose-2,6-

biphosphatase 4  Protein coding -3.1 

 novel transcript lncRNA -3.0 

PPFIA4 

PTPRF interacting protein alpha 

4  Protein coding -23.0 

FRZB frizzled related protein  Protein coding -2.9 

 

 

 
Figure 33. The synergistic effect of CBD and ISS in HCT-116 CRC cell line. Created 

with Biorender.com 

In CRCs, the RAS-MAPK pathway is overactivated, with KRAS and BRAF being 

overexpressed in approximately 50% and 15% of cases (104,105). PI3K/AKT signalling is 

upregulated in almost 40% of colon malignancies (106). When AKT is activated, it can increase 

enzymes in the glycolytic pathway to generate ATP and some of the byproducts of glycolysis are 
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utilized for cancer cell growth (Figure 33). At the same time, AKT inhibits oxidative 

phosphorylation to reduce ROS formation in mitochondria. In this case, the only pathway to 

generate energy is glycolysis. Based on our results, our hypothesis behind the synergistic 

interaction between ISS and CBD is that ISS overactivated PI3K/AKT signalling, which on the 

one hand, makes cancer cells rely on glycolysis; however, CBD strongly inhibited carbohydrate 

metabolism. As a result, cancer cells were not able to generate ATP via pro-survival pathways, 

resulting in the stimulation of cell death.    

1.4.5 Combination of cisplatin and cannabidiol in colorectal cancer cell lines 

Based on the literature review and data from mRNA expression pathway analysis, I 

combined different doses of CBD with cisplatin to see if there would be a synergistic interaction 

between these treatments. 

 
 

Figure 34. The percentage of cell viability changes under CBD combined with 

cisplatin at day 5 of treatment on the HCT-116 (1), and HT-29 (4) cell lines based on MTT 

results. Results are expressed as means of calculated cell viability ± standard deviations of each 

group in triplicate. One-way ANOVA was performed using GraphPad Prism version 9.0. 

Significant differences between groups are marked with ns – non-significant, *p < 0.05, **p < 

0.01, ***p < 0.001, ****p <0.0001. Normalized isobologram for the combination of CBD and 

cisplatin with normalization of the dose with IC50 to the unity of both x and y axis in the 

HCT-116 (2), HT-29 (5). All the combination points indicated the antagonistic interaction. 
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Normalized isobologram was generated using CompuSyn software. Abbreviations: A – cisplatin 

(D)1/(IC50)1; B – CBD (D)2/(IC50)2; D – dose; Point 1 – the combination of CBD 15 μM and 

cisplatin 10 μM; Point 2 – the combination of CBD 2 μM and cisplatin 1 μM. Fa – DRI plot for 

the combination of ISS with CBD in HCT-116 (3), and HT-29 (6) CRC cell line. Abbreviations: 

DRI – dose reduction index; Fa - fraction affected by the drug concentration (% of cell growth 

inhibition/100); CBD – CBD; Cis – cisplatin. The plot was generated using CompuSyn software.  

We observed a significant dose-dependent effect of cisplatin and CBD alone and in 

combination treatments compared to control in the HT-29 CRC cell line. At the concentration of 

15 μM of CBD, cell viability was 2%. For 10 μM cisplatin – 12.6%. When these two concentrations 

were combined, cell growth decreased to 0.8% (Figure 34). We observed similar dose-dependent 

effects of cisplatin and CBD in the HCT-116 CRC cell line. At the concentration of 15 μM of 

CBD, cell viability was 4.7%. For 10 μM cisplatin – 38.1%. When these two concentrations were 

combined, cell growth decreased to 1.4%.  

To further find out whether we observed synergistic or antagonistic interaction, we 

calculated CI based on the median-effect equation (Chou) and combination index theorem (Chou-

Talalay) as well as generated dose-effect curves using CompuSyn software (243–245). Based on 

the normalized isobologram analysis, the combination of CBD and cisplatin had an antagonistic 

effect on CRC cell lines (Table 9). Moreover, as the results showed, the DRI values for CBD were 

all around 1, which indicates that we cannot reduce the dose of CBD when combined with cisplatin. 

Moreover, DRI for cisplatin was 1 and 0.3. Thus, the dose of cisplatin could not be reduced, even 

increased, to maintain its cell inhibitory effect on the HT-29 CRC cell line.  

Table 9. CI data for the combination of CBD and cisplatin. Data was generated using 

CompuSyn software. 

Dose of CBD 

(μM) 

Dose of 

cisplatin (μM) 

Effect (fraction 

of cell growth 

inhibition) 

CI Interaction effect 

HCT-116 

15 10 0.99 1.2 Slight antagonism 

7 7 0.29 12.1 Strong antagonism 

HT-29 

15 10 0.99 1.84 Antagonism 
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7 7 0.37 4.95 Strong antagonism 

 

We looked at mRNA sequencing data for DMSO vs. CBD and cisplatin in the HCT-116 

CRC cell line to understand the possible mechanisms behind the antagonistic interaction between 

CBD and cisplatin.  

Exploratory analysis 

 
Figure 35. A hierarchical clustering heatmap analysis of the differentially expressed 

genes with fold change over 1.5 and adjusted p-values < 0.05 for DMSO control versus CBD 

IC50 and cisplatin in the HCT-116 CRC cell line. The x-axis shows non-supervised clusters 

between the two treatment groups. The 3.1, 3.2, and 3.3 are independent replicates for DMSO and 

9.1, 9.2 are for CBD IC50 and cisplatin treatment. The y-axis shows differentially expressed genes. 

The fold changes of up-regulated genes are in the red-orange colour spectrum, and the down-

regulated genes are represented in the blue colour spectrum. The heatmap was generated using R 

software version 4.2.2.   

A heatmap represents differentially expressed genes for DMSO versus CBD IC50 

combined with cisplatin in the HCT-116 CRC cell line. The unsupervised clustering based on the 
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underlying data determined if there were sub-categories within DMSO control and CBD with 

cisplatin treatment. As Figure 35 shows, there were significant differences in gene expression 

between the groups. The differences were not substantial for the biological replicates within the 

same group, showing the treatment samples' good quality (Figure 35).  

Pathway analysis 

 
Figure 36. The Reactome dot plot of the top 20 terms for DMSO versus CBD IC50 

and cisplatin in the HCT-116 CRC cell line. The top 20 terms with the highest fold change are 

shown in this plot, with their corresponding Reactome pathways on the y-axis. The size of the dots 

represents the number of genes in each pathway, while the red colour's intensity indicates the 

enrichment's significance. The most enriched pathways are shown at the top of the plot. The figure 

was generated using pathfindR enrichment analysis software. 

The results based on the Reactome dot plot showed the differential gene expression in the 

TP53 regulation of apoptosis, TGF-β signalling, extracellular matrix organization, circadian clock 

regulation and checkpoints defects (Figure 36). When we compared dot plots for cisplatin alone 
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and cisplatin combined with CBD, it was visible that when cisplatin was administered alone, there 

was a much higher fold enrichment of genes responsible for TP53-mediated cell death. This could 

be one of the explanations for why CBD and cisplatin worked antagonistically.  

 
Figure 37. The Reactome Term-Gene Graph for Top 20 terms for DMSO versus CBD 

IC50 combined with cisplatin treatment in the HCT-116 CRC cell line. The graph displays the 

top 20 Reactome terms and their corresponding gene sets. Each node represents a Reactome term, 

and the size of the node is proportional to the number of genes associated with that term. The edges 

between the nodes represent the overlap in gene sets between the terms. The edge's thickness 
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represents the overlap's magnitude, and the edge's colour represents the direction of the overlap, 

with green for downregulated and red for upregulated genes. The figure was generated using 

pathfindR enrichment analysis software. 

The BHLHE40 (basic helix-loop-helix family member E40) gene that controls the body’s 

circadian clock was downregulated. BHLHE40 represses activation of PER1 and is believed to be 

involved in the circadian clock (Figure 37). Next, NFIL3 (nuclear factor, IL-3 regulated), which is 

a transcriptional regulator of genes responsible for the circadian clock, was also increased. These 

might indicate an increased regulation of circadian rhythms under the combination of CBD and 

cisplatin and are one of the rationales why we wanted to add ISS to our treatments.  

There was an increased expression of genes responsible for the extracellular matrix 

organization and cancer cell invasiveness, including collagen, laminins, and FGF2 activation. On 

the other hand, the increased SMAD7 could prevent the activation of TGF-β and inhibit EMT in 

cancer cells.  

Cisplatin is known to activate apoptosis due to its damaging effect on the DNA. However, 

our results showed that the increased levels of cyclin E2 (CCNE2) and CDC25A (cell division 

cycle 25A) and decreased transcripts for CDK inhibitor 1C (CDKN1C) could stimulate cell cycle 

progression even with damaged DNA. This could also be one of the reasons why CBD with 

cisplatin had antagonistic interaction. 

Despite the upregulation of many genes responsible for cell survival, we observed 

increased levels of pro-apoptotic transcripts, BAX, FAS, TNFRSF10C, TP53I3, TP53INP1, and 

TRIAP. These genes were upregulated in a similar way under cisplatin treatment alone. However, 

as we already mentioned, when we looked at the dot plot analysis, we observed lower fold 

enrichment for CBD and cisplatin combination compared to cisplatin alone. Furthermore, the 

downregulation of FOS and JUN, the AP-1 transcription factor subunits, would indicate inhibition 

of cell proliferation.  

Based on the Reactome data for differential expression analysis in HCT-116 CRC cells, 

CBD in combination with cisplatin decreased the expression of genes responsible for glucose 

metabolism, glycolysis, and gluconeogenesis, such as PFKFB4 that regulates fructose-2,6-

bisphosphate, and responded to hypoxia to help cancer cells produce more ATP. There was also 

downregulation of hexokinase 2 (HK2) expression that is involved in the rapid activation of 

glycolysis in cancer cells. The transcript for glucose-6-phosphate isomerase (GPI) was decreased 
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too. The function of GPI, along with the regulation of glucose metabolism, is acting as an autocrine 

motility factor, a tumor-secreting cytokine, and an inducer of angiogenesis. This shows that the 

addition of CBD inhibited transcription of factors that help in the survival of cancer cells under 

energy and oxygen scarcity and might prevent cancer progression.  

The top 10 up- and 10 down-regulated genes are presented in Table 10. 

Table 10. Top 10 up-and 10 down-regulated genes for DMSO versus cisplatin and 

CBD treatment in the HCT-116 CRC cell line based on mRNA expression analysis. 

Top 10 up-regulated genes 

Gene name Gene description Gene biotype Log2 Fold Change 

CYP1A1 

cytochrome P450 family 1 

subfamily A member 1  

Protein coding 

2.2 

AHRR 

aryl hydrocarbon receptor 

repressor  

Protein coding 

1.8 

ALDH1A3 

aldehyde dehydrogenase 1 

family member A3  

Protein coding 

1.4 

ZBED2 

zinc finger BED-type containing 

2  

Protein coding 

1.3 

GALNT5 

polypeptide N-

acetylgalactosaminyltransferase 

5  

Protein coding 

1.3 

CYP1B1 

cytochrome P450 family 1 

subfamily B member 1  

Protein coding 

1.3 

GDA guanine deaminase  Protein coding 1.3 

THBS1 thrombospondin 1  Protein coding 1.2 

SULF2 sulfatase 2  Protein coding 1.2 

N/A novel transcript lncRNA 1.2 

Top 10 down-regulated genes 

Gene name Gene description Gene biotype Log2 Fold Change 

FOSB 

FosB proto-oncogene, AP-1 

transcription factor subunit  Protein coding -2.9 
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ANKRD37 ankyrin repeat domain 37  Protein coding -2.0 

FOS 

Fos proto-oncogene, AP-1 

transcription factor subunit  lncRNA -1.9 

RAPGEF4 

Rap guanine nucleotide 

exchange factor 4  

Transcribed 

unprocessed 

pseudogene -1.6 

EGR1 early growth response 1  Protein coding -1.5 

SUSD2 sushi domain containing 2  lncRNA -1.3 

JUN 

Jun proto-oncogene, AP-1 

transcription factor subunit  Protein coding -1.2 

DDIT3 

DNA damage inducible 

transcript 3  Protein coding -1.1 

 

novel transcript, antisense to 

GAPDH lncRNA -1.1 

ARRDC4 arrestin domain containing 4  Protein coding -1.1 

 

Overall, based on our mRNA expression results, we suggest that the antagonistic effect of 

combining CBD and cisplatin was the result of lower fold enrichment in genes responsible for 

apoptosis when compared to the cisplatin action alone in the HCT-116 CRC cell line.  

1.4.6 Combination of intermittent serum starvation and cisplatin in colorectal cancer cell 

lines 

To see if the addition of ISS to cisplatin could result in a synergistic effect, I combined the 

treatments and performed cell viability assays on four cell lines. 
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Figure 38. The changes of cell proliferation under ISS (FBS 10% for 8 h/FBS 0% for 

16 h) combined with different doses of cisplatin treatment on the HCT-116 (1), HT-29 (4), 

LS-174T (7), and HCEC (10) cell lines based on MTT results. Results are expressed as means 

of calculated cell viability ± standard deviations of each group in triplicate. Multiple unpaired t-

tests were performed using GraphPad Prism version 9.0. Significant differences between groups 

are marked with ns – non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. 

Normalized isobologram for the combination of cisplatin and ISS with normalization of the 

dose with IC50 to the unity of both x and y axis in the HCT-116 (2), HT-29 (5), LS-174T (8), 

and HCEC (11). Most of the combination points indicated a synergistic interaction. Normalized 

isobologram was generated using CompuSyn software. Abbreviations: A – ISS (D)1/(IC50)1; B – 
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Cisplatin (D)2/(IC50)2; D – dose; Point 1 – the combination of Cisplatin IC70 and ISS IC50; Point 

2 – the combination of Cisplatin IC50 and ISS IC50; Point 3 – the combination of Cisplatin IC20 

and ISS IC50.  Fa – DRI plot for the combination of ISS with Cisplatin in HCT-116 (3), HT-

29 (6), and LS-174T (9) CRC cell lines. Abbreviations: DRI – dose reduction index; Fa - fraction 

affected by the drug concentration (% of cell growth inhibition/100); Cis – Cisplatin; ISS – 

intermittent serum starvation. The plot was generated using CompuSyn software.  

Based on the cell viability, when we combined different doses of cisplatin with intermittent 

serum starvation (ISS), we observed a significant difference between control ISS and all tested 

doses of cisplatin combined with ISS (Figure 38). To further test whether we observed synergistic 

or antagonistic interaction, we calculated CI based on the median-effect equation (Chou) and 

combination index theorem (Chou-Talalay) as well as generated dose-effect curves using 

CompuSyn software (243–245). The normalized isobologram showed that the combination of 

cisplatin and ISS had a synergistic effect in most CRC cells, except for the HCT-116 cell line 

(Table 11).  

Table 11. CI data for the combination of ISS and cisplatin. Data was generated using 

CompuSyn software. 

Dose of 

cisplatin (μM) 

Dose of ISS 

(% of time 

under serum 

starvation) 

Effect 

(fraction of 

cell growth 

inhibition) 

CI Interaction effect 

HCT-116 

1.8 70 0.61 1.3 Moderate 

antagonism 

1.3 70 0.66 0.9 Nearly additive 

0.5 70 0.5 1.3 Moderate 

antagonism 

HT-29 

1.9 70 0.66 0.72 Moderate 

synergism 

1.3 70 0.65 0.83 Moderate 

synergism 
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0.5 70 0.49 1.0 Additive effect 

LS-174T 

4.1 70 0.79 0.66 Synergism 

2.9 70 0.63 0.76 Moderate 

synergism 

1.2 70 0.38 0.68 Synergism 

HCEC 

2.9 70 0.7 0.74 Moderate 

synergism 

2.1 70 0.55 0.82 Moderate 

synergism 

0.8 70 0.4 0.54 Synergism 

 

As for DRI values, combining cisplatin and ISS would allow reducing the dose of cisplatin 

in each tested CRC cell line.  

To understand the possible mechanisms behind the interaction between ISS and cisplatin 

we looked at mRNA sequencing data for DMSO vs. ISS and cisplatin in the HCT-116 CRC cell 

line.  

Exploratory analysis 
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Figure 39. A hierarchical clustering heatmap analysis of the differentially expressed 

genes with fold change over 1.5 and adjusted p-values < 0.05 for DMSO control versus 

cisplatin and ISS in the HCT-116 CRC cell line. The x-axis shows non-supervised clusters 

between the two treatment groups. The 3.1, 3.2, and 3.3 are independent replicates for DMSO and 

6.1, 6.2, and 6.3 are for ISS and cisplatin treatment. The y-axis shows differentially expressed 

genes. The fold changes of up-regulated genes are in the red-orange colour spectrum, and the 

down-regulated genes are represented in the blue colour spectrum. The heatmap was generated 

using R software version 4.2.2.   

A heatmap represents differentially expressed genes for DMSO versus ISS combined with 

cisplatin in the HCT-116 CRC cell line (Figure 39). The unsupervised clustering based on the 

underlying data determined if there were sub-categories within DMSO control and ISS with 

cisplatin treatment. As the figure shows, there were significant differences in gene expression 

between the groups. The differences were not substantial for the biological replicates within the 

same group, showing the treatment samples' good quality.  

Pathway analysis 
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Figure 40. The Reactome dot plot of the top 20 terms for DMSO versus ISS and 

cisplatin in the HCT-116 CRC cell line. The top 20 terms with the highest fold change are shown 

in this plot, with their corresponding Reactome pathways on the y-axis. The size of the dots 

represents the number of genes in each pathway, while the red colour's intensity indicates the 

enrichment's significance. The most enriched pathways are shown at the top of the plot. The figure 

was generated using pathfindR enrichment analysis software. 

Based on the dot plot analysis, the addition of ISS to cisplatin could have shifted the action 

of cisplatin from strongly pro-apoptotic toward pro-survival mechanisms (Figure 40). Possibly, 

because ISS could have reduced the speed of DNA replication, the important stage of the cell cycle 

for cisplatin's cytotoxic effects.  
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Figure 41. The Reactome Term-Gene Graph for the top 20 terms for DMSO versus 

ISS combined with cisplatin treatment in the HCT-116 CRC cell line. The graph displays the 

top 20 Reactome terms and their corresponding gene sets. Each node represents a Reactome term, 

and the size of the node is proportional to the number of genes associated with that term. The edges 

between the nodes represent the overlap in gene sets between the terms. The edge's thickness 

represents the overlap's magnitude, and the edge's colour represents the direction of the overlap, 

with green for downregulated and red for upregulated genes. The figure was generated using 

pathfindR enrichment analysis software. 

The elevated levels of brain-derived neurotrophic factor (BDNF), early growth response 

proteins 1-4 (EGR1-4), and parts of AP-1 transcription factors (FOS and JUNB) indicated 

activation of cell survival mechanisms and cell proliferation. Increased levels of BCL2 would 
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indicate inhibition of apoptosis. A higher serum response factor (SRF) could also stimulate cell 

proliferation. SRF is a part of immediate-early genes that regulate the cell cycle, apoptosis and 

couples cellular gene expression to cytoskeletal dynamics could indicate strong pro-survival 

signals in cancer cells. More to that, increased levels of TP53I3 and its effector GADD45A 

indicated p53-mediated DNA repair (Figure 41). 

The elevated HBEGF and PDGF indicated stimulation of growth factor signalling. 

Additionally, higher levels of MAP2K3 would indicate activation of MAP kinase signalling in 

response to insulin and is necessary for glucose transporter expression. Interestingly, oxidative 

phosphorylation could have been inhibited. Lower levels of PDK1, a pyruvate dehydrogenase, a 

mitochondrial enzyme that catalyzes the oxidative decarboxylation of pyruvate and is one of the 

major enzymes responsible for regulating the homeostasis of carbohydrate fuels in mammals, 

would suggest inhibition of oxidative phosphorylation in HCT-116 cells. As previously discussed, 

PI3K/AKT signalling could reduce mitochondrial oxidation yet stimulate glucose utilization as a 

main fuel for cancer cells, a common pro-survival mechanism in cancer cells.  

The increased levels of BMP4 (bone morphogenic protein), CEACAM1 (CEA cell 

adhesion molecule), COL5A2 (collagen type V alpha 2 chain), LAMA2 (laminin subunit alpha 2), 

NTN4 (netrin 4), PDGFB (platelet derived GF subunit B), SERPINE1 (serpin family E member 

1), SPOCK3 (osteonectin), and THBS1 (thrombospondin 1) indicated a wide variety of responses 

related to interactions with the extracellular matrix, which can represent an attempt of cancer cell 

to activate its invasive potential. Furthermore, the elevated levels of ARC, a gene coding for an 

activity-regulated cytoskeleton-associated protein involved in cell migration, could lead to cancer 

cell progression. Another protein regulating microtubular and vesicular transport that could cause 

cancer cell progression was dynamin 3 (DNM3). 

However, with the lowering of proteins that take part in Ras signalling, CRK like proto-

oncogene adaptor protein (CRKL) and Ras-like without CAAX 1 (RIT1), the GTPase regulating 

p38 MAPK-dependent signalling cascade that responds to cellular stress, as well as MAPK7 could 

reduce cancer cell proliferation and inhibit its survival mechanisms. Decreased MAPK7, PRKCA 

(protein kinase C alpha), and PTK6 (protein kinase 6) intracellular signal transducers responsible 

for cell proliferation could suppress cancer cell growth. Moreover, decreased levels of transcripts 

responsible for the formation of some collagens, laminins, and metalloproteases could lead to the 

suppression of cancer cell invasiveness. 
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The increased transcripts for EGR1, a few interferon-induced proteins (IFI6, IFIT1, IFIT3, 

IFIT5) and MHC class II (HLA-DRA) indicated strong stimulation of IFN signalling, which could 

result in activation of macrophages in the tumor microenvironment. Additionally, listed transcripts 

take part in the negative regulation of apoptosis and inhibition of cell proliferation by activating 

p21 and p27.  

The top 10 up- and 10 down-regulated genes are presented in Table 12. 

Table 12. Top 10 up-and 10 down-regulated genes for DMSO versus cisplatin and ISS 

treatment in the HCT-116 CRC cell line based on mRNA expression analysis. 

Top 10 up-regulated genes 

Gene name Gene description Gene biotype Log2 Fold Change 

NR4A3 

nuclear receptor subfamily 4 

group A member 3  

Protein coding 

6.3 

EGR3 early growth response 3  Protein coding 4.1 

NR4A1 

nuclear receptor subfamily 4 

group A member 1  

Protein coding 

3.8 

EGR2 early growth response 2  Protein coding 3.7 

EDN1 endothelin 1  Protein coding 3.5 

THBS1 thrombospondin 1  Protein coding 3.3 

ATOH8 

atonal bHLH transcription factor 

8  

Protein coding 

3.0 

FGFBP1 

fibroblast growth factor binding 

protein 1  

Protein coding 

2.9 

METTL7A methyltransferase like 7A  Protein coding 2.8 

NR4A2 nuclear receptor subfamily 4 
group A member 2  

Protein coding 2.8 

Top 10 down-regulated genes 

Gene name Gene description Gene biotype Log2 Fold Change 

C1orf162 

chromosome 1 open reading 

frame 162  Protein coding -3.1 

N/A 

novel transcript, antisense to 

PET112L lncRNA -3.1 
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PHF24 PHD finger protein 24  Protein coding -3.0 

FRZB frizzled related protein  Protein coding -2.7 

DNAJB13 

DnaJ heat shock protein family 

(Hsp40) member B13  Protein coding -2.4 

THSD7A 

thrombospondin type 1 domain 

containing 7A  Protein coding -2.4 

SNX31 sorting nexin 31  Protein coding -2.4 

TM4SF19 

transmembrane 4 L six family 

member 19  Protein coding -2.3 

HKDC1 hexokinase domain containing 1  Protein coding -2.3 

PLSCR2 phospholipid scramblase 2  Protein coding -2.2 

 

Overall, based on the mRNA expression results, we observed an activation of multiple pro-

survival and pro-invasive mechanisms under the combination of ISS and cisplatin in HCT-116. 

Thus, we would not recommend such a treatment combination in the MMR-deficient CRC, but we 

would suggest doing further experiments to support this notion. 

1.4.7 Combination of intermittent serum starvation, cisplatin and cannabidiol in colorectal 

cancer cell lines 

To see if the addition of ISS to cisplatin and CBD could synergize, I combined the 

treatments and performed cell viability assays on four cell lines. 
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Figure 42. The changes of cell viability under ISS (FBS 10% for 8 h/FBS 0% for 16 

h) combined with different doses of CBD and cisplatin treatment on the HCT-116 (1), HT-

29 (4), LS-174T (7), and HCEC (10) CRC cell line based on MTT results. Results are expressed 

as means of calculated cell viability ± standard deviations of each group in triplicate. Multiple 

unpaired t-tests were performed using GraphPad Prism version 9.0. Significant differences 

between groups are marked with ns – non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p 

<0.0001. Fa – CI plot for HCT-116 (2), HT-29 (5), LS-174T (8), and HCEC (11). The 

combination index (CI) was calculated to quantify synergism and antagonism of the drugs, where 

CI<1 indicates synergism, CI=1 – additive effect, and CI>1 – antagonistic effect. Abbreviations: 

CI – combination index; Fa – fraction affected by the drug concentration (% of cell growth 

inhibition/100); ISS+c – the combination of ISS with cisplatin in different doses; ISS+C – the 

combination of ISS with CBD in different doses; I+C+c – the combination of ISS with CBD and 

cisplatin in different doses. The plot was generated using CompuSyn software. Fa – DRI plot for 

the combination of ISS with CBD and cisplatin in HCT-116 (3), HT-29 (6), and LS-174T (11) 

CRC cell lines. Abbreviations: DRI – dose reduction index; Fa - fraction affected by the drug 

concentration (% of cell growth inhibition/100); CBD – CBD; ISS – intermittent serum starvation. 

The plot was generated using CompuSyn software.  
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We observed the lowest cell viability when combining CBD with other treatments. 

However, in this case, calculating drug interactions is more important than the statistical 

significance between the treatments. Drug interactions such as synergism or antagonism are based 

on biophysical and biochemical interactions between treatments, not on statistical significance. To 

further analyze our results, whether we observed synergistic or antagonistic interaction, we 

calculated CI based on the median-effect equation (Chou) and combination index theorem (Chou-

Talalay) as well as generated dose-effect curves using CompuSyn software (243–245). As shown 

on Fa-CI plots combining CBD, cisplatin, and ISS had a synergistic effect in most CRC cells 

(Figure 42, Table 13). Remarkably, by combining three treatments together, we were able to 

reverse the antagonistic interaction between CBD and cisplatin in tested CRC cell lines. Only in 

LS-174T and HCEC cells we observed an antagonistic effect when we combined higher doses of 

cisplatin with CBD and ISS. However, because the Fa values were relatively low, we would 

disregard this result as the desirable synergistic effects are when we observe Fa higher than 0.9.  

As for DRI values, combining cisplatin with CBD and ISS would allow reducing the dose 

of cisplatin in each tested CRC cell line.  

Table 13. CI data for the combination of ISS, CBD, and cisplatin. Data was generated 

using CompuSyn software. 

Dose of ISS 

(% of time 

under serum 

starvation) 

Dose of 

cisplatin 

(μM) 

Dose of 

ISS CBD 

(μM) 

Fa 

(fraction of 

cell growth 

inhibition) 

CI Interaction effect 

HCT-116 

70 1.3 8.3 0.97 0.097 Very strong 

synergism 

70 1.3 5.9 0.94 0.17 Strong synergism  

70 1.3 2.4 0.68 0.98 Nearly additive 

70 1.9 5.9 0.95 0.16 Strong synergism 

70 0.5 5.9 0.94 0.16 Strong synergism 

HT-29 

70 1.3 4.9 0.88 0.27 Strong synergism 

70 1.3 3.5 0.72 0.67 Synergism 
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70 1.3 1.4 0.71 0.67 Synergism 

70 1.9 3.5 0.73 0.72 Moderate synergism 

70 0.5 3.5 0.56 1.06 Nearly additive 

LS-174T 

70.0  2.9  6.7  0.68  0.7 Synergism 

70.0  2.9  4.8  0.62  0.8 Moderate synergism  

70.0  2.9  1.9  0.6  0.87 Slight synergism 

70.0  6.7  4.8  0.65  1.7 Antagonism 

70.0  1.2  4.8  0.45  0.6 Synergism 

HCEC 

70.0  2.1  8.3  0.87  0.2 Strong synergism 

70.0  2.1  5.9  0.95  0.07 Very strong 

synergism  

70.0  2.1  2.4  0.54  1.7 Antagonism 

70.0  2.9  5.9  0.95  0.09 Very strong 

synergism 

70.0  0.84  5.9  0.93  0.07 Very strong 

synergism 

 

Next, to understand the possible synergistic mechanisms behind the interaction between 

ISS, CBD, and cisplatin, we looked at mRNA sequencing data for DMSO vs. ISS, CBD, and 

cisplatin in the HCT-116 CRC cell line.  

Exploratory analysis 
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Figure 43. A hierarchical clustering heatmap analysis of the differentially expressed 

genes with fold change over 1.5 and adjusted p-values < 0.05 for DMSO control versus 

cisplatin, CBD and ISS in the HCT-116 CRC cell line. The x-axis shows non-supervised clusters 

between the two treatment groups. The 3.1, 3.2, and 3.3 are independent replicates for DMSO and 

10.2, and 10.3 are for ISS, CBD and cisplatin treatment. The y-axis shows differentially expressed 

genes. The fold changes of up-regulated genes are in the red-orange colour spectrum, and the 

down-regulated genes are represented in the blue colour spectrum. The heatmap was generated 

using R software version 4.2.2.   

A heatmap represents differentially expressed genes for DMSO versus ISS combined with 

cisplatin and CBD in the HCT-116 CRC cell line (Figure 43). The unsupervised clustering based 

on the underlying data determined if there were sub-categories within DMSO control and ISS with 

cisplatin and CBD treatment. As the figure shows, there were significant differences in gene 

expression between the groups. The differences were not substantial for the biological replicates 

within the same group, showing the treatment samples' good quality.  

Pathway analysis 
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Figure 44. The Reactome dot plot of the top 20 terms for DMSO versus ISS, CBD and 

cisplatin in the HCT-116 CRC cell line. The top 20 terms with the highest fold change are shown 

in this plot, with their corresponding Reactome pathways on the y-axis. The size of the dots 

represents the number of genes in each pathway, while the red colour's intensity indicates the 

enrichment's significance. The most enriched pathways are shown at the top of the plot. The figure 

was generated using pathfindR enrichment analysis software. 

The dot plot analysis showed a strong upregulation of genes that are responsible for sister 

chromatid cohesion, mitotic spindle checkpoint, amplification of signals from kinetochores, 

activation of TP53-mediated apoptosis and disorders of carbohydrate metabolism (Figure 44). I 

suggest that the combination of CBD and ISS caused strong inhibition of energetic reserves in 

CRC cells, which could assist in cisplatin’s cytotoxic effect. I already mentioned in the literature 

review that cisplatin often causes cell cycle arrest in the G2/M phase, which we also could see in 

our pathway analysis. 
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Figure 45. The Reactome Term-Gene Graph for Top 20 terms for DMSO versus ISS 

combined with cisplatin treatment in the HCT-116 CRC cell line. The graph displays the top 

20 Reactome terms and their corresponding gene sets. Each node represents a Reactome term, and 

the size of the node is proportional to the number of genes associated with that term. The edges 

between the nodes represent the overlap in gene sets between the terms. The edge's thickness 

represents the overlap's magnitude, and the edge's colour represents the direction of the overlap, 

with green for upregulated and red for downregulated genes. The figure was generated using 

pathfindR enrichment analysis software. 
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Under the combination of ISS, cisplatin, and CBD, there was a massive decrease in 

transcripts responsible for the resolution of sister chromatid cohesion, genes involved in metaphase 

and anaphase, separation of sister chromatids, and amplification of signals from kinetochores 

(Figure 45).  

The increased levels of CDKN1A, a gene coding for cyclin-dependent kinase inhibitor 1 

A, indicated cell cycle arrest. The decreased levels of AURKB – aurora B kinases responsible for 

the alignment and chromosome segregation during mitosis through association with microtubules 

could also indicate cell cycle arrest in the M phase. Moreover, decreased BUB1, a gene coding for 

mitotic checkpoint serine/threonine kinase B that has been localized in kinetochores and plays an 

important role in inhibiting the anaphase-promoting complex/cyclosome (APC/C), delaying the 

onset of anaphase. The decreased levels of centromere proteins A, F, E, I, and L would disturb the 

proper mitotic behaviour of chromosomes leading to improper centromere structures. A decrease 

of CLASP1, a nonmotor microtubule-associated protein involved in regulating microtubule 

dynamics at the kinetochores, also indicated a disturbance of proper mitosis. Lower levels of 

NUF2, the NUF2 component of the NDC80 kinetochore complex, would suggest improper 

chromosome segregation and spindle checkpoint activity. Additionally, MAD2L1, mitotic arrest 

deficient 2 like 1, a component of the mitotic spindle assembly checkpoint that prevents anaphase 

onset until all chromosomes are properly aligned, was decreased, suggesting arrest in the M phase. 

A highly expressed during mitosis PLK1 coding for polo-like kinase 1 that regulates centrosome 

maturation and spindle assembly, removing cohesins from chromosome arms, inactivating APC/C 

inhibitors, and regulation of mitotic exit and cytokinesis was also decreased. Furthermore, 

decreased expression of RAD21, a gene involved in the repair of DNA-double strand breaks and 

chromatin cohesion during mitosis, would suggest disorders in HR repair systems.    

The lowering of cyclin-dependent kinase 1 (CDK1), cell division cycle 20 (CDC20), and 

cyclin B1 and B2 (CCNB1 and CCNB2) would suggest strong inhibition of cell cycle progression 

in the G2/M phase.  

Similarly to cisplatin alone, p53-mediated pro-apoptotic factors such as FAS and BAX 

were upregulated. Additionally, decreased levels of survivin and N-myc downstream regulated 

NDRG1, a stress response protein involved in hormone response, would further suggest inhibiting 

pro-survival mechanisms and activation of apoptosis.  
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There were increased levels of JUNB protooncogene, an AP-1 transcription factor subunit 

which regulates cell proliferation. Additionally, the increased levels of HIF1α and FGF2 indicated 

activation of survival pathways in cancer cells and possible stimulation of EMT, which would be 

unwanted effects of combinational treatment. Additionally, increased Ras homolog family 

member U, a Rho GTPase activating PAK1 and JNK1, can induce the formation of filopodium 

and dissolving stress fibers. It also mediates the effects of Wnt signalling in regulating cell 

morphology, cytoskeletal organization, and cell proliferation. Moreover, an increase in 

TNFRSF1B, a gene encoding a member of the TNF-receptor superfamily, together with TNFR1, 

forms a heterocomplex that mediates the recruitment of c-IAP1 and c-IAP2, which could help in 

cancer cell survival.  

The increased betacellulin (BTC) levels could indicate the increased production of EGF-

like proteins to stimulate cancer cell growth. Additionally, higher levels of FGF1, FGF2, FGF9 

and FGF19 indicate a strong stimulation of FGF signalling, which could stimulate broad mitogenic 

and cell survival mechanisms, including angiogenesis, invasion, and metastasis. Heparin-binding 

EGF Like growth factor (HBEGF), when elevated, could stimulate PI3K/AKT pro-survival 

signalling. Moreover, elevated levels of PDGF, TGF-α and PI3K regulatory subunit 3 also 

indicated activation of the PI3K/AKT signalling and possible stimulation of EMT.  

On the other hand, reduced fibroblast growth factor receptor 4 (FGFR4) and EGFR could 

decrease cell proliferation, migration, and lipid and glucose metabolism. Lower levels of IL-1 

receptor accessory protein could reduce IL-1-dependent activation of NFkB and result in an anti-

inflammatory effect. Additionally, SNAIL1, a strong inductor of EMT, was also decreased, which 

would indicate inhibition of tumour cell progression. Decreased Ras-related GTP binding D, which 

takes part in AKT/mTOR signalling and activation and relocation of mTORC1 to the lysosomes, 

could inhibit CRC cell growth.     

The increased expression of different types of collagen components such as collagen type 

I alpha 1 chain, collagen type IV alpha 5 chain, collagen type XI alpha 2 chain, as well as CEA 

adhesion molecule 1, integrin subunits alpha 1 and 10, laminin subunits, and syndecan 1 indicated 

a strong formation of ECM connections between cancer cells and the environment that could lead 

to invasion and metastasis. On the other hand, the downregulation of ADAMTS2, ADAMTS14, 

MMP11, and MMP7, metalloproteases which help in cancer cell invasiveness by dissolving the 

ECM components, could prevent cancer invasive potential.   
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The top 10 up- and 10 down-regulated genes are presented in Table 14. 

Table 14. Top 10 up-and 10 down-regulated genes for DMSO versus cisplatin, ISS, 

and CBD treatment in the HCT-116 CRC cell line based on mRNA expression analysis. 

Top 10 up-regulated genes 

Gene name Gene description Gene biotype Log2 Fold 

Change 

NR4A3 

nuclear receptor 

subfamily 4 group A 

member 3  

Protein coding 

4.1 

THBS1 thrombospondin 1  Protein coding 3.9 

SSTR5-

AS1 SSTR5 antisense RNA 1  

lncRNA 

3.2 

ABCA12 

ATP binding cassette 

subfamily A member 12  

Protein coding 

3.2 

EDN1 endothelin 1  Protein coding 3.1 

AHRR 

aryl hydrocarbon receptor 

repressor  

Protein coding 

2.67 

CCN1 

cellular communication 

network factor 1  

Protein coding 

2.6 

GDF15 

growth differentiation 

factor 15  

Protein coding 

2.6 

CCN2 

cellular communication 

network factor 2  

Protein coding 

2.6 

CD7 CD7 molecule  lncRNA 2.5 

Top 10 down-regulated genes 

Gene name Gene description Gene biotype Log2 Fold 

Change 

UPK1A-

AS1 UPK1A antisense RNA 1  lncRNA -3.3 

CA9 carbonic anhydrase 9  Protein coding -3.3 
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ARRDC4 

arrestin domain 

containing 4  Protein coding -3.3 

PFKFB4 

6-phosphofructo-2-

kinase/fructose-2,6-

biphosphatase 4  Protein coding -3.2 

LINC00640 

long intergenic non-

protein coding RNA 640  lncRNA -2.9 

RPL17P50 

ribosomal protein L17 

pseudogene 50  processed_pseudogene -2.8 

KLHL2P1 

kelch like family member 

2 pseudogene 1  unprocessed_pseudogene -2.8 

HLA-V 

major histocompatibility 

complex, class I, V 

(pseudogene)  transcribed_unprocessed_pseudogene -2.7 

ZNF101P2 

zinc finger protein 101 

pseudogene 2  processed_pseudogene -2.7 

KDM4A-

AS1 KDM4A antisense RNA 1  lncRNA -2.7 

 

Overall, we observed a strong activation of G2/M cell cycle arrest and apoptosis in HCT-

116 CRC cells under the combination of CBD, cisplatin, and ISS. However, despite the strong 

cytotoxic effects of combinational treatment, there was an upregulation of transcripts that take part 

in cancer cell EMT and invasive potential. 

1.5. Discussion, limitations and future perspectives 

1.5.1. Cisplatin 

Cisplatin is an effective chemotherapy agent that is used for the treatment of multiple 

cancers (144). It is often used in combination with other anticancer therapies (145). Unfortunately, 

the development of resistance to cisplatin and, as a result, cancer progression occuroccurs often 

(146,147).   

Cisplatin has a strong pro-apoptotic effect (155,156), which coincided with our data on the 

HT-29 and the HCT-116 CRC cell lines. Cisplatin’s cytotoxic action is explained that by forming 
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DNA crosslinks, it can cause DNA- damage and apoptosis (144). Additionally, when administered, 

cisplatin induces oxidative stress primarily in mitochondria, reducing membrane potential (143) 

and ultimately leading to cell death (149).  

According to the mRNA expression data obtained from the HT-29 CRC cell line, cisplatin 

had multiple effects on cancer cells. Cisplatin hindered various biosynthetic pathways, including 

aminoacyl-tRNA and rRNA, thereby inhibiting global translation. Furthermore, it reduced 

multiple metabolic pathways that cancer cells depend on for growth and proliferation, such as 

glycolysis, gluconeogenesis, and oxidative phosphorylation. Cisplatin induced cytotoxic effects 

by increasing the expression of several genes involved in both the intrinsic and extrinsic pathways 

of apoptosis. Another effect of cisplatin was the increased expression of p21, which can lead to 

cell cycle arrest in the G1/S phase. Nonetheless, cell cycle arrest may not be a beneficial effect of 

chemotherapy as it may lead to cell survival (152). Our data also showed that under cisplatin, 

multiple unwanted mechanisms were activated that could result in CRC cell survival and 

progression, which are often observed in clinical settings as a disease relapses. 

1.5.2 CBD 

As we previously mentioned, the mechanisms of anticancer effects of cannabinoids include 

the activation of apoptosis, endoplasmic reticulum (ER) stress response, downregulation of 

survivin (inhibitor of apoptosis), a decrease of RAS/MAPK and PI3K/AKT signalling 

(22,26,35,37,40). However, our data on the HCT-116 CRC cell line did not show such a variety 

of mechanisms involved. We suggest that perhaps the dose of IC50 was not sufficient to activate 

the full spectrum of cytotoxic effects of CBD, at least when it was administered alone. It is also 

possible that the effect of CBD depends on the cancer type and tissues involved. 

Adding CBD modulated TGF- β signalling via SMAD7 and SMAD3 upregulation, which 

resulted in the inhibition of TGF- β, a common pathway affected in CRCs (19,20) responsible for 

EMT and cell survival. Interestingly, CBD also inhibited ABCA1 transcript, which belongs to the 

ABC family of transporters that commonly contribute to chemotherapy drug resistance. Thus, 

CBD could possibly reduce the development of drug resistance via decreasing drug efflux pumps. 

A persistent chronic inflammatory response in some CRCs with increased levels of TNF, 

IL-17, IL-23, IFN-𝛾, and IL-6 due to the activation of NFkB and STAT3 can lead to the formation 

of aberrant cryptic foci (ACF) and adenomas that eventually can develop into adenocarcinomas. 

Moreover, continuous activation of COX-2 increases KRAS signalling and promotes tumor 
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survival, progression, and metastatic potential (13–15). As our results showed, CBD decreased 

levels of MAP3K8 transcript, an oncogene coding for Mitogen-Activated Protein Kinase Kinase 

Kinase 8, which can activate both MAP and JNK pathways as well as proinflammatory pathways 

involving activation of NFκB. This could be one of the mechanisms of CBDs preventive action on 

CRCs development.  

Additionally, we observed the decreased the expression of genes responsible for glucose 

metabolism, glycolysis, and gluconeogenesis, such as PFKFB4 that regulates fructose-2,6-

bisphosphate and respond to hypoxia to help cancer cells produce more ATP. There was also 

downregulation of hexokinase 2, which is involved in the rapid activation of glycolysis in cancer 

cells. Our data also showed that the addition of CBD inhibited the transcription of factors that help 

cancer cells with energy and oxygen scarcity. Thus, it could prevent cancer cell survival and the 

development of cancer progression. The observed mechanisms of CBD regarding glucose 

metabolism were of high interest to us because they could assist with the mechanisms of serum 

deprivation when two treatments were combined together.  

Overall, the Reactome data for differential expression analysis in the HCT-116 CRC cells 

showed that CBD had a range of effects on gene expression. CBD was observed to decrease the 

expression of genes responsible for glucose metabolism, glycolysis, and gluconeogenesis, which 

could impede cancer growth. Additionally, CBD downregulated cell mitogenesis and 

differentiation gene, specifically FOSB, EGR3, and EGR1. CBD had an impact on TGF-β 

signalling pathways and decreased the expression of ABCA1 and ANGPTL4, potentially reducing 

the development of drug resistance. Conversely, CBD increased the expression of oncogenes like 

JUN and MAPK3K8. In summary, these results suggest that CBD may have therapeutic potential 

for the MSI subtype of CRC. However, further experimental data would be required to support 

this idea, such as apoptosis assay, protein expression analysis of selected pathways, and animal 

models.  

1.5.3 ISS   

Studies have demonstrated that both serum starvation in vitro and short-term food 

deprivation in vivo can decrease growth factor stimulation levels (167–169). When growth signals 

are depleted in normal cells, it can reduce proliferation-stimulating signalling activity and 

metabolism (170). However, cancer cells respond differently to starvation, as it can trigger cellular 

stress due to their metabolic reprogramming to ensure continuous proliferation (171) and activate 
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the DNA damage response (162). In mice models, short-term fasting protected normal cells while 

sensitizing malignant cells to chemotherapy drugs, which depends on reduced levels of IGF-1 and 

glucose (185). This was one of the reasons why we decided to test 0% FBS ISS. FBS is known to 

contain a high number of growth-stimulating factors that would boost cancer cell growth. We 

wanted to see how pro-survival signalling in CRC cells will respond to ISS because multiple 

oncogenic pathways play a role in decreased stress resistance in cancer cells, which results in their 

inability to switch into a stress-protective mode (183).  

The mRNA expression analysis of ISSs’ effects in the HCT-116 showed that serum 

deprivation activated multiple survival pathways, including PI3K/AKT signalling. ISS 

downregulated the expression of EGFR, which could inhibit cell growth, proliferation, and 

survival of cancer cells. On the other hand, increased levels of serum response factor and PI3K 

signalling may indicate the activation of survival pathways in CRC cells. Multiple genes that take 

part in the downregulation of MAPK/ERK1/2 signalling were increased, which could lead to the 

prevention of apoptosis. The numerous genes taking part in extracellular matrix reorganization 

were changed too. The decreased levels of some integrins, laminins, MMPs and PDGFs could 

point to reduced invasiveness of HCT-116 cells under ISS treatment. Interestingly, ISS also 

inhibited carbohydrate and modulated lipid metabolism similarly to the CBD treatment alone.   

Based on the literature review, MTT and mRNA expression data we decided to test CBD, 

cisplatin, and ISS in different combinations to see if we could achieve a synergistic effect. Thus, 

our next step was to look at different treatment interactions (Figure 46) and their molecular 

mechanisms.  
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Figure 46. The treatment interactions between intermittent serum starvation, CBD, 

and cisplatin in CRC cell lines. Green lines indicated synergistic interactions, and red lines 

indicated antagonistic effects. The line thickness indicated the strength of the interaction. Figure 

created with BioRender.com 

1.5.4 ISS and CBD 

As previously mentioned, many cancer cells have higher glucose uptake rates and rely on 

glycolysis and lactic acid fermentation even when oxygen is present, known as the Warburg effect 

(216). The PI3K/AKT/mTOR pathway is a key regulator of aerobic glycolysis and cellular 

biosynthesis, involving enhanced glucose uptake, essential amino acids, and protein translation 

(207). In cancer, hyperactivation of AKT prevents apoptosis and boosts uncontrolled cell 

proliferation. The signalling from growth factors and cytokine receptors can inhibit the activation 

of apoptosis by stimulating PI3K/AKT signalling (221).  

The potential of modulating tumor metabolism for therapeutic purposes has not been 

extensively studied. However, there are several methods for influencing tumor metabolism that 

could have therapeutic implications and normalize cell metabolism. These methods include 

inhibiting HIF-1a from decreasing angiogenesis, re-establishing p53 to activate apoptosis, and 

suppressing PI3K/AKT/mTOR signalling pathway to inhibit cell growth and proliferation 

(223,224). Additionally, AKT may inhibit apoptosis via the activation of mitochondria-bound 
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hexokinase (234). In summary, low-nutrient conditions and glycolysis inhibitors may enhance the 

activation of apoptosis for glucose-addicted cancer cells with overactivated oncogenes.  

Based on our results, we suggest that the strong synergistic effect between ISS and CBD 

was due to the hyperactivation of AKT signalling and simultaneous inhibition of glycolysis and 

oxidative phosphorylation (Figure 33), which pushed cancer cells toward the stimulation of pro-

apoptotic factors.  

1.5.5 Cisplatin and CBD 

As mentioned previously, the activation of p38 MAPK pathway plays a crucial role in 

cisplatin-induced apoptotic death, as it triggers the transcription of PUMA and NOXA via p53 

activation (155,156). According to Hayakawa et al. (2000) (157), cisplatin-induced DNA damage 

leads to phosphorylation of BAD via the pro-survival AKT pathway. Other studies have also 

indicated that BAD protein is phosphorylated by ERK cascade in response to cisplatin treatment 

(158). Our mRNA sequencing results also indicated a strong upregulation of p-53 mediated 

transcription of genes involved in apoptosis and based on the literature review, these mechanisms 

were similarly modulated by cannabinoids, which is why we combined cisplatin and CBD to 

explore the possibility of a synergistic interaction.  

Unfortunately, the combination of CBD and cisplatin had an antagonistic effect. Although 

we observed an activation of pro-apoptotic genes, the fold enrichment of cell death transcripts was 

much higher in cisplatin alone compared to cisplatin with CBD. We suggest that one of the reasons 

might be an increased basal activity of pro-survival pathways under CBD treatment due to its 

modulative role in carbohydrate and lipid metabolism.   

1.5.6 Cisplatin and ISS 

It was previously shown that serum starvation sensitized cancer cells to cisplatin while 

protecting normal cells. In normal cells, serum starvation caused cell cycle arrest in G0/G1 phase 

due to p53/p21 activation, which depended on AMPK but not on the activation of ATM. However, 

but in cancer cells, serum starvation-activated p53 was both AMPK- and ATM-dependent. 

Additionally, the combination of cisplatin with serum starvation led to the activation of the 

ATM/CHK2/p53 pathway, compared to cisplatin alone, which indicated that the combination 

therapy sensitized cancer cells to chemotherapy. As a result, short-term starvation sensitized tumor 

xenografts to cisplatin, as indicated by significant tumor growth delay and the induction of 

complete remission in 60% of mesotheliomas and 40% of lung carcinoma xenografts. Thus, 
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combining starvation with cisplatin may enhance the therapeutic index of cisplatin-based 

chemotherapy (162). However, our results were different. Based on the cell viability, the 

combination of ISS and cisplatin had various effects on different CRC cell lines. In the MMR 

deficient, p53-positive HCT-116 CRC cell line, we observed antagonistic interaction with the 

strong activation of pro-survival mechanisms, such as increase in AP-1 transcription factors, 

stimulation of growth factor signalling, and upregulation of transcripts that take part in cancer cell 

invasiveness. On the other hand, in APC mutated HT-29 CRC cell line, we observed a synergistic 

effect. However, without mRNA pathway analysis of the HT-29 cell line, we cannot suggest any 

molecular mechanisms behind such an effect and would not recommend combining ISS with 

cisplatin to inhibit the CRC cell growth at this stage of experimental research.  

1.5.7. Cisplatin, CBD, and ISS 

The capacity of cisplatin to create DNA crosslinks results in the activation of cell cycle 

checkpoints. Cisplatin leads to a temporary pause in the S phase of the cell cycle, aided by p16. 

Cdc2-cyclin A or B kinase is strongly inhibited, resulting in more noticeable G2/M cell cycle 

arrest. In addition, cisplatin triggers the activation of ATM and ATR, which includes the 

phosphorylation of the p53 protein (154). Our results showed that when CBD, cisplatin, and ISS 

were combined, we observed synergistic interaction between the treatments. Interestingly, the 

differential gene expression analysis revealed a strong activation of multiple transcripts taking part 

in G2/M cell cycle arrest and p53-mediated transcription of cell death genes. We observed a 

massive decrease in transcripts responsible for the resolution of sister chromatids cohesion, genes 

involved in metaphase and anaphase regulation, and kinetochore signalling. We suggest that ISS 

and CBD, which acted by suppressing metabolic pathways in the HCT-116 CRC cell line, aided 

the cytotoxic effects of cisplatin, resulting in the upregulation of pro-apoptotic genes and G2/M 

arrest. It would be interesting to check if this combination could result in mitotic catastrophe and 

cell death in multiple CRC cell lines.  

1.5.8. Conclusions 

Based on our hypotheses, we could propose that CBD did modulate cell metabolism and 

stress survival pathways in the HCT-116 CRC cell line. Our second hypothesis stated that CBD 

and cisplatin would act in synergy. However, our results showed an antagonistic interaction 

between those two treatments. Our third hypothesis stated that ISS might induce cytotoxicity in 

CRC cells via reprogramming and activation of stress signalling, which we observed in the HCT-
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116 CRC cell line. The fourth hypothesis suggested the synergistic effect between cisplatin and 

ISS. Here, the data were controversial. We did show a synergistic effect of ISS and cisplatin on 

HT-29 and LS-174T cell lines, but not in the MMR-deficient HCT-116 cell line. The next 

hypothesis was about the synergistic interaction between CBD and ISS, which we supported with 

our MTT results and mRNA expression data. The last hypothesis on the synergistic effect of CBD, 

cisplatin and ISS was also supported. We indeed showed a synergistic interaction between 

cisplatin, CBD, and ISS. Surprisingly, differential gene expression analysis showed strong 

activation of transcripts responsible for G2/M arrest and possible mitotic catastrophe.    

Overall, based on our cell viability results and mRNA expression analysis, we established 

treatment interactions in CRC cell lines and understood some of the molecular mechanisms behind 

those drug interactions. However, more experiments would be needed to support our statements. 

We hope that we have established the basics for further research in this field. However, we 

understand that the major limitation of our study is that we made suggestions based on cell viability 

and mRNA expression analysis, and more confirmatory studies would be needed to support our 

notions. As a future perspective, we would suggest checking the protein expression of selected 

pathways, performing apoptosis assays for different treatments and their combinations, and animal 

models with intermittent fasting and drug combinations, which could provide more reliable data 

and become clinically applicable.  
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CHAPTER 2: THE EFFECTS OF EXTRACT #18 AND CISPLATIN ON 

COLORECTAL CANCER CELL LINES 
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2.1. Introduction 

The molecular effects of cannabinoids and cisplatin on colorectal cancer were described in 

chapter 1 of this thesis. In this introduction, we will mainly focus on cannabinoid extracts and 

some of the anticancer effects of terpenes present in the cannabis plant that could be relevant to 

our research.  

2.1.1 The anticancer effects of cannabis extracts  

Experiments on the CRC cell lines DLD-1 and HCT-116 indicate the significant inhibition 

of proliferation by high-CBD Cannabis sativa extracts (38). These studies also indicate a higher 

affinity of CBD extract to CB1 and CB2 receptors than purified CBD. In addition, the same extract 

decreases polyp formation in an AOM animal model and reduces neoplastic growth in xenograft 

tumor models (38). 

Nallathambi et al. (2017) showed synergistic interaction within different fractions of C. 

sativa extract, resulting in colon cancer G0/G1 cell cycle arrest and apoptosis (43). This study 

shows that the extracts high in cannabigerolic acid (CBGA) and THCA exerts the most potent 

anticancer effect. THCA shows immunomodulatory, anti-inflammatory, and antineoplastic 

activity, whereas CBGA has predominantly cytotoxic activity. The suppressed expression of 

genes, such as cyclin E2 and cyclin E1, causes cell cycle arrest. In addition, TRAIL and PUMA 

genes are stimulated under the combination of extracts, which results in the apoptosis of CRC cells 

(43).  

On the contrary, Raup-Konsavage et al. (2020) indicated that full-spectrum CBD oils did 

not reduce cell viability of CRC, melanoma and glioblastoma cell lines more effectively than pure 

CBD. Purified CBD showed lower IC50 concentrations than CBD oils (246).  

The controversial data regarding the effectiveness of cannabinoids vs. cannabinoid extracts 

show that the variabilities in concentrations of cannabinoids, terpenes and other molecules present 

in the cannabis plant may impact their therapeutic effects. Moreover, these active ingredients' 

levels may often vary within the same strain and be influenced by growth conditions (247). The 

solution could be to test the combinations of pure cannabinoids, terpenes, or other molecules of 

interest in known doses and on specific molecular subtypes of CRC. 

2.1.2. Cannabis sativa and effects of terpenes on cancer 

The following section was discussed in the review article by Cherkasova et al. (2022) 

(248).  
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The cannabis plant is rich in terpenes and flavonoids, biologically active substances which 

can also be used in cancer treatment (249,250). There are more than 20,000 terpenes in nature, 

with around 200 found in Cannabis plants (251). The monoterpene myrcene, sesquiterpenes b-

caryophyllene, and a-humulene are often present in Cannabis chemovars. However, the spectrum 

of terpenes can vary from plant to plant. We described some of the common terpenes that have 

anti-neoplastic effects and can be one of the components in Cannabis extracts.  

Myrcene is present in hop, bay, verbena, lemongrass, citrus, and even carrot. Surprisingly, 

in some animal studies, myrcene showed to be carcinogenic, causing kidney cancer in rats and 

liver cancer in mice (252). Another study showed that myrcene protected human B lymphocytes 

from DNA damage caused by hydroperoxides (253). However, it also had cytotoxic effects on 

breast, colon, cervical, lung cancer cell lines, and leukemia cells (251,254). There is not much 

knowledge about the mechanisms of action of myrcene, and more studies should be undertaken 

considering its controversial effects on cancer cells. 

b-caryophyllene is a sesquiterpenoid commonly present in black pepper, oregano, basil, 

and rosemary. This terpene can induce apoptosis and cause cell cycle arrest in lung and ovarian 

cancer cell lines (255,256). It can also influence the production of free radicals and have 

antiapoptotic and antiproliferative effects via activation of the JAK1/STAT3 pathway in 

osteosarcoma cells (257). Importantly, b-caryophyllene may sensitize different cancer cell lines to 

the conventional chemotherapy drug doxorubicin (258–261). Additionally, it attenuated 

doxorubicin-induced chronic cardiotoxicity in rats via the activation of CB2 receptors (262). 

Moreover, the combination of b-caryophyllene with 5-fluorouracil (5-FU) or oxaliplatin on 

colorectal cancer cells sensitized those cells to chemotherapeutics (263) as well as the addition of 

it to sorafenib treatment in liver cancer cells (264). Thus, combining different cannabinoids with 

b-caryophyllene may become advantageous in cancer therapy and needs further investigation. 

The monocyclic sesquiterpene, humulene, is also present in the cannabis plant. Humulene 

has cytotoxic activity on multiple cancer cell lines via increasing production of reactive oxygen 

species (265,266), inhibition of AKT in hepatocellular carcinoma cells with activation of apoptosis 

(267). In in vitro models, humulene enhanced 5-fluorouracil, oxaliplatin, and doxorubicin 

cytotoxic effects (260,263).  

Another terpene, limonene, is a cyclic monoterpene mainly present in citrus plants and can 

also be present in Cannabis. In the bladder cancer cell line, limonene caused G2/M cell cycle 
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arrest, decreased migration and metastasis, and increased Bax and caspase 3, thus, inducing 

apoptosis (268). It inhibited PI3K/AKT, induced autophagy and enhanced sensitivity to docetaxel 

in in vitro cancer cell models (269–272). In in vivo models, limonene decreased tumor growth, 

induced apoptosis, and reduced c-Jun and c-myc expression (272–280). There was one small 

clinical trial regarding breast cancer patients that received limonene for a short period of time. This 

study evaluated the metabolomic profiles of breast cancer patients, which showed decreased cell 

cycle regulatory protein expression, including cyclin D1 (281).  

The next terpene that appears in Cannabis is pinene. It is present in pine resins, rosemary, 

basil, and parsley. As multiple preclinical data show, pinene was able to reduce the cell viability, 

stimulate apoptosis and induce cell cycle arrest in numerous cancer cell lines (282–288). 

Moreover, it can act synergistically with paclitaxel in tested lung cancer (286). In in vivo animal 

models showed reduced growth and number of tumors under pinene treatment (289). These data 

could also support the advantageous action of Cannabis extracts rich in terpenes versus purified 

cannabinoids in fighting against different malignancies. Different entourage effects of 

cannabinoids and other substances in the Cannabis plant were extensively reviewed (290). 

Based on the literature review, there is a strong rationale to test the effectiveness of 

Cannabis sativa extracts with different terpenoid profiles to see if some specific combinations of 

cannabinoids with terpenoids could be more beneficial in the treatment of CRC cell lines compared 

to cannabinoids alone. Moreover, testing selected extracts together with conventional 

chemotherapy drugs, including cisplatin, could also be advantageous, as many cancer patients are 

taking cannabis extracts for cancer-related symptom relief.  

2.2. Hypotheses 

Based on the literature review and initial data from our laboratory, we formulated the 

following hypotheses: 

1. Whole-plant Cannabis sativa extracts are more potent than pure cannabinoids due to their 

entourage effect with plant terpenes. 

2. Whole plant Cannabis sativa extracts potentiate cisplatin-mediated cell killing, reducing the 

necessary therapeutic/cytotoxic doses of cisplatin. 
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2.3. Materials and methods 

2.3.1. Main reagents 

Activated Cannabis sativa extract #18 was prepared in Dr. Kovalchuk’s Laboratory at the 

University of Lethbridge. Plants and some Cannabis sativa extracts were provided by the 

“Pathway Rx” and “Sundial Growers” companies. Stocks were prepared in a 60 mg/ml 

concentration, a DMSO concentration of 0.25%, and kept at -20°C. 

2.3.2. Cell culture and maintenance  

It was the same as described in chapter 1. 

2.3.3. Treatments 

Exposure of CRC cells to cannabis extracts 

The cannabis plants were grown, flowers were harvested, and extracted with ethanol in a 

licensed facility at the University of Lethbridge. After evaporation, the resin was dissolved in 

DMSO to the 60 mg/ml concentration and kept at -20°C. For the treatments, the resuspended 

extracts were diluted accordingly for cell cultures.    

2.3.4. Terpene analysis 

The terpenes of extract #18 were analyzed on dry flowers with the help of 8610C GC 

coupled with a flame ionization detector (SRI Instruments at Canvas Labs, Vancouver, BC, 

Canada). The extract was sent to Canvas Labs for the analysis. 

2.3.5. High-performance liquid chromatography (HPLC) 

High-performance liquid chromatography (HPLC) and mass spectrometry were performed 

to detect the levels of cannabinoids in cannabis extracts. The system had the G1315C DAD, 

G1316B column compartment, autosampler (G1367D), and the binary pump (G1312B). The 

Phenomenex Kinetex EVO C18 column with a Phenomenex SecurityGuard ULTRA guard column 

was used for the separation. The data acquisition, control of the instrument, and integration were 

performed with help of software, ChemStation LC 3D Rev B.04.02 (Agilent Technologies). For 

calibrating the standards and analysis of samples, the injection volume of 2 μL was usedThe 

injection volume of 2 μL was used to calibrate the standards and analyze samples. The detection 

of compound peaks was done for 230 nm and 280 nm. On the A side, the mobile phases included 

50 mM ammonium formate (Sigma-Aldrich) in HPLC grade water (Fisher Chemical), and 100% 

methanol on the B side. The flow rate was 0.3 ml/min.  
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Per each cultivar, two samples were analyzed, with two technical repeats for each sample. 

The crude extracts were resuspended in 1 mL of methanol and filtered through a 0.22-lm syringe 

PTFE filter. The filtered extracts were diluted ten times with methanol and then separated by 

HPLC. The extracts were fractionated in the fraction collector (Agilent Technologies serial 

#DE63056961) and nine fractions were collected according to the obtained chromatogram. CBD 

and THC were used as external calibration standards for quantifying cannabinoids at suitable 

concentrations ranging from 5–50 µg. 

2.3.6. Cell viability assay (MTT) 

It was the same as described in chapter 1. 

2.3.7. RNA extraction and gene expression analysis 

RNA isolation was described in chapter 1. 

 The library preparation of mRNA samples from the HT-29 CRC cell line was performed 

using NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (New England BioLabs). Next-

generation sequencing was performed using Illumina NovaSeq500 PE 100 bp at the University of 

Lethbridge.  

Pathway analysis of the HT-29 CRC cell line  

For the HT-29 CRC samples, the global transcriptome profiling included library 

preparation (mRNA libraries were prepared using Illumina TruSeq Directional (Poly(A) 

Selection), sequencing of libraries (NextSeq500, Illumina) with the configuration of single-end 75 

bp, and subsequent pathway analysis. The reference genome was Human GRCh37 (Ensembl) 

downloaded from Illumina iGENOME. Base calling and demultiplexing were done using Illumina 

CASAVA 1.9 pipeline.  

Bioinformatics workflow 

Initial sequencing library quality control was analyzed with FastQC 0.11.8. Reads were 

mapped to the human genome (Ensembl, GRCh37) using hisat2 version 2.0.5. Read mapping to 

genes was counted using featureCounts version 1.6.1 from the Subread package. Additional 

summary statistics and additional quality control was performed using MultiQC.  

The exploratory analysis included non-supervised hierarchical clustering and principal 

component analysis (PCA). Raw count data was loaded into R version 3.6.1. Genes with a low 

expression level defined as less than 1 count per million in at least 2 samples were removed from 

the analysis. Normalization and variance stabilizing transformation was applied to raw count data 
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as described in the DESeq2 manual. Relationships between samples were explored using non-

supervised hierarchical clustering and PCA. The results of the exploratory analysis were visualized 

as heatmaps and principal component plots. Clustering and PCA were based on the top 1500 of 

genes with the highest median absolute deviation (MAD). In the case of hierarchical clustering, 

the distance measure was euclidean and the clustering algorithm - ward.D. 

 
Figure 47. Principal component analysis (PCA) plot based on the top 1500 genes with 

the highest variance for multiple treatments in the HT-29 CRC cell line. Each treatment group 

(biological triplicate) is represented in a different colour. The x-axis represents the values of the 

first principal component (PC1), and the y-axis represents the values for the second principal 

component (PC2). The PCA plot was generated using R software version 4.2.2. 

PCA is a statistical procedure that uses an orthogonal transformation to convert a set of 

observations of possibly correlated variables into a set of values of linearly uncorrelated variables 

called principal components. We expected the biological replicates to cluster closely in the PCA 

plot, which reflected the similarity of their gene expression profiles. Since inter-individual 

variance is not expected within the same cell line, the biological replicates belonging to separate 

clusters in the case of cell lines indicate a high degree of technical variance. All samples clustered 
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perfectly according to the experimental treatments. No samples were excluded as statistical outliers 

(Figure 47). 

Differential expression analysis  

Raw count values for each sequencing sample were loaded into R version 3.6.1. 

Normalization was conducted using DESeq function with default parameters. Differentially 

expressed genes were detected using DESeq2 1.24.0 Bioconductor package as described in the 

package vignette. Genes with adjusted p-values (Bonferroni-Hochberg adjustment for multiple 

comparisons) less than 0.05 (5% chance of gene being a false positive) and over 1.5-fold change 

in either direction were selected as differentially expressed. The results were annotated with gene 

symbols, entrez ids and gene descriptions using biomaRt 2.40.3 Bioconductor package.  

Over-represented gene ontology (GO) terms were detected using TopGO v2.36.0 

Bioconductor package. Over-represented Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathways were detected using GOstats v2.50.0 Bioconductor package. Lists of differentially 

expressed genes (adjusted p-value < 0.05 and log2FC > 0.59) detected with DESeq2 were used to 

find significantly over-represented GO categories and KEGG pathways. The analysis was done 

separately on up- and down-regulated genes. The results were saved in each of the comparisons 

sub-folders. Over-represented GO categories were detected using the topGO 2.36.0 Bioconductor 

package. GO term analysis was conducted against the biological process (BP) category using an 

elimination test to focus on the most specific terms. Significantly enriched KEGG pathways were 

detected using GOstats 2.50.0 Bioconductor package and GAGE 2.34.0 Bioconductor packages. 

Pathview 1.24.0 Bioconductor package displayed the top 30 pathways in uni-directional GAGE 

analysis. The uni-directional (up- or down-regulation) GAGE analysis results are saved in the files 

with the following naming scheme: *vs*_kegg.p.txt. Bi-directional analysis detects perturbed 

pathways with no regard to the overall direction of the change. The results of the bi-directional 

analysis are saved in *vs*_kegg.2d.txt.  

Perturbed (activated/inhibited) pathways were determined with the SPIA v2.36.0 

Bioconductor package. SPIA method combines classical over-representation analysis with the 

measurement of pathway perturbation under a given condition. The bootstrap procedure is used to 

estimate the significance of total pathway perturbation. The global pathway significance p-value 

combines the enrichment and perturbated p-values. The SPIA analysis was conducted for each of 

the comparisons following the instructions in the package’s vignette. The list of differentially 
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expressed genes consisted of the genes with adjusted p-value less than 0.05, the background list 

included all the genes in the DESeq2 results table. SPIA results were saved as tab-delimited file in 

each of the comparisons sub-directories. 

The data were visualized using plotting functions implemented in R. The results were 

represented using MA plots, volcano plots and heatmaps. Heatmaps were built using the heatmap.2 

function from gplots package 2.13.0, volcano plot – ggplot2_0.9.3.1. Heatmaps showing the 

pathway analysis results were output using the SigGeneSet function with the option 

‘heatmap=TRUE.’ Significantly enriched pathways were drawn using a Bioconductor package 

Pathview version 1.2.4.  

2.3.8. Statistical analysis 

Statistical analysis was described in chapter 1. 

2.3.9. Calculation of combination index (CI). 

It was described in chapter 1.  

2.4 Results and discussion  

2.4.1 Cannabinoid extract #18 and colorectal cancer cell lines. 

More than 40 Cannabis sativa extracts were tested using cell viability assay (Table 15) on 

the HT-29 CRC cell line. To select the most active cannabis extracts, the cultivars - 4, 6, 8, 10, 11, 

14, 18, 20, 24, 27, 28, 29, 30, 33, 38, 40, 41, 45, 47, 52, 81, 90, 98, 130, 131, 132, 133, 134, 135, 

136, 137, 138, 139, 140, 141, 142, 147, 148, 149, 154, 155, and 156 were tested on the HT-29 

CRC cell line using cell viability assay (MTT). All extracts were treated in concentrations 0.007 

μg/ml and 0.015 μg/ml for 5 days, which were shown to be previously effective on various breast 

cancer cell lines in our laboratory. Based on the cell growth inhibition capacity, extract #18 was 

selected for further studies. 

Table 15. The phenotypic screening of Cannabis sativa extracts in dose of 0.015 µg/µl 

on the HT-29 CRC cell line based on day 4 of cell viability assay.  

Cannabis sativa 

extract # 

Fold change of cell viability compared to DMSO 

control 

4 Inhibited 2 times 

6 Inhibited less than 1.5 times 

8 Inhibited 2 times 
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10 Inhibited less than 1.5 times 

11 Inhibited 3 times 

14 Inhibited 2.5 times 

18 Inhibited 5.8 times 

20 Inhibited 2.8 times 

24 Inhibited 3.7 times 

27 Inhibited 1.9 times 

28 Inhibited 2.4 times 

29 Inhibited 1.7 times 

30 Inhibited 2.5 times 

33 Inhibited 5.7 times 

38 Inhibited 2.7 times 

40 Inhibited 2.5 times 

41 Inhibited 3.3 times 

45 Inhibited less than 1.5 times 

47 Inhibited 4.7 times 

52 Inhibited 2.4 times 

81 Inhibited 3 times 

90 Inhibited less than 1.5 times 

98 Inhibited less than 1.5 times 

130 Inhibited 2.1 times 

131 Inhibited less than 1.5 times 

132 Inhibited 2 times 

133 Inhibited less than 1.5 times 

134 Inhibited less than 1.5 times 

135 Inhibited 2 times 

136 Inhibited 2 times 

137 Inhibited 2 times 

138 Inhibited 2 times 

139 Inhibited 2.7 times 
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140 Inhibited 1.8 times 

141 Inhibited less than 1.5 times 

142 Inhibited less than 1.5 times 

147 Inhibited less than 1.5 times 

148 Inhibited less than 1.5 times 

149 Inhibited less than 1.5 times 

154 Inhibited less than 1.5 times 

155 Inhibited less than 1.5 times 

156 Inhibited less than 1.5 times 

 

 
Figure 48. The time-dose-dependent effect of Extract #18, THC and CBD on HCT-

116 (A, B) and HT-29 (C, B) CRC cell lines based on MTT results. Results are expressed as 

means of calculated cell viability ± standard deviations of each group in triplicate at absorbance 

595 nm. To calculate time-dose effects, two-way ANOVA was performed using Microsoft Excel. 

Significant differences between groups are marked with ns – non-significant, *p < 0.05, **p < 

0.01, ***p < 0.001, ****p <0.0001.  

Extract #18 had higher potency than the others; thus, it was selected for further analysis. 

Next, to see if extract #18 is more effective than pure cannabinoids, we compared the changes in 
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cell viability between extract #18 and THC and CBD on HCT-116 and the HT-29 CRC cell lines 

(Figure 48).  

Based on HPLC data, as is shown in Table 16, extract #18 is high in THC (~10%) and low 

in CBD (< 1%). Thus, the results indicated that extract #18 was much more effective in inhibiting 

CRC cell growth than THC alone. Additionally, extract #18 had high levels of β-myrcene and α-

pinene as indicated in the terpenoid profile.	  

Table 16. Terpenoid profile of extract#18 based on HPLC results.  

Terpene levels in extract #18 Parts Per 
Million 
(PPM) 

alpha-Pinene 0.309 
beta-Pinene 0.109 

beta-Myrcene 0.42 
Limonene 0.035 

Terpinolene 0.03 
Linalool 0.017 

Fenchyl Alcohol N/A 
alpha-Bisabolol 0.003 
alpha-Terpineol N/A 

trans-Caryophyllene 0.052 
alpha-Humulene 0.035 
trans-Nerolidol 0.003 

cis-Nerolidol 0 
Borneol isomers N/A 

Camphene N/A 
beta-Ocimene 0.003 

Fenchone isomers N/A 
Sabinene N/A 

p-Mentha-1,5-diene N/A 
(+)-3-Carene 0.002 

alpha-Terpinene 0.07 
Eucalyptol N/A 

gamma-Terpinene 0.005 
p-Cymene 0.082 

Camphor isomers N/A 
Isopulegol 0.002 

Caryophyllene oxide 0.107 
Valencene N/A 
Geraniol 0.007 
Guaiol 0.002 

trans-beta-Ocimene N/A 
Sabinene Hydrate N/A 
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Isoborneol N/A 
Hexahydrothymol N/A 
gamma-Terpineol N/A 
Geranyl Acetate N/A 

Pulegone N/A 
Nerol N/A 

alpha-Cedrene N/A 
Cedrol N/A 

a-Humulene 0.035 
b-Eudesmol N/A 

Total Terpene content 1.328 
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Figure 49. The time-dose-dependent effect and nonlinear regression analysis of the 

dose-effect curve with calculated IC50 values of extract #18 on HCT-116 (1.a, 1.b), HT-29 

(2.a, 2.b), and LS-174T (3.a, 3.b), cell lines based on MTT results. Results are expressed as 

means of calculated cell viability ± standard deviations of each group in triplicate at absorbance 

595 nm. To calculate time-dose effects, two-way ANOVA was performed using GraphPad Prism 

version 9.0. Significant differences between groups are marked with ns – non-significant, *p < 
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0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. A nonlinear fit with log(inhibitor) vs. normalized 

response–variable slope analysis was performed using GraphPad Prism version 9.0.  

 Based on the cell viability, the time and dose-dependent effect of extract#18 was visible 

in each tested CRC cell line (Figure 49). Cell proliferation was significantly inhibited throughout 

tested concentrations. The non-linear regression analysis showed that IC50s for each cell line were 

in a similar range, around 0.0065 μg/ml. Considering that the THC concentration was 10%, we 

assumed that in the extract's half-maximal inhibitory concentration, the THC concentration was 

0.00065 μg/ml, equivalent to 20.4 μM.  

We analyzed mRNA expression pathway to establish possible molecular mechanisms 

behind extract#18 effectiveness.  

Exploratory analysis 

 
Figure 50. A hierarchical clustering heatmap analysis of the differentially expressed 

genes with fold change over 1.5 and adjusted p-values < 0.05 for DMSO control versus 

extract #18 in the HT-29 CRC cell line. The x-axis shows non-supervised clusters between the 

two treatment groups. The DMSO_1, DMSO_2, and DMSO_3 are independent replicates for 

DMSO and 18_1, 18_2, and 18_3 is for extract #18. The y-axis shows differentially expressed 

genes. The fold changes of up-regulated genes are in the red-orange colour spectrum, and the 

down-regulated genes are represented in the blue colour spectrum. The heatmap was generated 

using R software version 4.2.2.   
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A heatmap represents differentially expressed genes for DMSO versus extract #18 in the 

HT-29 CRC cell line (Figure 50). The unsupervised clustering based on the underlying data 

determined if there were sub-categories within DMSO control and extract #18 treatment. As the 

figure shows, there were significant differences in gene expression between treatment groups. The 

differences were not substantial for the biological replicates within the same group, showing the 

treatment samples' good quality. 

Pathway analysis 

A 

 
B 
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Figure 51. Changes of tight junctions (A) and cell adhesion and Wnt signalling 

pathway (B) under extract #18 compared to DMSO control. The genes are coloured according 

to the difference in expression level between treatment and control for each individual sample. 

Red colour shows up- and green down-regulation relative to the treatment group. Data based on 

GAGE uni-directional analysis. 

As Figure 510A shows, high-THC cannabinoid extract#18 caused multiple changes in the 

expression of genes responsible for tight junctions in the HT-29 cell line. The decreased claudin 

and its downstream signalling proteins could inhibit cell polarity and proliferation of cancer cells. 

Overexpressed occludin can control paracellular diffusion in tested cells and, with decreased 

claudin 2, can decrease paracellular permeability. However, the overactivation of c-Jun, a widely 

studied protein in the AP-1 complex, may promote cell survival and tumorigenesis in HT-29 cells. 

Next, there was a decrease in PCNA and ERBB2 levels, which further may reduce cell 

proliferation and differentiation. Previous figures already indicated that tested extract inhibited 

actin and adherent junction assemblies. 

Hight-THC cannabinoid extract #18 downregulated the genes that took part in adherent 

junctions’ formation in HT-29 CRC cells (Figure 51B). There is a downregulation of most proteins 
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that form desmosomal and adherent junctions and some of the integrins. There was also decreased 

expression of actin and laminin. Such changes might indicate the loss of contact inhibition in 

cancer cells. However, decreased levels of integrins and laminins, which assist in cancer cell 

invasiveness, could suggest inhibition of tumor invasion. Additionally, extract #18 inhibited 

TCF/LEF transcription factor, which is an effector in the Wnt signalling pathway. As HT-29 has 

a mutation in the APC gene, we could suggest that Wnt signalling is upregulated. Thus, adding 

extract #18 may alter the oncogenic signalling of this pathway and have an anti-cancer effect.   

 
Figure 52. Changes of actin cytoskeleton regulation under high-THC extract #18 

compared to DMSO control. The genes are coloured according to the difference in expression 

level between treatment and control for each individual sample. Red colour shows up- and green 

down-regulation relative to the treatment group. Data based on GAGE uni-directional analysis. 

Hight-THC cannabinoid extract #18 decreased the expression of PI3K, a part of the 

Ras/PI3K/AKT signalling pathway, and often upregulated in CRCs (Figure 52). We also know 

that the HT-29 cell line is mutated in PI3K, which may indicate an anticancer effect of tested 
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cannabinoid extract. There was decreased expression of fibronectin which decreases extracellular 

matrix interactions in cancer cells. Moreover, extract #18 inhibited Rho A, Rho G, and Rho 

GTPases that regulate cytoskeletal dynamics, cell migration, and cell-cycle progression, relay 

extracellular signals, and translate them into intracellular responses.  

There was an inhibition of the formation of adherent junctions, focal adhesion, actin 

stabilization and actin polymerization, as well as Ras/MAPK pathway and cell signals responsible 

for the activation of chemotaxis towards chemotactic factors in the cancer microenvironment. This 

might imply that extract#18 can inhibit the invasion and migration of cancer cells, which could 

prevent metastasis formation in a classical subtype of CRC. 

A 
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Figure 53. Changes of base excision repair (A), mismatch repair (B), and homologous 

recombination (C) under high-THC extract #18 compared to DMSO control in the HT-29 

CRC cell line. The genes are coloured according to the difference in expression level between 

treatment and control for each individual sample. Red colour shows up- and green down-regulation 

relative to the treatment group. Data based on GAGE uni-directional analysis. 

Hight-THC cannabinoid extract #18 decreased the expression of most of the genes in the 

short and long patch base excision repair (BER) pathway (Figure 53A). There was a 

downregulation of bifunctional and monofunctional glycosylases. The tested extract also 

decreased levels of AP-endonucleases, the genes responsible for gap filling, strand displacement, 

and ligation, including PCNA and polymerases d and e. Such strong inhibition of the DNA repair 

pathway may indicate one of the major anticancer effects of cannabinoid extracts in the HT-29 cell 

line. Cancer cells encounter high stress on their genetic apparatus. If the DNA-repair systems are 

off, it might induce drastic chromosomal instabilities and cancer cell death.  
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Figure 53B represents a decrease in the expression of most of the genes present in the 

mismatch repair (MMR) pathway by adding high-THC cannabinoid extract #18. There was a lower 

expression of MSH6, MSH2, and RFC genes responsible for recognizing bulky DNA lesions. 

Exonuclease I, polymerase d, and ligase I was also inhibited, which ceased the excision, DNA re-

synthesis and ligation of the mismatched DNA.  

The microsatellite unstable subtype of CRC often has mutated genes in the MMR system. 

In the early stages of tumor development, such genetic changes can promote the formation of 

driver mutations beneficial for cancer progression. However, in the later stages of carcinogenesis, 

tumors rely on DNA repair systems to keep them alive due to the huge genotoxic stress 

encountered by cancer cells. Thus, the inhibition of the MMR system by tested cannabinoid extract 

can be a double-edged sword in cancer cytotoxicity. It is possible that adding the extract prior 

tumor development might promote carcinogenesis. Still, if added after the CRC becomes a full-

blown disease, it might push cancer cells toward death due to the inability to repair irreversible 

DNA damage. In this case, we tested the cell line representing the classical subtype of CRC. 

However, it would be interesting to test cannabinoid extracts or cannabinoids alone on 

microsatellite unstable CRC and see if the treatment is as effective as in the canonical subtype.  

Figure 53C represents changes in the expression of multiple genes responsible for 

homologous recombination (HR) in the HT-29 cell line under high-THC cannabinoid extract #18 

treatment. We observed changes in either direction, but we suggest HR was overall suppressed. 

The expression data showed an increase in ATM, Rad50, Rad51B, Rad51C, and BRE, the genes 

needed in the initial stages of HR, including double-strand break recognition, formation of MRX 

complexes and filaments. However, the genes encoding downstream signalling proteins 

responsible for strand invasion, DNA synthesis, strand displacement, flap removal and ligation, 

such as RPA, Rad51, Rad54, polymerase d and BLM, were decreased.  

The expression data regarding DNA repair systems showed that extract #18 suppressed 

almost every DNA damage response pathway in the HT-29 CRC cell line. Simultaneous disorder 

of multiple DNA repair systems could be an Achilles’ heel of many cancers, especially ones under 

high genotoxic stress. It may be one of the major anticancer mechanisms used by cannabinoids. 

However, more experimental data would be needed to confirm such a statement.  
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Figure 54. Inhibition of cell cycle (A) and DNA replication (B) under high-THC 

extract #18 compared to DMSO control in the HT-29 CRC cell line. The genes are coloured 

according to the difference in expression level between treatment and control for each individual 

sample. Red colour shows up- and green - down-regulation, relative to the treatment group. Data 

based on GAGE uni-directional analysis. 

Hight-THC cannabinoid extract #18 significantly decreased the expression of most of the 

genes that participate in cell cycle regulation, with a few exceptions (Figure 54A). The strong 

inhibition of merely every promoter of cell cycle progression and upregulation of tumor 

suppressors such as p53, p21, p15, and APC/C would cause cell cycle arrest at every checkpoint. 

First, the downregulation of cyclin D, E, and A together with CDK 2 would cause arrest in the 

G1/S stage, lowering the protein synthesis necessary for DNA replication. Next, the 

downregulation of cyclin A, B and CDK1 could stop the cell cycle in the G2 checkpoint. Lastly, 

the decreased expression of cell division control 20 (Cdc20) and separins would lead to the arrest 

in the M checkpoint, being catastrophic for cancer cells. Moreover, there was decreased expression 

of TGF-b, a well-known protein taking part in the epithelial-to-mesenchymal transition of cancer 

cells. Thus, tested cannabinoid extract could inhibit cancer invasiveness. 

Additionally, extract #18 upregulated ATM/ATR, the DNA damage response, together 

with p53 tumor suppressor and GADD45. Subsequently, our treatment inhibited multiple cyclins 

and cyclin-dependent kinases, which resulted in cell cycle arrest.  

Our data also indicated increased expression of c-Myc and E2F4,5 genes, encoding 

transcription factors, which might be an attempt by cancer cells to stimulate their growth. 

However, the downstream effectors of those proteins are downregulated, which would not be 

enough to promote the growth of the HT-29 cell line, and our MTT results have shown this. 

Cell cycle arrest gives cancer cells time to repair DNA under genotoxic stress. However, 

we also have seen inhibition of DNA repair pathways, which would not let the HT-29 cells recover 

and might push them toward apoptosis.  

Hight-THC cannabinoid extract #18 significantly decreased the expression of most of the 

genes that participate in DNA replication (Figure 54B). The levels of DNA polymerase a-primase 

complex, DNA polymerases d and e complexes were down. Furthermore, levels of PCNA, helicase 

(MCM complex), RPA and DNA ligases were also decreased, which indicates that DNA 
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replication is strongly inhibited in the HT-29 CRC cell line. These results further support the notion 

that the tested extract has a major effect on cell cycle progression. 

 
 

Figure 55. Inhibition of transcription, exocytosis and oxidative phosphorylation 

under high-THC extract #18 compared to DMSO control in HT-29 CRC cell line. The genes 

are coloured according to the difference in expression level between treatment and control for each 

individual sample. Red colour shows up- and green - down-regulation, relative to the treatment 

group. Data based on GAGE uni-directional analysis. 

Similar to cisplatin action, high-THC cannabinoid extract #18 significantly decreased the 

expression of complexes I to V, which are essential for oxidative phosphorylation (Figure 55). 

Moreover, there was an increase of p53, mPTP, cytochrome C, and caspase 9, indicating an 

apoptosis activation in the HT-29 CRC cell line. In addition, the treatment strongly inhibited 

polymerase II, which takes part in gene transcription.  
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Abnormal exocytosis is enhanced in cancer cells to transport different molecules, such as 

growth factors and mRNAs, to distant organs to prepare future metastatic niches. Thus, inhibition 

of microvesicular transport is important in the prevention of metastasis. The tested extract inhibited 

vesicular transport, endo- and exocytosis, which was directly opposite to the effect of cisplatin. As 

a result, cannabinoid extract #18 might prevent metastasis formation in the canonical subtype of 

CRC.  

Finally, there was a strong downregulation of PPARg, essential for insulin sensitization, 

glucose uptake and an enhancement of energy metabolism in HT-29 cancer cells. The inhibition 

of PPARg might impair multiple metabolic pathways that cancer cells utilize for their growth and 

proliferation. Thus, the addition of nutrient deprivation potentially would further affect cancer 

metabolism and push it towards self-destruction.  

 
 

Figure 56. The alteration of oncogenic signalling pathways with high-THC extract 

#18 compared to DMSO control in HT-29 CRC cell line. The genes are coloured according to 

the difference in expression level between treatment and control for each individual sample. Red 

colour shows up- and green – down-regulation, relative to the treatment group. Data based on 

GAGE uni-directional analysis. 
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Extract #18 decreased the expression of multiple cancer signalling pathways, as presented 

in Figure 56. Among downregulated genes, there were EGF, EGFR and ERBB2, often 

overexpressed in some cancers. Also, oncogenes EML4-ALK, Ras, ERK, PI3K, PKB/Akt, and 

PKC mRNA formation was inhibited. Thus, the tested extract inhibited Ras, MAPK and PI3K 

cascades, the major signalling pathways regulating cell growth, survival and apoptosis. 

Additionally, proapoptotic, p53, caspase 9, and Forkhead increased their expression. However, the 

decreased levels of E2F, Bax and Bak, along with increased p21, might push cancer cells toward 

cell cycle arrest in G1/S instead of cell death. In that case, adding another treatment with a strong 

proapoptotic effect, such as cisplatin, might be beneficial.  

 
Figure 57. Changes of PPAR signalling under high-THC extract #18 compared to 

DMSO control in HT-29 CRC cell line. The genes are coloured according to the difference in 

expression level between treatment and control for each individual sample. Red colour shows up- 
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and green – down-regulation, relative to the treatment group. Data based on GAGE uni-directional 

analysis. 

Hight-THC cannabinoid extract #18 significantly decreased the expression of PPARg and 

retinoid acid receptor RXR, which regulate lipid metabolism, inflammation, cell differentiation, 

and apoptosis (Figure 57). Interestingly, PPARa and PPARb/d expression was increased with 

many of their target genes that regulate ketogenesis, lipid transport, lipogenesis, cholesterol 

metabolism, adipocyte differentiation, and gluconeogenesis. On the contrary, some genes 

responsible for fatty acid oxidation were down-regulated. These data may indicate that tested 

cannabinoid extract increased lipid biosynthesis and decreased lipid katabolism. Thus, it increased 

lipid formation and storage in cancer cells via PPARa and PPARb/d. However, the treatment 

decreased glucose metabolism in the HT-29 CRC cell line via inhibition of PPARg. 

 
Figure 58. Changes of protein processing in endoplasmic reticulum under high-THC 

extract #18 compared to DMSO control in the HT-29 CRC cell line. The genes are coloured 

according to the difference in expression level between treatment and control for each individual 
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sample. Red colour shows up- and green - down-regulation, relative to the treatment group. Data 

based on GAGE uni-directional analysis. 

High-THC cannabinoid extract #18 significantly increased protein processing in the 

endoplasmic reticulum (ER), which triggered the accumulation of misfolded proteins, ER stress 

and unfolded protein response (Figure 58). As a result, the strong upregulation of ATF4 and CHOP 

could lead to pro-apoptotic signalling by downregulating Bcl2. In parallel, there was a decreased 

expression of Bak/Bax and calpain, which might have an anti-apoptotic effect and give the cancer 

cells time to recover from ER stress. This could be one of the unwanted effects of tested 

cannabinoid extract on CRC cancer cells and could promote its survival.  

2.4.2. Cannabinoid extract #18 and cisplatin in colorectal cancer cell lines 

Next, I analyzed the cell viability of CRC cells to test if extract #18 could act in synergy 

with cisplatin.   

 
Figure 59. The changes in cell viability under extract #18 combined with different 

doses of cisplatin on the HCT-116 (1), HT-29 (4), and LS-174T (7) CRC cell line based on 

MTT results. Results are expressed as means of calculated cell viability ± standard deviations of 
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each group in triplicate. To calculate time-dose effects, two-way ANOVA was performed using 

GraphPad Prism version 9.0. Significant differences between groups are marked with ns – non-

significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. Normalized isobologram for 

the combination of extract #18 and cisplatin with normalization of the dose with IC50 to the 

unity of both x and y axis in the HCT-116 (2), HT-29 (5), and LS-174T (8). Most of the 

combination points indicated an antagonistic interaction. Normalized isobologram was generated 

using CompuSyn software. Abbreviations: A – Extract#18 (D)1/(IC50)1; B – Cisplatin 

(D)2/(IC50)2; D – dose; Point 1 – the combination of extract #18 (0.015 μg/mL) and cisplatin (5 

μM); Point 2 – the combination of extract #18 (0.015 μg/mL) and cisplatin (10 μM). Fa – DRI 

plot for the combination of extract#18 and cisplatin in different doses in CRC cell lines. 

Abbreviations: DRI – dose reduction index; Fa - fraction affected by the drug concentration (% of 

cell growth inhibition/100); Extr – extract #18; Cis - cisplatin. The plot was generated using 

CompuSyn software.  

 Based on the cell viability (Figure 59), the combination of extract #18 with cisplatin 

resulted in antagonistic interaction in most tested CRC cell lines, except for the HT-29, which 

represents the canonical subtype of CRC (Table 17). The DRI values for cisplatin were higher than 

1 in the HCT-116 and the HT-29 cell lines, indicating the possibility of cisplatin dose reduction.  

Table 17. CI data for the combination of extract#18 and cisplatin. Data was generated 

using CompuSyn software. 

Dose of 

extract#18 

(μg/mL) 

Dose of 

cisplatin (μM) 

Effect (fraction 

of cell growth 

inhibition) 

CI Interaction effect 

HCT-116 

0.015 5.0 0.89 1.96 Antagonism 

0.015 3.0 0.87 1.44 Moderate antagonism 

0.015 2.0 0.76 1.49 Antagonism 

0.015 1.0 0.71 1.23 Moderate antagonism 

HT-29 

0.015 10.0 0.997 0.70 Synergism 

0.015 5.0 0.972 1.15 Slight antagonism 

LS-174T 
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0.015 5.0 0.9 1.5 Antagonism 

0.015 1.0 0.44 2.1 Antagonism 

 

Next, we performed gene expression analysis to understand the mechanisms behind the 

combination of extract #18 with cisplatin in the HT-29 CRC cell line. 

Exploratory analysis 

 
Figure 60. A hierarchical clustering heatmap analysis of the differentially expressed 

genes with fold change over 1.5 and adjusted p-values < 0.05 for DMSO control versus 

extract #18 in the HT-29 CRC cell line. The x-axis shows non-supervised clusters between the 

two treatment groups. The DMSO_1, DMSO_2, and DMSO_3 are independent replicates for 

DMSO and 18_1, 18_2, and 18_3 are for extract #18. The y-axis shows differentially expressed 

genes. The fold changes of up-regulated genes are in the red-orange colour spectrum, and the 

down-regulated genes are represented in the blue colour spectrum. The heatmap was generated 

using R software version 4.2.2.   

A heatmap represents differentially expressed genes for DMSO versus extract #18 in the 

HT-29 CRC cell line. The unsupervised clustering based on the underlying data determined if there 

were sub-categories within DMSO control and extract #18 treatment. As the figure shows, there 

were significant differences in gene expression between treatment groups. The differences were 
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not substantial for the biological replicates within the same group, showing the treatment samples' 

good quality (Figure 60). 

 
Figure 61. Inhibition of oxidative phosphorylation and activation of apoptosis under 

the combination of cisplatin and high-THC extract #18 compared to DMSO control in the 

HT-29 CRC cell line. The genes are coloured according to the difference in expression level 

between treatment and control for each individual sample. Red colour shows up- and green down-

regulation relative to the treatment group. Data based on GAGE uni-directional analysis. 

The combination of cisplatin with extract #18 had an inhibitory effect on oxidative 

phosphorylation (Figure 61). It decreased the expression of all five complexes and inhibited ATP 

production in the HT-29 cancer cells. The combination therapy also increases the expression levels 

of genes responsible for apoptosis. There was a significant elevation of ERK1/2, Fas/TNFR, Bad, 

and caspases 9, 7, and 3. Moreover, the increased expression of the genes that take part in ER 
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stress responses, such as PERK, PSEN and IRE1a, also might potentiate apoptosis signalling. 

Additionally, we observed lowered GAPD, which could indicate decreased energy production in 

cancer cells. There was also an increased expression of pro-inflammatory cytokine IL-1, which 

would be one of the unwanted effects in tested treatment, as inflammation is a well-known process 

promoting CRC carcinogenesis.  

 
Figure 62. Inhibition of actin cytoskeleton regulation, adherent junction formation, 

and Wnt signalling pathway under cisplatin and high-THC extract #18 compared to DMSO 

control in the HT-29 CRC cell line. The genes are coloured according to the difference in 

expression level between treatment and control for each individual sample. Red colour shows up- 

and green down-regulation relative to the treatment group. Data based on GAGE uni-directional 

analysis. 

The combination of cisplatin with extract#18 had an inhibitory effect on TCF/LEF (Figure 

62). These transcription factors are a part of Wnt signalling and are dysregulated in a canonical 

subtype of CRC. Our treatment significantly inhibited mRNAs that encoded integrins, laminin, 
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and actin, which interact with cells and the extracellular matrix. Additionally, there was a 

decreased expression of multiple proteins forming adherent and desmosomal junctions, which are 

important components in cell-to-cell interactions. The dysregulation of cytoskeletal structures and 

junction formation could prevent the EMT of cancer cells and inhibit their invasive potential.  

 
Figure 63. Changes of cytokine-cytokine receptor interactions under cisplatin and 

high-THC extract #18 compared to DMSO control in the HT-29 CRC cell line. The genes are 

coloured according to the difference in expression level between treatment and control for each 

individual sample. Red colour shows up- and green – down-regulation, relative to the treatment 

group. Data based on GAGE uni-directional analysis. 

The combination of cisplatin with extract #18 didn’t show many differences in expression 

data when compared to the expression data of cisplatin alone in the HT-29 CRC cell line.  

The combination therapy increased the expression of multiple genes responsible for the 

cytokine-cytokine receptor interaction in CRC cell line HT-29 compared to DMSO control. As the 

figure shows, mRNAs are increased for chemokines CCL22 from the CC subfamily and CXC 

subfamily with decreased expression of the CXCR4 receptor gene. There was also an increased 

expression of the genes encoding receptors reacting to IL2, IL4, IL6, IL7, IL9, IL10, IL15 and 
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IL17, which participate in the humoral immune response (Figure 63). Moreover, the expression of 

IL18, which facilitates type 1 immune response, was significantly lower. As we mentioned 

previously, shifting cellular immune response to humoral helps cancer cells in immune response 

evasion.  

On the other hand, an increased TNF family receptor expression could help activate the 

extrinsic apoptotic pathway. The decreased expression of TGF-b family receptors might prevent 

the EMT activation, which would decrease the invasive potential of the CRC cell line.  

 
Figure 64. MAPK and proinflammatory pathways signalling changes under cisplatin 

and high-THC extract #18 compared to DMSO control in the HT-29 CRC cell line. The genes 

are coloured according to the difference in expression level between treatment and control for each 
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individual sample. Red colour shows up- and green down-regulation relative to the treatment 

group. Data based on GAGE uni-directional analysis. 

Combining cisplatin with extract #18 increased MAPK signalling via increased HBEGF, 

EGFR, and p38 expression (Figure 64). While the increased growth factors and their receptors 

might have a stimulatory effect on tumor cell growth, the strong upregulation of p38 with increased 

caspase 3 could direct cancer cells toward apoptosis. Moreover, the decreased levels of NFkB and 

IL8 indicated the lowering of proinflammatory signalling.  

There was also decreased expression of Rac1 and Cdc-42, which decreased actin 

reorganization, causing reduced cell motility, and as a result, lowered invasiveness of the HT-29 

cell line.  

However, increased levels of hepatocyte growth factor receptor cMet might stimulate 

tumor growth and metastasis. Together with PLCg, it could promote cell growth, migration, and 

proliferation of cancer cells.  
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Figure 65. Transcriptional repression, changes of microvesicular transport, oxidative 

phosphorylation under cisplatin in combination with high-THC extract #18 compared to 

DMSO control in HT-29 CRC cell line. The genes are coloured according to the difference in 

expression level between treatment and control for each individual sample. Red colour shows up- 

and green down-regulation relative to the treatment group. Data based on GAGE uni-directional 

analysis. 

The combination of cisplatin with high-THC cannabinoid extract #18 had similar effects 

as extract #18 alone. There was a significant decrease in the expression of complexes I to V, which 

are part of oxidative phosphorylation (Figure 65). However, compared to extract #18 alone, there 

was no increase of p53, decreased mPTP and no change in cytochrome C levels. Combining 
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cisplatin and high-THC cannabinoid extract #18 increased caspases 9 and 3 more significantly 

than the extract alone, indicating a stronger apoptosis activation in the HT-29 cell line.  

Moreover, the tested treatment upregulated some genes involved in vesicular transport, 

endo- and exocytosis, which might help with the stimulation of the formation of metastatic niches 

in the canonical subtype of CRC. Additionally, there was a strong downregulation of PPARg, 

essential for insulin sensitization, glucose uptake and an enhancement of energy metabolism in the 

HT-29 cancer cells. The interesting effect was the inhibition of NRF expression, which takes part 

in cellular respiration and mitochondrial DNA transcription and replication. 

 
 

Figure 66. JAK/STAT signalling changes under the combination of cisplatin with 

high-THC extract #18 compared to DMSO control in the HT-29 CRC cell line. The genes are 

coloured according to the difference in expression level between treatment and control for each 

individual sample. Red colour shows up- and green down-regulation relative to the treatment 

group. Data based on GAGE uni-directional analysis. 

In the HT-29 cell line, the combination of cisplatin and extract #18 downregulated Ras and 

PI3K expression, major oncogenes that are often increased in multiple cancers (Figure 66). Also, 

it upregulated p21 and downregulated transcription factor cMyc, which can be responsible for cell 

cycle arrest, inhibition of proliferation and cell survival mechanisms. However, there was a strong 

increase in JAK/STAT signalling, which could lead to the inhibition of apoptosis and cell cycle 

progression via upregulated cyclin D, Bcl-XL and PIM. Except for downregulated cMyc, these 

effects were similar to the action of cisplatin alone.   
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Figure 67. Activation of natural killer cell-mediated immunity under cisplatin in 

combination with high-THC extract #18 compared to DMSO control in HT-29 CRC cell line. 

The genes are coloured according to the difference in expression level between treatment and 

control for each individual sample. Red colour shows up- and green down-regulation relative to 

the treatment group. Data based on GAGE uni-directional analysis. 

The combination of cisplatin with high-THC cannabinoid extract #18 caused the upheaval 

of the expression of genes responsible for activating NK against cancer cells in the HT-29 CRC 

cell line (Figure 67). As we previously mentioned, the upregulation of MHC class I helps with the 

recognition of cancer cells by the immune system. Moreover, the combinational treatment caused 

the upregulation of ICAM1/2, the cell adhesion molecules, which activated PLCg, a part of the Ca 

signalling pathway, and helps with the cancer cell's recognition by NKs. However, the downstream 

signalling gene expression in Ca signalling, such as CaN and PKC, was significantly 

downregulated. Although Ras was down-regulated, the higher MEK1/2 and ERK1/2 MAPK 
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signalling molecules were increased, subsequently increasing the granulocyte-macrophage 

colony-stimulating factor (GM-CSF). GM-CSF is responsible for the stimulation of the production 

of granulocytes, such as neutrophils, eosinophils, and macrophages. However, in this case, it 

activated JAK/STAT pathway in cancer cells leading to increased expression of interferon 

receptors causing upregulation of TRAIL and FAS, which would activate the extrinsic apoptosis 

pathway. Moreover, an increased Fyn would enhance NK cell activation and subsequent killing of 

cancer cells. These effects of combinational treatment might activate immune system surveillance 

of cancer cells and cancel the effects of cisplatin, which was the evasion of the immune response.   

 
Figure 68. Changes of PI3K/AKT, NFkB, MAPK, JAK/STAT, and Ca signaling 

pathways under cisplatin combined with high-THC extract #18 compared to DMSO control 

in HT-29 CRC cell line. The genes are coloured according to the difference in expression level 

between treatment and control for each individual sample. Red colour shows up- and green down-

regulation relative to the treatment group. Data based on GAGE uni-directional analysis. 

The figure above represents the dysregulation of multiple oncogenic-stimulating pathways 

under the combination of cisplatin with high-THC cannabinoid extract #18 in the HT-29 CRC cell 

line (Figure 68). There was increased expression of macrophage-colony stimulating factor (M-
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CSF), IL-1, and IFNAR, which might activate macrophages' proliferation, differentiation, and 

activation in a tumor microenvironment. As already mentioned, activating the JAK/STAT 

signalling pathway with the help of IFNAR caused the upregulation of c-Fos, a transcription factor 

involved in cell proliferation after extracellular stimuli. Additionally, there was a decreased 

signalling via the calcium pathway due to the inhibition of calcineurin (CN) expression.  

Another pathway affected by our combinational treatment was MAPK, which caused 

increased expression of p38 that could activate apoptosis in cancer cells. However, increased 

expression of transcription factor AP-1 that regulates gene response in various exogenous stimuli, 

including cytokines and growth factors, could stimulate the expression of genes responsible for 

cancer cell proliferation. Moreover, there was a decreased expression of PI3K, which could lead 

to decreased cell proliferation, survival, and dysregulation of cytoskeletal rearrangement. 

Interestingly, there was an upregulation of p62, a protein involved in the degradation of misfolded 

protein through ubiquitin or autophagy-lysosomal pathway. The upregulation of p62 often occurs 

due to nutrient status change, oxidative stress, and inflammation (291).  

The combination of cisplatin with extract #18 also increased the expression of TNFR1, 

NIK, IKKa, and NFkB, which is responsible for activating the transcription of multiple 

proinflammatory cytokines and anti-apoptotic factors. This mechanism would contradict the 

anticancer effects of our treatments and might be responsible for the mechanisms of survival of 

cancer cells.   
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Figure 69. Changes of protein processing in the endoplasmic reticulum under 

cisplatin combined with high-THC extract #18 compared to DMSO control in HT-29 CRC 

cell line. The genes are coloured according to the difference in expression level between treatment 

and control for each individual sample. Red colour shows up- and green – down-regulation, 

relative to the treatment group. Data based on GAGE uni-directional analysis. 

The combination of cisplatin with high-THC cannabinoid extract #18 significantly 

increased the expression of genes encoding protein processing in the endoplasmic reticulum (ER), 

which likely triggered the accumulation of misfolded proteins, ER stress and unfolded protein 

response (Figure 69). The expression data did not differ much from the treatment with extract #18 

alone. There was a strong upregulation of proteins in the endoplasmic reticulum that are designed 

to deal with the misfolded protein response indicating ER stress response. However, the expression 

of genes that target misfolded proteins for proteasomal degradation was decreased, which could 

indicate further accumulation of the misfolded proteins in ER. Moreover, increased expression of 

PERK and IRE1 genes with the downstream increase of the expression of CHOP were possibly 

strong signals for the activation of apoptosis in cancer cells. Additionally, the increased expression 



 165 

of GADD34, which could potentially lead to the suppression of eIF2a, might indicate inhibition 

of global translation in treated cancer cells.    

 
Figure 70. Changes of cytokine production under cisplatin combined with high-THC 

extract #18 compared to DMSO control in HT-29 CRC cell line. The genes are coloured 

according to the difference in expression level between treatment and control for each individual 

sample. Red colour shows up- and green - down-regulation, relative to the treatment group. Data 

based on GAGE uni-directional analysis. 

Figure 70 presents the action of cisplatin in the combination of extract #18 on multiple 

pathways involved in immune system response. The action was very similar to the action of 

cisplatin alone. There was an increased expression of MHC class II responsible for antigen 

presentation, ICAM1, enhancing cellular adhesion, and pro-inflammatory IL-1b. There was also 

upregulation of VEGF, which is responsible for angiogenesis. Moreover, upregulation of IL-23 

may stimulate Th17 cells, inhibiting the cellular immune response of cancer cells. The interesting 

effect of treatment was the downregulation of IL-18 and IL-8, responsible for cytotoxic T-cell 

activation and chemotaxis of the immune cells. These results may indicate an attempt by CRC 

cells to avoid immune destruction and activate angiogenesis. These mechanisms were not present 

in the action of extract #18 alone.  
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Figure 71. Changes of tight junction regulation under cisplatin in combination with 

high-THC extract #18 compared to DMSO control in HT-29 CRC cell line. The genes are 

coloured according to the difference in expression level between treatment and control for each 

individual sample. Red colour shows up- and green - down-regulation, relative to the treatment 

group. Data based on GAGE uni-directional analysis. 

As the figure above shows, the combination treatments were very similar to the action of 

high-THC cannabinoid extract #18 alone. Overall, inhibition of actin cytoskeleton formation might 

decrease the ability of cancer cells to invade (Figure 71).  
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2.5. Discussion, limitations, and future perspectives. 

2.5.1. Effect of extract #18 on CRC  

 
Figure 72. Likely mechanisms of the cytotoxic effects of high-THC cannabis extract 

#18 in the HT-29 CRC cell line. Created with BioRender.com 

Based on our mRNA expression data analysis, high-THC cannabis extract #18 had a strong 

cytotoxic effect on the classical molecular subtype of CRC, represented by the HT-29 cell line 

(Figure 72). The tested extract caused cell cycle arrest via decreased expression of most genes that 

participate in cell cycle progression, DNA replication, and increased expression of tumor 

suppressors such as p53 and p21. Additionally, MMR, BER, and HR inhibition could cause 

genotoxic stress in cancer cells. Thus, even if tumor cells stopped their proliferation and had time 

to fix their DNA, DNA repair was inhibited, which can also contribute to cell death. Moreover, an 

increased expression of caspase 9, inhibition of oxidative phosphorylation, decreased glucose 

uptake, suppression of Ras/PI3K/AKT, and activation of MAPK/p38 would further assist in the 

activation of apoptosis.  
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Another anti-cancer mechanism of extract #18 was the possible inhibition of cancer cell 

invasion and metastasis. The expression analysis showed decreased expression of adherent 

junction formation, deregulation of the actin cytoskeleton, and decreased Rho signalling, which 

regulates cytoskeletal dynamics, cell migration, and cell cycle progression. There was decreased 

expression of cell adhesion molecules taking part in transendothelial migration, which might 

indicate inhibition of cell invasion. What is more, the lowered expression of TGF-b could prevent 

the epithelial-to-mesenchymal transition of cancer cells, which is a pertinent mechanism in tumor 

invasiveness. Interestingly, there was also decreased extracellular vesicle formation, an important 

mechanism for preparing metastatic niches in carcinogenesis. Furthermore, cannabis extract #18 

decreased COX-2 expression, which could have an anti-inflammatory effect on the tested CRC 

cell line.  

Although multiple pieces of evidence indicated a strong cytotoxic effect of high-THC 

cannabinoid extract on the HT-29 CRC cell line, which was supported by our MTT results, changes 

in a few pathways could raise our concern. For instance, there was a strong upregulation of the 

protein turnover in ER, which caused ER stress response and decreased levels of pro-apoptotic 

proteins Bax and Bak. Thus, it would be logical to combine cannabinoid extracts with strong 

apoptosis activators, for example, cisplatin.  

2.5.2. Combination of extract #18 and cisplatin 

The combination of cisplatin with high-THC cannabis extract #18 changed the expression 

of multiple genes in the HT-29 cell line. Most of the changes were similar to cisplatin or extract 

#18 alone, but there were few cancelling effects of cisplatin on the anticancer action of extract 

#18. Moreover, new qualitative changes under the combinational treatment might explain the 

survival HT-29 cell line under combinational treatment than cisplatin or extract #18 separately.  

The following was similar between the effect of extract #18 alone and in combination with 

cisplatin: there was decreased oxidative phosphorylation, decreased translation and transcription, 

activation of ER stress, decreased Ras/PI3K and PPARg signalling, and increased expression of 

p21, which could lead to activation of cell cycle arrest. Additionally, the caspases 9, 7 and 3 were 

increased, which may indicate the activation of apoptosis under the combination of cisplatin with 

extract #18.  

Interestingly, the combinational treatment cancelled a strong inhibition of the cell cycle 

gene expression and down-regulation of DNA repair pathways by extract #18 alone. This might 



 169 

be one of the mechanisms of the better survival of HT-29 cancer cells under the addition of 

cisplatin to the tested extract #18, as supported by our MTT results. Moreover, there was no 

inhibition of inflammation. On the contrary, because of the strong activation of the JAK/STAT 

and NFkB pathways, the levels of proinflammatory cytokines, for instance, IL1b were higher.  

When we compared the effects of combining cisplatin with extract #18, we still observed 

the unwanted effects of cisplatin alone, such as immune response evasion, angiogenesis activation 

and microvesicular transport (Figure 73). We suggest that extract #18 overcame the effect of 

cisplatin on epithelial-to-mesenchymal transition by inhibiting levels of TGFb. However, the 

combination treatment showed no PDL-1 expression changes and no activation of lysosomal 

hydrolases, opposing the effects of cisplatin alone.   

 
Figure 73. The cytotoxic vs. pro-survival effects of cisplatin and high-THC cannabis 

extract #18 on the HT-29 CRC cell line. Created with BioRender.com 

Other surprising results were that combinational treatment had more pro-oncogenic 

changes than the treatments separately. For example, there was an increased expression of cMet 

oncogene, which could stimulate cancer cell proliferation with elevated levels of cyclin D. 

Moreover, the levels of genes encoding anti-apoptotic proteins, BclXL and PIM, were also higher, 

which indicated that pro-survival pathways were kicking in. In addition, increased mRNA 

expression of proteins responsible for activating NK cells could be one of the beneficial effects of 
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our combinational treatment. However, upregulated levels of GM-CSF and M-CSF could increase 

the production of granulocytes and activation of macrophages, which may support the 

inflammatory microenvironment surrounding CRC cells.  

Overall, the combination of cisplatin and high-THC cannabis extract #18 cancelled some 

of the possible cytotoxic effects on the HT-29 cancer cells than the cisplatin and extract #18 

treatments alone and activated pro-survival mechanisms, which allowed tested cancer cells to 

survive our treatment.  

Our hypotheses stated that whole-plant Cannabis sativa extracts would be more potent than 

pure cannabinoids. However, during the phenotypic screening of over 40 extracts, the most 

effective was the high-THC cannabis extract, with an IC50 dose of THC of around 22 µM in it. 

Additionally, the terpenoid profile of extract #18 showed high levels of α-pinene and β-myrcene 

that could have contributed to the cytotoxic effects of the tested extract. Based on mRNA 

differential gene expression of the HT-29 CRC cell line, the molecular mechanisms involved in 

cell cytotoxicity were similar to the described actions of cannabinoids in our literature review 

(35,76,78,89–91). Thus, to further test if terpenoids had a significant effect on CRC cell lines, we 

suggest performing experiments combining purified α-pinene and β-myrcene with THC and 

comparing the results with extract #18.  

Our second hypothesis stated that Cannabis sativa extracts potentiate cisplatin-mediated 

cell killing. We did not support this hypothesis, as we observed an antagonistic interaction between 

extract #18 and cisplatin.  

Overall, based on our cell viability results and mRNA expression analysis, we established 

treatment interactions in CRC cell lines and understood some of the molecular mechanisms behind 

those drug interactions. However, we understand that the major limitation of our study is that we 

made suggestions based on cell viability and mRNA expression analysis, and more confirmatory 

studies would be needed to support our suggestions. However, more experiments would be needed 

to support our data. We hope that we have established the basics for further research in this field. 

As a future perspective, we would suggest supporting our data by testing more cannabinoid 

extracts, protein expression, apoptosis assays, and animal models.  
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