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ABSTRACT 

  Cannabis sativa is a plant that has been used medicinally for thousands of 

years. In recent decades, interest in cannabis as an anti-cancer therapy has gained interest 

and numerous preclinical studies have demonstrated the anti-cancer abilities of a variety 

of human cancer types. However, most of these studies have been in only adult cancers 

and tumors and have almost entirely used individual cannabinoids as treatments. Here, 

we demonstrate the anti-cancer abilities of a cannabis extract on models of two pediatric 

brain tumors, neuroblastoma and atypical teratoid/rhabdoid tumors. Neuroblastoma is an 

extremely common pediatric solid tumor of the nervous system, and its high-risk 

iterations pose a clinical problem requiring novel therapeutic solutions. Atypical 

teratoid/rhabdoid tumors are extremely rare solid tumors of the central nervous system 

that occur almost exclusively in children under 3 and extremely poor prognoses. Thus, 

the investigation of novel treatment strategies for this tumor is warranted. Here, we 

demonstrate that cannabis extract is able to reduce viability and induce apoptosis and cell 

cycle arrest in models of both tumor types, and that this effect is driven not via the 

constituent cannabinoids of the extract, but via the entourage effect, as individual 

cannabinoid and terpene components of the extract, whether alone or in combination, 

failed to reproduce the anti-cancer effects of the whole extract. We also demonstrate that 

two of these terpenes, citronellol and Ŭ-cedrene, are capable of inducing anti-cancer 

effects, including reductions in viability, small increases in apoptosis, and similar 

mechanisms of cell cycle arrest as whole extract. However, the effect of individual 

agents, even in combination, fail to recapitulate the observed anti-cancer effects of whole 

extract. Overall, this research demonstrates that investigation of whole-cannabis extracts 
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is a novel and worthwhile pursuit for pediatric solid nervous system tumors in need of 

novel therapies. 
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CHAPTER 1: INTRODUCTION 

Cannabinoids 

Cannabinoids are classified into one of three classes: endocannabinoids, which are 

neurotransmitters produced in the human body that act on cannabinoid receptors; 

phytocannabinoids, which are produced by either Cannabis sativa or Cannabis indica 

(ñcannabisò), and synthetic cannabinoids, produced in the lab to agonize or antagonize 

specific cannabinoid receptors of experimental interest due to their structural analogies to 

phyto- or endocannabinoids (Madras, 2015). 

Cannabis in medicine 

Cannabis has been used medicinally for thousands of years, with records showing 

its earliest uses around 4000BC in China and 1000BC in India. It was used to treat 

conditions such as pain, nausea, infections, and epilepsy, and upon introduction to the 

west in the 20th century, was also used for sedation, analgesia, and appetite improvement. 

It fell out of popular use as other drugs were developed for these purposes and its 

psychoactive properties resulted in criminalization (Zuardi, 2006). 

Cannabis Plants and Phytocannabinoids 

Cannabis produces a number of compounds known as phytocannabinoids, which 

are C21 terpenophenolic compounds produced only by cannabis (McPartland & Russo, 

2001). Perhaps the most well known phytocannabinoids are tetrahydrocannabinol (THC) 

(Gaoni & Mechoulam, 1964) and cannabidiol (CBD) (Mechoulam & Shvo, 1963), which 

were both identified about 60 years ago. However, cannabis also produces many other 

cannabinoids such as cannabidivarin (CBDV) (Alves, Amaral, Teixeira, & Correia-da-
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Silva, 2020), cannabinol (CBN), cannabigerol (CBG), cannabivarin (CBV), 

cannabichromene (CBC), and tetrahydrocannabivarin (THCV) (Tomko, Whynot, Ellis, & 

Dupre, 2020).  

Endocannabinoids and the Endocannabinoid System 

The endocannabinoid system (ECS) refers to a system of highly prevalent 

extracellular and intracellular receptors in the human body that respond to cannabinoids 

(Maida & Daeninck, 2016). In humans, the two most well-known receptors are the G-

protein coupled receptors (GPCRs) known as cannabinoid receptor 1 (CB1) (Matsuda, 

Lolait, Brownstein, Young, & Bonner, 1990) and cannabinoid receptor 2 (CB2) (Munro, 

Abu-Shaar, & Thomas, 1993), both discovered in the early 1990s. CB1 is found mainly in 

the brain and nervous system tissue and has a psychomodulatory effects, while CB2 is 

seen more commonly in the immune system and in other tissues and has a role in 

processes such as pain and inflammation (Di Marzo, 2018; Nikan, Nabavi, & Manayi, 

2016). The ligands for these receptors, known as endocannabinoids, are N-arachidonoyl 

ethanolamine (AEA) and 2-arachidonoylglycerol (2-AG). AEA binds CB1 but has poor 

affinity to CB2, while 2-AG has affinity for both CB1 and CB2. Both act as agonists at 

these receptors (Reggio, 2010). 

However, there are many more receptors in the ECS, including transient receptor 

potential cation channel vanilloid receptors 1 and 2 (TRPV1 and 2) (Muller, Morales, & 

Reggio, 2019) and other ionotropic cannabinoid receptors TRP ankyrin 1 (TRPA1) and 

TRP melastatin 8 (TRPM8), peroxisome proliferator-activated receptor gamma (PPARɔ), 

and other GPCRs known as GPR18, 55, and 19, which were previously orphaned (O. 

Kovalchuk & Kovalchuk, 2020). There is evidence that AEA may bind and activate 
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TRPV1 (Smart et al., 2000), and also bind and antagonize TRPM8 (De Petrocellis et al., 

2007).  

AEA and 2-AG were both found to bind and activate GPR55 (Ryberg et al., 2007). 

Endocannabinoid receptors and phytocannabinoids 

Much like endocannabinoids, phytocannabinoids are also active at 

endocannabinoid receptors in the body (Filipiuc et al., 2021). The specifics of this are 

discussed below. 

ȹ9-THC binds and agonizes CB1 leading to decreases in intracellular cyclic 

adenosmine monophosphate (cAMP), and this effect is stronger than that of ȹ8-THC or 

CBN, though weaker than with treatment with CP-55940, a synthetic cannabinoid 

designed to agonize CB1. At CB2, ȹ9-THC displays weak antagonism (Bayewitch et al., 

1996). ȹ9-THC is also an agonist at GPR55 (Ryberg et al., 2007) and TRPV2 (De 

Petrocellis et al., 2011). It is also an antagonist of TRPM8 (De Petrocellis et al., 2011). 

CBD is known to be an inverse agonist (that is, it induces an effect at the receptor 

with the opposite response of an agonist) of both CB1 and CB2 receptors, though some of 

this effect on cells containing CB1 was believed to be via a CB1-independent mechanism 

(Thomas et al., 2007). CBD also displays inverse agonism at receptors GPR55 (Ryberg et 

al., 2007), TRPV1 (Bisogno et al., 2001), and TRPM8 (De Petrocellis et al., 2011). This 

behaviour, which is nearly the opposite of that of ȹ9-THC, may be why CBD is believed 

to mitigate some of the side effects of ȹ9-THC (Freeman et al., 2019). Interestingly, CBD 

acts as an agonist for TRPV2 (De Petrocellis et al., 2011). 
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Somewhat less is known about the effects of other, more minor cannabinoids on 

endocannabinoid receptors (O. Kovalchuk & Kovalchuk, 2020). Tetrahdyrocannabivarin 

(THCV) has been shown to be a competitive antagonist of both CB1 and CB2 receptors 

(Thomas et al., 2005). It also agonizes TRPV1, along with cannabigerovarin (CBGV) (De 

Petrocellis et al., 2011), CBG, and cannabigerolic acid (CBGA) (Ligresti et al., 2006). 

CBGV, CBG, THCV, CBDV, and CBN were also found to agonize TRPV2 (De 

Petrocellis et al., 2011). In order of effect strength, CBG, ȹ9-tetrahydrocannabinolic acid 

(THCA), CBN, THCV, CBDV, CBGA, THCVA, CBGV, and CBDA were all found to 

antagonize TRPM8 (De Petrocellis et al., 2011). 

Phytocannabinoids and cancer 

Cannabinoids, by acting on the CBRs, have been shown to induce apoptosis in cancer 

cells via a variety of mechanisms. These include increasing ceramide or decreasing 

cAMP levels via interference with adenylate cyclase, which activate the caspase cascade. 

They also often generate oxidative stress in the cell which can activate the mitochondrial 

pathway of apoptosis. Both of these generally involve the induction of endoplasmic 

reticulum (ER) stress (Calvaruso, Pellerito, Notaro, & Giuliano, 2012). Cannabinoids 

may also alter mitogen-activated protein kinase (MAPK) cascades in such a way as to 

induce cell death and have been shown to act via the phosphoinositide 3-Kinase 

(P13K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) signalling 

pathway to decrease survival signals as well. They may also induce cell death via 

autophagy, either instead of or in addition to doing so via apoptosis (Calvaruso et al., 

2012; Pisanti, Picardi, DôAlessandro, Laezza, & Bifulco, 2013; Pyszniak, Tabarkiewicz, 

& Luszczki, 2016). Cannabinoids have also been found to cause cell cycle arrest and 
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limit tumor cell invasiveness and metastasis, and block angiogenesis using these same 

pathways, or by inhibiting proteins such as matrix metalloprotease 2 (MMP-2) or 

upregulating expression of its inhibitor, tissue inhibitor of matrix metalloprotease 1 

(TIMP-1), or by inhibiting vascular endothelial growth factor (VEGF) (Pisanti et al., 

2013; Pyszniak et al., 2016). These anti-cancer effects have been seen in a variety of 

tumors, including breast, prostate, lung, skin, pancreatic, bone, lymph, and brain (Nikan 

et al., 2016; Pyszniak et al., 2016). Changes in the ECS may also be present in cancer, 

though it is not always clear whether this is cause or consequence of tumorigenesis (O. 

Kovalchuk & Kovalchuk, 2020). Increased expression of the cannabinoid receptors 

(CBRs) or their endogenous ligands in tumors can be associated with improved outcomes 

(Pisanti et al., 2013), but the results are mixed and sometimes the opposite is seen 

(Pyszniak et al., 2016). Fortunately, this increased expression means cannabinoid 

treatment may be more effective and less likely to affect normal cells, and it remains 

underexploited.  

The anti-cancer effects of most minor cannabinoids have not been well studied. Some 

early in vitro and sometimes in vivo studies show that minor cannabinoids CBC, CBG, 

CBDV, and CBN have anti-cancer effects. For other cannabinoids such as CBV, there is 

not yet any evidence of anti-cancer activity (Tomko et al., 2020; B. Wang et al., 2022). 
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Medical Cannabis in Pediatric Oncology: Friend or Foe? 

Pages 19-56 were published in their entirety: Malach, M., et al. (2022). "Medical 

Cannabis in Pediatric Oncology: Friend or Foe?" Pharmaceuticals 15(3): 359 and updated 

with new references, where appropriate. Specifically, Table 3 and sections on the anti-

cancer effects of cannabis in pediatric brain tumors and leukemia have been updated with 

new sources. 

Abstract 

The antineoplastic effects of cannabis have been known since 1975. Since the 

identification of the components of the endogenous cannabinoid system (ECS) in the 90s, 

research into the potential of cannabinoids as medicine has exploded, including in anti-

cancer research. However, nearly all this research has been on adults. This review aims to 

examine the evidence regarding the potential clinical utility of cannabis as an anti-cancer 

treatment in children. While the use of cannabis-based drugs to control epilepsy has been 

documented in several clinical trials, with several more underway, there is little evidence 

regarding the use of cannabis in children for any other condition. While evidence relating 

to epilepsy suggests cannabis is not only safe in children, but also efficacious, most 

information about its side effects comes from studies of cannabis exposure in utero or in 

the adolescent age range. Because the ECS develops early and there is no evidence of 

developmental outcomes of cannabis exposure in infants and young children, physicians 

and governing bodies remain cautious in recommending its use in children. However, 

promising preclinical evidence in line with that seen for adult cancer warrants further 

investigation of cannabis not just in other pediatric disorders, but in cancer as well. This 
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review aims to summarize what is currently known about the use of medical marijuana in 

children, particularly regarding its anti-cancer potential. 

Background  

Pediatric cancer 

Although rare, childhood cancer is one of the leading causes of death among 

children in Canada and the US. Leukemia is the most common, followed by tumors of the 

brain and central nervous system (CNS), although the latter is responsible for more 

pediatric cancer deaths ("Cancer in Children and Adolescents," 2018; "Childhood cancer 

statistics," ; Landier, Armenian, Meadows, & Bhatia, 2016). 

The most noticeable difference between adult and childhood cancer is how 

frequently different types occur. Common adult cancers include those of the lung, colon, 

pancreas, and breast, while pediatric cancers are overwhelmingly leukemia or CNS 

tumors (Brenner et al., 2020; Society, 2020). Pediatric cancer also differs in its frequency 

of occurrence, and low participant numbers mean some types of studies done for adult 

cancers are not possible with pediatric cancer populations. For this reason, well-designed 

observational studies are often more practical than clinical trials for studying pediatric 

cancer, particularly with regard to cancers that are exceptionally rare (Sheurer, Lupo, & 

Bondy, 2016). 

The causes of pediatric cancer are less well understood, as the cumulative 

environmental exposures present in adults are often not present in children. It is thought 

that pediatric cancers are more often the result of significant/catastrophic errors or 

abnormalities that occur during normal development. As a result, tumors from an adult 



 

8 

 

and a child with identical histology often have very different biology, and consequently 

must be treated differently (Denny, Wechsler, & Sakamoto, 2016; Downing et al., 2012; 

Sheurer et al., 2016). Differences in developing tissues seen in children compared to the 

established tissues seen in adults may also contribute to a difference in tumor biology 

(Downing et al., 2012). A 2015 pan-cancer analysis of nearly 1000 pediatric tumors found 

that the somatic mutational burden is much lower in pediatric cancer than adult cancer, 

and that significantly mutated genes (genes with driver mutations) were mutated mutually 

exclusively, which differs from the high co-mutation rate seen in adult cancer. 

Additionally, only about 30% of significantly mutated genes in pediatric cancers 

overlapped with previously identified significantly mutated genes for adult cancers 

(Grºbner et al., 2018). Children also have fewer somatic mutations leading to tumor 

development, and a subset of pediatric tumors have a high frequency of mutation of 

epigenetic regulatory proteins (Huether et al., 2014). Surprisingly, about 92% of children 

with cancer do not have pathogenic germline mutations, and 60% have no family history 

of cancer at all (J. Zhang et al., 2015).  

Importantly, children also respond slightly differently to cancer treatments, such 

as chemotherapy (McLeod et al., 1992). Given this, it is not unthinkable that other 

targeted or novel therapies, including cannabis, may act differently in children compared 

to adults, and may even act differently between different tumor types in children. 

Therefore, this warrants the separate investigation of any potential cancer treatments in 

children as their own distinct group. 
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Standard treatment of pediatric cancer 

As pediatric cancers differ greatly from adult ones, it is not unthinkable that any 

anti-cancer therapy, including cannabis, may act differently in children compared to 

adults. The most obvious difference between adult and childhood cancer is how 

frequently different types occur. Common adult cancers include those of the lung, colon, 

pancreas, and breast, while pediatric cancers are overwhelmingly leukemia or CNS 

tumors (Brenner et al., 2020; Society, 2020). The causes of pediatric cancer are also less 

well understood, as the cumulative environmental exposures present in adults are often 

not present in children. It is thought that pediatric cancers are more often the result of 

significant/catastrophic errors or abnormalities that occur during normal development. As 

a result, tumors from an adult and a child with identical histology often have very 

different biology, and consequently must be treated differently, and indeed may respond 

differently to the same treatment (Denny et al., 2016; Downing et al., 2012; Sheurer et al., 

2016). Differences in developing tissues seen in children compared to the established 

tissues seen in adults may also contribute to a difference in tumor biology (Downing et 

al., 2012). The mutational background of pediatric tumors is different than that of adult 

tumors. Their somatic mutational burden and the rate of co-mutations is much lower than 

in adult cancer. Additionally, only about 30% of significantly mutated genes in pediatric 

cancers overlapped with previously identified significantly mutated genes for adult 

cancers (Grºbner et al., 2018). Children also have fewer somatic mutations leading to 

tumor development, and some pediatric tumors have a high frequency of mutation of 

epigenetic regulatory proteins (Huether et al., 2014). Surprisingly, about 92% of children 

with cancer do not have pathogenic germline mutations, and 60% have no family history 
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of cancer at all (J. Zhang et al., 2015). Given the many differences between adult and 

pediatric cancer, the separate investigation of any potential cancer treatments in children 

as their own distinct group is well-warranted. This includes investigations into the anti-

cancer potential of cannabis.  

The introduction of chemotherapy to pediatric cancer some 60 years ago has 

dramatically improved survival rates. However, resistance to chemotherapy is a primary 

reason why cancer treatment is unsuccessful in pediatric patients. Additionally, the 

pharmacokinetics of most anti-cancer drugs have been well studied in adult cancer 

patients, but the same cannot be said for pediatric cancer patients (Adamson, Blaney, 

Bagatell, Skolnik, & Balis, 2016). 

Pediatric tumors may also be treated with doses of chemotherapy that exceed 

ñnormalò chemotherapeutic treatment. As this treatment is potentially toxic, some of the 

patientsô immune cells are extracted, frozen, and then returned to the patient after their 

course of high dose chemotherapy is finished. Typically, relapsed or refractory patients 

receive this treatment (Panosyan et al., 2011). This high-dose treatment, known as high-

dose chemotherapy with stem cell rescue (HDC-SCR) may allow some chemotherapeutic 

agents to better penetrate the blood-brain barrier and improve the dose-response effect 

(Shih et al., 2008) and allow young patients to avoid the damaging effects of radiotherapy 

(Brown et al., 2013; Panosyan et al., 2011), though radiotherapy may also be combined 

with HDC-SCR to ñsalvageò relapsed patients (Shih et al., 2008). The 

neuropsychological effects of HDC-SCR have been found to be minimal, and younger 

patients are less susceptible to these effects (Sands et al., 2010). Patients with brain 

tumors who undergo this treatment may also suffer few post-transplant infections (Brown 
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et al., 2013). While the treatment is intense, the average survival rate of patients improves 

from 40%-50% to 60%-69% with this treatment (Panosyan et al., 2011).  

Unfortunately, the intense nature of HDC-SCR regimens means that nearly all 

patients who undergo them suffer from severe side effects, particularly high-grade blood 

toxicities. It is also likely that available HDC-SCR regimens have likely reached their 

maximum possible intensification, as further dose increases will likely only increase 

toxicity with no change in clinical usefulness (Panosyan et al., 2011).  

Exposure to ionizing radiation is one of the few recognized environmental causes 

of childhood cancer, and for this reason it is avoided as much as possible in pediatric 

cancer treatment. (Landier et al., 2016; Ward, DeSantis, Robbins, Kohler, & Jemal, 

2014). As a result, the use of radiation in the treatment of pediatric cancer patients has 

decreased drastically over the past 30 years. Where radiation must still be used during 

treatment, improvements in medical radiation technology that allow for more targeted 

applications have made it safer for pediatric patients. Improved diagnosis and prognosis 

of pediatric tumors also ensures radiation is mainly used in cases where the tumor 

severity warrants aggressive treatment, and not in cases where the tumor may be 

successfully treated with less aggressive options (Green et al., 2013; Hudson et al., 2012). 

It is estimated that as of 2020 there were more than 500,000 living survivors of 

childhood cancer in the US (Robison & Hudson, 2014). Even after surviving cancer and 

the toxicities associated with its treatment, which they typically tolerate better than 

adults, these survivors often suffer late effects: sequelae resulting from treatment that are 

not realized until years or decades later. These sequelae include auditory, oral, and dental 

complications; neurocognitive impairment, including deficits in learning and memory, 
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cognition, and high executive functions (A. Kovalchuk & Kolb, 2017); impaired function 

of cardiovascular, pulmonary, gastrointestinal, and genitourinary systems; thyroid, 

growth, and musculoskeletal issues; and issues with gonadal hormones that may affect 

sex development and fertility. This treatment may also result in the development of 

subsequent cancers; the exact nature of the subsequent tumor depends on the type and 

dose of chemotherapeutic agents and the location and dose of radiotherapy, as well as the 

age of the patient during treatment (Landier et al., 2016).  

While historical studies show the risks associated with cancer treatment of 

previous eras, it is not yet known how survivors treated with modern treatments will fare, 

partially because there are not yet any clear guidelines for how to follow up with 

survivors to evaluate late effects(Robison & Hudson, 2014) . While the types of drugs 

used in cancer treatment remain largely the same as they did up to 50 years ago, 

significant changes have been made to recommended dosing and scheduling. Regarding 

radiation, improvements in technology have made it more targeted, and it is used less 

frequently as discussed above (Green et al., 2013; Hudson et al., 2012). Together, these 

suggest that survivors today may be somewhat less likely to develop chronic conditions 

from their treatment. 

Given the doses of many chemotherapeutic agents administered to cancer patients 

and the toxicities associated with them, most oncologists spend a majority of their time 

on supportive care; that is, care related specifically to managing the symptoms that occur 

as a result of cancer treatment (Adamson et al., 2016). For all of these reasons, new 

therapies are desperately needed for childhood cancer to improve survival and reduce the 

toxic side effects of treatment. 
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The endocannabinoid system and the developing brain 

 The endogenous cannabinoid system (ECS) and the opioid system in the human 

body have remained through several million years of human evolution, and it is possible 

that the ECS evolved before the cannabis plant itself (Maida & Daeninck, 2016). The two 

main ECS receptors in humans are CB1 and CB2. Discovered and cloned in the early 1990s, 

both are G-protein coupled receptors. While CB1 is found mostly in the brain and CNS, CB2 is 

found mainly in immune cells and tissues (Di Marzo, 2018; Matsuda et al., 1990; Munro et al., 

1993). Their endogenous ligands are the lipids known as N-arachidonoyl ethanolamine (AEA) 

and 2-AG (2-arachidonoylglycerol). (Di Marzo, 2018). The therapeutic effects of agonism and 

antagonism of both receptors have been found to be clinically useful for a plethora of disorders 

(Di Marzo, 2018; Pisanti et al., 2017). However, the endocannabinoid system involves many 

more receptors and ligands and has therefore been termed the ñendocannabinoidome.ò The 

scale of the endocannabinoidome makes it a promising therapeutic avenue for many disorders, 

including cancer (Di Marzo, 2018).  Other receptors that have been discovered to be part of the 

endocannabinoidome include transient receptor potential cation channel vanilloid receptors 

(TRPV) 1 and 2 (Muller et al., 2019), peroxisome proliferator-activated receptor gamma 

(PPARɔ), and previously orphaned G-protein coupled receptors GPR18, GPR55, and GPR19. 

The endogenous cannabinoids AEA and 2-AG have been demonstrated to be active on some of 

these receptors as well (O. Kovalchuk & Kovalchuk, 2020).  

In addition to the effects of endogenous cannabinoids in the body, Cannabis sativa 

plants produce phytocannabinoids that act on the above receptors in the body in different ways 

(O. Kovalchuk & Kovalchuk, 2020). These include the well-known tetrahydrocannabinol (ȹ9-

THC) (Gaoni & Mechoulam, 1964) and cannabidiol (CBD) (Mechoulam & Shvo, 1963), first 
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identified nearly 60 years ago. These two phytocannabinoids remain the most well-studied. 

However, cannabis also contains many other phytocannabinoids, such as cannabidivarin 

(CBDV) (Alves et al., 2020), cannabinol (CBN), cannabigerol (CBG), cannabivarin (CBV), 

cannbichromene (CBC), and tetrahydrocannabivarin, along with numerous other terpenoids 

and flavonoids (Tomko et al., 2020). 

The endocannabinoid system and early brain development 

 There is concern that any cannabis-based treatment received by children will 

impact their brain development, as the major components of the endocannabinoid system 

in the brain, including functional CB1 receptors and the endocannabinoids 2-AG and 

AEA, are present around gestational week 19 in humans and likely have a role in critical 

early behavior processes (Fern§ndez-Ruiz, Berrendero, Hern§ndez, Romero, & Ramos, 

1999; E. Fride, 2008; Mato, Del Olmo, & Pazos, 2003). Evidence from rats also indicates 

that more than simply being present, CB1 receptors in the developing fetal brain are 

functional (Vitalis et al., 2008). This system may also contribute to the proper formation, 

growth, migration, and wiring of various areas in the developing fetal brain (Ester Fride, 

2004; E. Fride, 2008; Harkany, Mackie, & Doherty, 2008). The expression of the CB1 

receptor in the brain also changes throughout human development. Both the expression 

levels and locations of expression differ greatly between fetal brain development and 

early life when compared to adult brains (Fern§ndez-Ruiz et al., 1999; Mato et al., 2003). 

Any evaluation of cannabis-based treatments in children, then, needs to evaluate the 

potential effects of this treatment on the brain development of children, as they have a 

functional ECS that has the potential to be disturbed and altered using cannabis-based 

treatments. There are numerous existing protocols and policies for following the late 
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effects of childhood cancer on survivors in order to better modify existing treatment plans 

for future patients to minimize toxicity and treatment-related morbidity and mortality 

(Ward et al., 2014). It is not unthinkable that cannabis-based therapies and drugs could fit 

nicely into these existing structures. 

Anti-cancer potential of phytocannabinoids 

ȹ9-THC was first found to have anti-cancer effects in Lewis lung adenocarcinoma in 

1975 (Munson, Harris, Friedman, Dewey, & Carchman, 1975). Interest in the potential of 

cannabis for cancer treatment has resulted in significant research in the last decade (Sledzinski, 

Zeyland, Slomski, & Nowak, 2018). The most prevalent cannabinoids ȹ9-THC, CBD, and 

CBN, have been shown to affect growth and proliferation of cancer cells (Di Marzo, 2018; O. 

Kovalchuk & Kovalchuk, 2020). Most research on the effectiveness of cannabis for use as a 

curative agent in cancer focuses only on the two main components, THC and CBD, or their 

synthetic analogues; very little has been published on the pharmacology or potential clinical use 

of terpenoids and flavonoids, which are also major components in cannabis (O. Kovalchuk & 

Kovalchuk, 2020; Maida & Daeninck, 2016). Whole plant extracts are known to have other 

active molecules that may also have cytotoxic properties, and consequently, full extracts exhibit 

so-called combined ñentourage effects.ò (Baram et al., 2019; O. Kovalchuk & Kovalchuk, 

2020). Additionally, different combinations of phytocannabinoids can be more effective 

than the use of single cannabinoids (Scott, Dalgleish, & Liu, 2017). It is also possible to 

propagate cannabis strains with a particular composition to best suit the needs of a 

patient, whether in terms of their age, symptoms, or tumor type (Chandra, 2013). The fact 

that different combinations of phytocannabinoids can be more effective is believed to be 

due to the ñentourage effectò that many other components of cannabis, such as terpenoids 
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and flavonoids, may have on the actions of CBD and THC (Maida & Daeninck, 2016; 

McPartland & Russo, 2001). In fact, recent research has shown that whole cannabis 

extract is more effective than pure THC alone at reducing the growth of cancer cells of 

many different types of cancer (Baram et al., 2019). Despite this evidence that a more 

heterogeneous mix of cannabinoids may be more effective than pure cannabinoids alone, no 

cannabis lines have yet been developed and tested specifically for cancer treatments. 

Numerous recent reviews have detailed the preclinical evidence in support of the 

anti-tumor action of cannabinoids in a variety of adult tumors. While it is beyond the 

scope of this review to fully evaluate this evidence, the following reviews provide an 

excellent summary (Calvaruso et al., 2012; Likar & Nahler, 2017; Nikan et al., 2016; 

Pisanti et al., 2013; Pyszniak et al., 2016; Sledzinski et al., 2018; Guillermo Velasco, 

Hern§ndez-Tiedra, D§vila, & Lorente, 2016; G. Velasco, Sanchez, & Guzman, 2016). 

The mechanisms by which cannabinoids exert anti-cancer effects have been thoroughly 

investigated and include the inhibition of angiogenesis, the induction of apoptosis and 

autophagy, and the slowing of rapid cell growth (Figure 1). Cannabinoids seem to use a variety 

of well-known and well-understood pathways associated with these phenomena, including the 

induction of apoptosis via an increase in reactive oxygen species (ROS), the MAPK pathway, 

increased ceramide production and the ER stress pathway via p8, activation of caspase 3, and 

inhibition of protein kinase B (AKT); the induction of autophagy via the ER stress and AKT 

pathways; the inhibition of excessive proliferation via the phosphoinositide-3 kinase pathway 

and through decreases in cyclic adenosine monophosphate (cAMP) via inhibition of adenylate 

cyclase; inhibition of the epithelial-mesenchymal transition (EMT) via inhibition of ɓ-catenin; 

and inhibition of angiogenesis via inhibition of Ras homolog family member A (RhoA) 
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GTPase leading to inhibition of downstream proteins such as focal adhesion kinase (FAK), 

vascular endothelial growth factor (VEGF), and matrix metalloproteinase-2 (MMP-2) (Figure 

1). These effects seem to be directly mediated through CB1 and CB2 receptors, as well as other 

GPCRs potentially included in the ECS, mentioned above (Figure 1) (Calvaruso et al., 2012; Di 

Marzo, 2018; O. Kovalchuk & Kovalchuk, 2020; Pisanti et al., 2013; Pyszniak et al., 2016; 

Sledzinski et al., 2018; G. Velasco et al., 2016). This anti-cancer response seems to vary by 

tumor type, stage, and even the molecular background of the tumor (O. Kovalchuk & 

Kovalchuk, 2020).  

Conversely, a small number of studies have suggested that the endocannabinoidome 

may contribute to the development, progression, or prognosis of cancer. High levels of CB1 

and AEA in tumors have been found to overexpress genes that promote cancer growth 

(Mukhopadhyay et al., 2014). The CB1 receptor may also activate the chimeric oncogenic 

transcription factor PAX3-FOXO1, increasing cancer cell growth (Marshall, Lagutina, & 

Grosveld, 2011). Treatment of cancer cells with a variety of synthetic and plant-derived 

cannabinoids was found to increase cell proliferation by upregulating the extracellular signal-

related kinase 1/2 (ERK1/2) and Akt survival pathways via EGFR activation (Hart, Fischer, & 

Ullrich, 2004). High CB1 and CB2 levels have also been found in cases of chronic lymphocytic 

leukemia (CLL) (Freund et al., 2016). Many transient receptor potential (TRP) channels are 

upregulated in different cancers and the potential to exploit them in cancer treatment, though 

not with cannabinoids, has been explored (Prevarskaya, Zhang, & Barritt, 2007).  

Most of these molecular pathways and anti-cancer effects, while promising, have 

only been shown to function in adult cancer. Studies confirming these or other molecular 

anti-cancer effects of cannabinoids in pediatric cancer cells are scarce, and given the 
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differences between pediatric and adult tumors and the role of the ECS in brain 

development in children, the anti-cancer effects of cannabis need to be investigated in 

pediatric cancer specifically. 

 

Figure 1. The mechanisms by which cannabinoids have anti-cancer effects. Here, 

blue boxes represent proteins and molecules within the cell, and the red and green boxes 

at the bottom represent cellular processes. The red colour indicates a downregulation or 

decrease of the process, and green represents an upregulation or increase. The arrows 

indicate influence, with red indicating inhibition and green indicating potentiation. Dotted 

lines indicate where an effect has been abrogated by something upstream; for example: if 

A inhibits B, and B normally would activate C, the activation of C by B has been 

abrogated by A inhibiting B, thus the arrow between A and B would be solid red, and the 

arrow between B and C would be dashed green. The cell membrane and transmembrane 

receptor images are from BioRender. 

Potential uses of cannabis in pediatric oncology 

Most of the research involving the use of cannabis-based drugs or medical 

marijuana in children has been on treatment for epilepsy (Table 1), followed by 

chemotherapy-induced nausea and vomiting or otherwise controlling the unpleasant side 
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effects of cancer and its treatments (Ananth, Reed Weston, & Wolfe, 2017; Wong & 

Wilens, 2017). While there are legitimate concerns about the use of medical marijuana in 

pediatric populations based on evidence from studies using mice or healthy human 

participants, the decision of how best to treat a severely ill child, especially one who is 

terminally ill, alters the risk/benefit analysis done before deciding upon a therapy (Ananth 

et al., 2017). At present, there is no conclusive literature regarding the use of cannabis in 

pediatric cancer care (Andradas, Truong, Byrne, & Endersby, 2021; Yeung et al., 2020). 

Most studies where pediatric patients are given cannabis-based drugs involve oral 

administration, typically oil drops or oromucosal sprays (Table 1, Table 2). While 

obviously preferable to inhalation, given the age of the patients, this method typically has 

low bioavailability, typically between 5% and 20% (Borgelt, Franson, Nussbaum, & 

Wang, 2013). While intravenously administered cannabis has similar bioavailability to 

inhaled cannabis (Borgelt et al., 2013), there have been no investigations into this method 

of administration in children.  

Cannabis has only been anecdotally reported to kill or treat cancer in children. All 

other data is currently preclinical from either cell lines alone or both cell lines and animal 

xenograft  
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Table 1. Summary of published clinical trials involving pediatric patients and some form of cannabinoid treatment. 

Identifier  Title  Patients Disease Study type Cannabinoid 

Drug Used 

Concomitant 

Treatment? 

Results Side effects Ref 

NCT02987114 A Phase II, Open -label, 

Single-center Clinical Study 

to Evaluate the Safety, 

Tolerability, and Efficacy of 

Oral Administration of 

PTL101 

Children aged 

2-15 

Treatment-

resistant 

epilepsy 

Interventional, 

single group 

assessment, 

open label 

Cannabidiol 

capsules 

(PTL101), 

twice daily, 

25mg/kg/day 

up to 

450mg/kg/day 

- 81.9% ± 

24.6% 

reduction 

baseline 

median 

seizures, 73.4 

± 24.6% 

reduction 

monthly 

seizure 

frequency 

Sleep 

disturbance/ 

insomnia 

25%, 

somnolence 

18.8%, 

increased 

seizure 

frequency 

18.8%, 

restlessness 

18.8%, No 

SAE 

(Mitelpunkt 

et al., 2019) 

NCT01898520 The Efficacy, Safety and 

Tolerability of Sativex as an 

Adjunctive Treatment to 

Existing Anti-spasticity 

Medications in Children 

Aged 8 to 18 Years With 

Spasticity Due to Cerebral 

Palsy or Traumatic Central 

Nervous System Injury Who 

Have Not Responded 

Adequately to Their 

Existing Anti-spasticity 

Medications: a Parallel 

Group Randomised, Double-

blind, Placebo-controlled 

Children aged 

8-18 

 

 

 

Cerebral 

palsy or 

traumatic 

CNS 

injury 

Interventional, 

parallel 

assignment, 

double-blind, 

placebo-

controlled 

 

Sativex (THC 

27mg/ml: 

CBD 

25mg/ml), 

dose of 2.7mg 

THC and 

2.5mg CBD, 

up to 12 doses 

per day 

- No difference 

in caregiver-

reported 

spasticity 

39% had 

treatment-

related 

adverse 

events, only 

23% in 

placebo 

controlled 

group 

 

 

 

(Fairhurst, 

Kumar, 

Checketts, 

Tayo, & 

Turner, 

2020) 
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Study Followed by a 24-

week Open Label 

NCT02324673 A Phase ½ Study to assess 

the pharmacokinetics and 

safety of Multiple Doses of 

Pharmaceutical Cannabidiol 

Oral Solution in Pediatric 

Patients with Treatment-

Resistant Seizure Disorders 

Children aged 

1-17 

Treatment-

resistant 

seizure 

disorder 

Interventional, 

randomized, 

parallel 

assignment, 

placebo 

controlled, 

double blind 

CBD at either 

10, 20, or 40 

mg/kg/day 

- Cannabidiol 

levels variable 

across 

patients, but 

overall well-

tolerated. 

Somnolence 

21.3%, 

anemia 18%, 

diarrhea 

16.4%. 3 

(1.6%) SAEs 

related to 

study drug: 

skin rash. 

(Wheless et 

al., 2019) 

NCT02091206 A Double Blind, Placebo-

controlled, Two-part Study 

to Investigate the Dose-

ranging Safety and 

Pharmacokinetics, Followed 

by the Efficacy and Safety 

of Cannabidiol (GWP42003-

P) in Children and Young 

Adults With Dravet 

Syndrome 

Children aged 

4-10 

Dravet 

syndrome 

Interventional, 

randomized, 

parallel 

assignment, 

placebo 

controlled, 

double blind 

 

CBD 

(Epidiolex) at 

either 5, 10, 

or 

20mg/kg/day 

Clobazam, 

Levetiraccetam, 

Stiripentol, 

Topiramate, 

Valproate 

When taking 

AED with 

CBD, CBD 

did not affect 

AED levels 

Pyrexia, 

somnolence, 

decreased 

appetite, 

sedation, 

vomiting, 

ataxia, and 

abnormal 

behavior. Two 

discontinued 

for AEs: 

pyrexia and 

rash, and 

elevated 

transaminases 

(Orrin 

Devinsky 

et al., 2018) 

NCT02091375 A Double Blind, Placebo 

Controlled Two-part Study 

to Investigate the Dose-

ranging Safety and 

Pharmacokinetics, Followed 

by the Efficacy and Safety 

Children aged 

2-18 

Dravet 

syndrome 

Interventional, 

randomized, 

parallel 

assignment, 

placebo 

Epidiolex 

20mg/kg/day 

Clobazam, 

Levetiraccetam, 

Stiripentol, 

Topiramate, 

Valproate 

43% of 

patients had 

50% 

reduction in 

convulsive 

seizure 

Diarrhea, 

vomiting, 

fatigue, 

pyrexia, 

somnolence, 

and abnormal 

(Orrin 

Devinsky 

et al., 2017) 
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of Cannabidiol (GWP42003-

P) in Children and Young 

Adults With Dravet 

Syndrome 

controlled, 

double blind 

 

frequency, 

frequency of 

all seizures 

significantly 

reduced, 

excepting 

nonconvulsive 

seizures 

liver-function 

tests, more 

withdrawals 

in CBD 

group. 93% of 

CBD group 

experienced 

AE vs 75% 

placebo, SAE 

for 16.4% 

CBD patients 

and 5.1% 

placebo 

NCT02224703 A Randomized, Double-

blind, Placebo-controlled 

Study to Investigate the 

Efficacy and Safety 

of Cannabidiol (GWP42003-

P) in Children and Young 

Adults With Dravet 

Syndrome 

Children aged 

2-18 

Dravet 

Syndrome 

Interventional, 

randomized, 

parallel 

assignment, 

placebo 

controlled, 

double blind 

 

CBD 

(Epidiolex) at 

either 10 or 

20 mg/kg/day 

- Reduction 

from baseline 

in convulsive 

seizures: 

48.7% for 

20mg/kg/day, 

45.7% for 

10mg/kg/day, 

29.8% 

placebo. 

Reduction 

from baseline 

in total 

seizure 

frequency: 

47.3% for 

20mg/kg/day, 

56.4% for 

10mg/kg/day, 

88% 

experience 

adverse event 

(89.9% 

20mg/kg/day, 

87.% 

10mg/kg/day, 

89.2% 

placebo); 

decreased 

appetite, 

diarrhea, 

somnolence, 

pyrexia, 

fatigue. 

22.7% SAEs. 

51.7% AEs 

resolved by 

end of trial for 

(Miller et 

al., 2020) 
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29.7% 

placebo 

CBD, 60.3% 

resolved for 

placebo 

NCT02224560 A Randomized, Double-

blind, Placebo-controlled 

Study to Investigate the 

Efficacy and Safety 

of Cannabidiol (GWP42003-

P; CBD) as Adjunctive 

Treatment for Seizures 

Associated With Lennox-

Gastaut Syndrome in 

Children and Adults. 

Children and 

adults aged 2-

55 

Lennox-

Gastaut 

syndrome 

Interventional, 

randomized, 

parallel 

assignment, 

placebo 

controlled, 

double blind 

 

Epidiolex, 

either 10 or 

20mg/kg/day 

Clobazam, 

Levetiraccetam, 

Stiripentol, 

Topiramate, 

Valproate 

Patients 

receiving 

20mg/kg/day 

had 41.9% 

reduction in 

drop seizures 

and those 

receiving 

10mg/kg/day 

had 37.2% 

reduction, 

placebo had 

17.2% 

reduction 

AEs occurred 

for 94% of 

20mg group, 

84% of 10mg 

group, and 

72% of 

placebo 

group. 89% of 

all AEs mild 

(somnolence, 

decreased 

appetite, 

pyrexia, 

vomiting). 26 

had SAE in 

either CBD 

group, 7 of 

which were 

related to 

CBD 

(O. 

Devinsky 

et al., 2018) 

NCT02224690 A Randomized, Double-

blind, Placebo-controlled 

Study to Investigate the 

Efficacy and Safety of 

Cannabidiol (GWP42003-P) 

as Adjunctive Treatment for 

Seizures Associated with 

Lennox-Gastaut Syndrome 

in Children and Adults 

Children and 

adults aged 2-

55 

Lennox-

Gastaut 

syndrome 

Interventional, 

randomized, 

parallel 

assignment, 

placebo 

controlled, 

double blind 

 

Epidiolex, 

20mg/kg/day 

Clobazam, 

Levetiraccetam, 

Stiripentol, 

Topiramate, 

Valproate 

Median 

reduction in 

monthly drop 

seizure 

frequency 

from baseline 

43.9% in 

CBD group, 

 AEs in 86% 

of patients in 

CBD group, 

69% in 

placebo 

group, most 

mild/moderate 

(diarrhea, 

somnolence, 

(E. A. 

Thiele et 

al., 2018) 
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21.8% in 

placebo.  

pyrexia, 

decreased 

appetite, 

vomiting). 

NCT02224573 An Open-Label Extension 

Study to Investigate the 

Safety of Cannabidiol 

(GWP42003-P; CBD) in 

Children and Young Adults 

with Inadequately 

Controlled Dravet or 

Lennox-Gastaut Syndrome 

Children and 

adults over 2 

years who had 

completed 

NCT02224960, 

NCT02224560, 

NCT02224703, 

NCT02091206, 

or 

NCT02091375  

Dravet 

Syndrome; 

Lennox-

Gastaut 

Syndrome 

Interventional, 

single group 

assignment, 

open label 

 

Epidiolex, 

concentration 

not specified 

Clobazam, 

Levetiraccetam, 

Stiripentol, 

Topiramate, 

Valproate 

Median 

reduction 

from baseline 

in drop 

seizure 

frequency 

from 48-60% 

over 48 

weeks, 

median 

reduction in 

monthly 

seizure 

frequency 48-

57% over 48 

weeks. 

92.1% had 

adverse 

events, 32.5% 

mild and 

43.4% 

moderate 

(diarrhea, 

somnolence, 

convlusion). 

9.6% 

discontinued 

due to AEs. 

(E. Thiele 

et al., 2019) 

NCT02544763 A Double-blind, 

Randomized, Placebo-

controlled Study to 

Investigate the Efficacy and 

Safety of Cannabidiol 

(GWP42003-P, CBD) as 

Add-on Therapy in Patients 

with Tuberous Sclerosis 

Complex Who Experience 

Inadequately Controlled 

Seizures 

Children and 

adults aged 1-

65 

Tuberous 

Sclerosis 

Complex 

Interventional, 

randomized, 

parallel 

assignment, 

placebo-

controlled, 

double-blind 

CBD solution, 

either 25 or 

50mg/kg/day 

Clobazam, 

Levetiracetam, 

Valproate, 

Vigabatrin 

Percent 

reduction 

from baseline 

in seizures 

47.5% for 

50mg/kg/day 

CBD, 48.56% 

for 

25mg/kg/day 

CBD, 26.5% 

for placebo 

Diarrhea and 

somnolence 

occurred more 

for CBD 

groups than 

placebo, and 

more in 

50mg/kg/day 

group than 

25mg/kg/day 

group. All 

patients in 

(Elizabeth 

A Thiele et 

al., 2020) 



 

25 

 

50mg/kg/day 

group 

experienced 

AEs. SAEs in 

14% 

50mg/kg/day, 

21% 

25mg/kg/day, 

3% placebo 

NCT02956226 

 

Cannabinoids for Behavioral 

Problems in Autism 

Spectrum Disorder: A 

Double Blind, Randomized, 

Placebo-controlled Trial 

with Crossover 

Children and 

young adults 

aged 5-21 

Autism 

Spectrum 

Disorder 

Interventional, 

randomized, 

parallel 

assignment, 

placebo-

controlled, 

double-blind 

Mix of pure 

CBD and 

THC in 20:1 

ratio, or 

whole plant 

extract 

enriched in 

CBD and 

THC to 20:1 

ratio. Dose 

maximum 

10mg/kg/day 

- No change in 

behavioral 

problems 

generally, but 

improvement 

of disruptive 

behavior 49% 

on whole-

plant extract 

vs placebo. 

No SAEs. 

Common 

adverse 

events were 

somnolence 

(28% plant 

extract, 23% 

pure 

cannabinoids, 

8% placebo) 

and decreased 

appetite (25% 

plant extract, 

21% pure 

cannabinoids, 

and 15% 

placebo) 

(Aran et al., 

2021) 

Identifier  Title  Patients Disease Study Type Cannabinoid 

Drug Used 

Concomitant 

Treatment? 

Results Side effects Ref. 
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models (Clara Andradas et al., 2021; Yeung et al., 2020). However, given the differences 

between pediatric and adult cancer discussed earlier, and the fact that the ways in which 

cannabinoid agonists react with receptors may differ between species and between in 

vitro and in vivo experiments (Pertwee, 2009), it is important to study cannabis 

specifically in a pediatric clinical trial setting to get a good sense of its effectiveness and 

potential side effects that may be specific to pediatric use (Clara Andradas et al., 2021). 

Currently available cannabis- based drugs 

The US currently has only one approved CBD medication for pediatric patients, 

Epidiolex. This drug has been well studied, including in clinical trials, and is considered 

safe to use in the treatment of young patients with refractory seizures (Schuman, 2019). 

This drug has been the subject of many clinical trials for many different epileptic 

disorders in children (Table 1), most of which have found that it reduced seizure 

frequency with few side effects (Silvestro, Mammana, Cavalli, Bramanti, & Mazzon, 

2019). Most investigation into the use of medical marijuana in children is done in the 

context of epileptic disorders, and currently available evidence examining the use of 

cannabis in pediatric oncology patients is limited to case studies and descriptive studies, 

rather than clinical studies or trials. 

Cannabis for chemotherapy-induced nausea and vomiting 

Cannabis is frequently suggested as an alternative therapy that may improve 

already poor symptom control for oncology patients, particularly for control of 

chemotherapy-induced nausea and vomiting (CINV) (Maida & Daeninck, 2016). The 

investigation of cannabis as an antiemetic in children goes back to the 1980s; however, 
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there have been relatively few studies on this phenomenon since then. Cannabis has been 

found to be an effective anti-emetic in children when compared to placebo or 

conventional anti-emetics, with side effects similar to those reported in adults. Most of 

these cannabis products were high-THC ones (Wong & Wilens, 2017). However, this 

effect has not been conclusively replicated in multiple studies (Ananth et al., 2017). 

A 2016 review of studies of antiemetic agents in children found only 34 suitable 

studies and concluded 5-HT3 agonists combined with dexamethasone to be the most 

effective treatment, although they insist there is a dearth of research into this area 

generally. Regarding cannabinoids, they state they are probably effective but have many 

side effects, mostly negative, though some other, more positive side effects were also 

reported by patients. This study found only three clinical trials comparing cannabis-based 

anti-emetic drugs to standard anti-emetic drugs (Phillips et al., 2016). These studies are 

reviewed below. 

Two of the three clinical trials found nabilone, a synthetic THC analog, more 

effective than two standard anti-nausea agents, domperidone (Dalzell, Bartlett, & 

Lilleyman, 1986) and prochlorperazine (Chan, Correia, & MacLeod, 1987). In both 

studies, nabilone was significantly more effective at reducing episodes of emesis and was 

preferred by significantly more patients and/or parents. However, in both cases more side 

effects were reported with nabilone. In one study, a reduction in the dosage of nabilone 

completely eliminated all major side effects, and patients noted a faster return to normal 

and shorter hospital stay after treatment with nabilone (Chan et al., 1987). It is notable 

that nabilone was preferred in both studies, despite serious side effects that exceeded 

those of already standard anti-emetic medications. 
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In the third trial, ȹ9-THC was tested against metoclopramide and perchlorazine 

and was found to be a significantly better anti-nausea and anti-vomiting medication than 

both (Ekert, Waters, Jurk, Mobilia, & Loughnan, 1979). It was also found to decrease 

anorexia and increase appetite. As with nabilone, the most common side effect was 

drowsiness, although the increase in this effect was only significant between THC and 

metoclopramide. Only two patients reported feeling any kind of ñhighò on this treatment, 

and this resulted in one patient stopping treatment.  

ȹ8-THC, an isomer of THC that differs from ȹ9-THC, was also tested on eight 

children with different hematological cancers on different treatment regimens expected to 

produce vomiting. The authors found that THC completely prevented all vomiting across 

a variety of chemotherapy cycles among all eight patients; they also observed a complete 

lack of side effects (Abrahamov, Abrahamov, & Mechoulam, 1995). 

Taken together, all these results indicate the use of medical cannabis or synthetic 

cannabinoid drugs as anti-emetics and anti-nausea medications is worth exploring with 

pediatric patients under careful supervision, especially if traditional anti-emetic and anti-

nausea medications are ineffective for a patient. 

Use of cannabis to treat pediatric epilepsy 

When considering cannabis-based drugs or medical marijuana, CBD is a popular 

choice for use in pediatric populations because it does not have the psychoactive side 

effects of THC (Gunasekera, Davies, Martin-Santos, & Bhatthacharyya, 2020). 

Numerous clinical trials in past decades have investigated cannabis-based drugs, but 

especially those with CBD, for the control of pediatric epilepsy (Table 1, Table 2) though 

the mechanism by which CBD reduces seizures remains unknown (Gunasekera et al., 
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2020). Clinical studies of CBD-based drugs on pediatric epilepsy demonstrate that CBD 

is safe and effective for controlling seizures in children with a variety of epileptic 

disorders, whether alone or concomitantly with other antiepileptic drugs (AEDs)(Orrin 

Devinsky et al., 2017; Orrin Devinsky et al., 2016; O. Devinsky et al., 2019; O. Devinsky 

et al., 2018; Orrin Devinsky et al., 2018; Miller et al., 2020; B. E. Porter & Jacobson, 

2013; E. Thiele et al., 2019; Elizabeth A Thiele et al., 2020; E. A. Thiele et al., 2018). 

Non-serious  
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Table 2. Currently ongoing or unpublished clinical trials involving pediatric patients and some form of cannabinoid treatment.  

Identifier  Title  Patients Disease Study type Cannabinoid drug 

used 

Status 

NCT03467113 A study to assess the 

safety and tolerability of 

ZX008 in children and 

young adults with DS or 

LGS currently taking CBD 

Children (2-18) 

 

Dravet or 

Lennox-Gastaut 

syndromes 

 

Interventional, 

single group 

assignment, open 

label 

 

ZX008, fenfluramine 

hydrochloride 0.2mg or 

0.8mg/day, but patients 

must also be taking 

CBD 

ANR 

NCT03024827 Cannabidiol in children 

with refractory epileptic 

encephalopathy (CARE-E) 

Children (1-10) 

 

 

Epileptic 

Encephalopathy 

Interventional, 

single group 

assignment, open 

label 

Cannimed 1:20 

(CBD:THC) 

 

ANR 

NCT02523183 

 

The use of medicinal 

cannabinoids as adjunctive 

treatment for medically 

refractory epilepsy 

Children and 

young adults 

(0-20) 

 

Medically 

refractory 

epilepsy 

Observational, 

cohort, prospective 

 

Medical cannabis ANR 

NCT02983695 

 

Cannabinoid Therapy for 

Pediatric Epilepsy 

Children (1-18) 

 

Dravet 

syndrome 

Interventional, 

single group 

assignment, open 

label 

 

TIL -TC150 (contains 

THC and CBD) 

 

ANR 

NCT02660255 Safety and Tolerability of 

Cannabidiol in Subjects 

with Drug Resistant 

Epilepsy 

Children and 

adults (1-60) 

 

Drug-resistant 

epilepsy 

 

Expanded access 

 

CBD (epidiolex) 

 

AfM  
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NCT02397863 

 

Epidiolex and Drug 

Resistant Epilepsy in 

Children 

Children (1-18) 

 

Drug-resistant 

epilepsy 

(excluding 

Dravet 

Syndrome or 

Lennox-Gastaut 

Syndrome) 

Expanded access 

 

CBD (epidiolex, 

25mg/kg/day, up to 

50mg/kg/day) 

 

A 

NCT03196934 

 

Expanded use of 

cannabidiol oral solution 

Children (1-18) 

 

Treatment-

resistant seizure 

disorder 

Expanded access 

 

CBD A 

NCT03676049 Cannabidiol for drug 

resistant pediatric epilepsy 

(expanded access use) 

Children and 

young adults 

(5-19) 

 

Drug-resistant 

epilepsy 

Expanded access 

 

CBD, between 2.5-

7.5mg/kg/day 

 

A 

NCT02987114 A study to evaluate the 

safety, tolerability, and 

efficacy of oral 

administration of PTL101 

(Cannabidiol) as an 

adjunctive treatment for 

pediatric intractable 

epilepsy 

Children (2-15) 

 

Refractory 

epilepsy 

 

Interventional, 

single group 

assignment, open 

label 

 

Cannabidiol (PTL101), 

capsules taken twice 

daily. Capsules are 

either 50mg or 100mg 

and taken up to 

25mg/kg/day up to 

450mg/kg/day 

 

CNP 

NCT02286986 Cannabidiol (CBD) to 27 

patients (aged 2 years- 19 

years) with drug resistant 

epilepsy 

Children and 

young adults 

(2-25) 

 

Drug-resistant 

epilepsy 

 

Interventional, 

open label, single 

group assignment 

 

Cannabidiol 

 

CNP 
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NCT01898520 A safety, efficacy, and 

tolerability study of 

sativex for the treatment of 

spasticity in children aged 

8-18 years 

Children (8-18) 

 

Patients with CP 

or traumatic 

CNS injury with 

non-progressive 

spasticity 

Interventional, 

parallel 

assignment, 

double-blind, 

placebo-controlled 

 

THC:CBD 27:25mg/ml 

spray (Sativex), given 

100uL per spray up to 

12 per day 

 

CNP 

NCT02224573 GWPCARE5- an open-

label extension study of 

cannabidiol (GWP42003-

P) in children and young 

adults with Dravet or 

Lennox-Gastaut sydrome 

Children and 

adults (2+) 

 

Lennox-Gastaut 

syndrome, 

Dravet 

syndrome 

 

Interventional, 

single group 

assignment, open 

label 

 

Epidiolex 

 

CNP 

NCT02953548 Trial of cannabidiol (CBD; 

GWP42003-P) for 

infantile spasms 

Children 

(0.083-2) 

 

Infantile spasms 

and 

hypsarrythmia 

Interventional, 

single group 

assignment, open 

label 

Epidiolex, 40mg/kg/day 

 

 

CNP 

NCT02954887 Phase 3 trial of 

cannabidiol (CBD; 

GWP42003-P) for 

infantile spasms: open 

label extension phase 

(GWPCARE7) 

Children 

(0.083-2) 

 

Infantile spasms 

and 

hypsarrythmia 

 

Interventional, 

single group 

assignment, open 

label 

 

Epidiolex, 40mg/kg/day 

 

CNP 

NCT02073474 An observational post-

marketing safety registry 

of Sativex 

All ages 

(including 

children) 

Anyone taking 

Sativex 

 

Observational, 

prospective 

 

Sativex (27mg/ml THC, 

25mg/ml CBD) 

 

CNP 
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NCT02229032 Genetic analysis between 

charlotte's web responders 

versus non-responders in a 

Dravet population 

Children and 

adults (0-50) 

 

Dravet 

syndrome  

 

Observational, 

cohort, cross-

sectional 

 

Charlotteôs web strain of 

medical marijuana 

CNP 

NCT04406948 Study of safety and 

efficacy of 

MGCND00EP1 as an add 

on treatment in children 

and adolescents with 

resistant epilepsies 

Children (1-18) 

 

Drug-resistant 

epilepsy 

Interventional, 

randomized, 

parallel 

assignment, 

placebo controlled, 

double blind 

MGCND00EP1 

(cannabis oil with 20:1 

CBD:THC ratio), up to 

25mg/kg/day 

 

NYR 

NCT02332655 

 

Cannabidiol expanded 

access study in medically 

refractory Sturge-Weber 

syndrome 

Children and 

adults (0.083-

45) 

 

Refractory 

Sturge-Weber 

syndrome 

 

Interventional, 

single group 

assignment, open 

label 

 

Epidiolex 2mg/kg/day 

up to 25mg/kg/day 

 

NYR 

NCT04485104 

 

Safety, pharmacokinetics, 

and exploratory efficacy 

assessment of adjunctive 

cannabidiol oral solution 

(GWP42003-P) compared 

with standard of care 

antiepileptic therapy, in 

patients age 1 month to 

<12 months of age with 

tuberous sclerosis complex 

who experience 

Infants (1mo-

11mo) 

 

Tuberous 

sclerosis 

complex 

 

Interventional, 

randomized, 

parallel 

assignment, open 

label 

 

Epidiolex 

 

NYR 
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inadequately controlled 

seizures 

NCT02783092 A double-blind trial to 

evaluate efficacy and 

safety of cannabidiol as an 

add-on therapy for 

treatment in refractory 

epilepsy 

Children (2-18) 

 

Refractory 

epilepsy 

Interventional, 

randomized, 

double-blind, 

placebo-controlled 

 

CBD in corn oil, 5-

25mg/kg/day 

 

R 

NCT03848481 CBDV vs Placebo in 

children and adults up to 

age 30 with Prader-Willi 

syndrome 

Children and 

young adults 

(0-30) 

 

Prader-Willi 

syndrome 

 

Interventional, 

randomized, 

parallel 

assignment, 

placebo controlled, 

double blind 

CBDV (cannabidivarin) 

compound at 

10mg/kg/day, contains 

<0.2% THC  

 

R 

NCT04611438 Research on cognitive 

effect of cannabidiol on 

Dravet syndrome and 

Lennnox-Gastaut 

syndrome 

Children (2-18) 

 

Lennox-Gastaut 

syndrome, 

Dravet 

syndrome 

 

Interventional, 

single group 

assignment, open 

label 

 

Cannabidiol 5mg/kg/day 

up to 10mg/kg/day 

 

R 

NCT03196466 Population 

pharmacokinetics of 

antiepileptic in pediatrics 

(EPIPOP) 

Children (0-18) 

 

Epilepsy 

 

Observational, 

cohort, 

retrospective 

 

CBD R 

NCT03052738 

 

Medical marijuana in the 

pediatric central nervous 

system tumor population 

Children (2-18) 

 

Central nervous 

system tumor 

 

Observational, 

cohort, prospective 

 

Medical marijuana R 
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NCT03848832 Efficacy and Safety of 

Cannabidiol Oral Solution 

(GWP42003-P, CBD-OS) 

in Patients with Rett 

Syndrome (ARCH) 

Children (2-18) 

 

Rett Syndrome 

 

 

Interventional, 

randomized, 

parallel 

assignment, double 

blind 

 

Epidiolex 100mg/ml 

twice a day 

 

ANR 

NCT00153192 

 

Study to Evaluate the 

Efficacy of Dronabinol 

(Marinol) as Add-On 

Therapy for Patients on 

Opioids for Chronic Pain 

Anyone 

(includes 

children) 

 

Chronic pain 

average score 

4/10 or more 

 

 

Interventional, 

randomized, 

crossover 

assignment, double 

blind 

N/A CNP 

NCT03614663 Clinical Study of 

caNNabidiol in childrEn 

and adolesCenTs With 

Fragile X (CONNECT-

FX) 

Children (3-17) 

 

Fragile X 

Syndrome 

(FMR1 full 

mutation) 

 

Interventional, 

randomized, 

parallel 

assignment, double 

blind 

ZYN002- CBD clear 

transdermal gel; patients 

up to 35kg get 125mg 

CBD, above that get 

250mg CBD 

 

CNP 

NCT03824405 Study of the Safety, 

Tolerability, and Efficacy 

of BTX 1204 in Patients 

with Moderate Atopic 

Dermatitis 

Children and 

adults (12-70) 

 

Atopic 

Dermatitis 

 

Interventional, 

randomized, 

parallel 

assignment, double 

blind 

 

BTX 1204 (synthetic 

cannabinoid) 

CNP 

NCT03573518 Evaluation of BTX 1503 

in Patients with Moderate 

to Severe Acne Vulgaris 

Children and 

adults (12-40) 

 

Acne Vulgaris 

 

Interventional, 

randomized, 

parallel 

BTX 1503 (synthetic 

cannabinoid) 

CNP 



 

36 

 

assignment, double 

blind 

NCT03699527 

 

Medical Cannabis Registry 

and Pharmacology (Med 

Can Autism) 

Children and 

young adults 

(1-21) 

Autism 

 

Observational, 

cohort, prospective 

 

Any cannabis product CNP 

NCT04252586 

 

An Open-label Extension 

Study of cannabidiol Oral 

Solution (GWP42003-P, 

CBD-OS) in Patients with 

Rett Syndrome (ARCH) 

Children (2-18) 

 

Have completed 

RCT 

GWND18064 

(NCT02848832) 

 

Interventional, 

single group 

assignment, open 

label 

 

Epidiolex 100mg/ml 

twice a day 

 

EBI 

NCT03734731 

 

Cannabis vs Opioids Pain 

Management Objective 

Testing Comparisons 

Children and 

adults (0-90) 

Pain 

 

Interventional, 

single group 

assignment, open 

label 

 

Any cannabis product NYR 

NCT04520685 Cannabidiol Study in 

Children with Autism 

Spectrum DisordEr 

(CASCADE) 

Children (5-17) 

 

Autism 

Spectrum 

Disorder 

 

 

Interventional, 

randomized, 

crossover 

assignment, double 

blind 

CBD up to 10mg/kg/day 

 

 

NYR 

NCT04721691 Efficacy of Epidiolex in 

Patients with Electrical 

Status Epilepticus of Sleep 

(ESES) 

Children (2-17) 

 

Electrical status 

epilepticus of 

sleep  

Interventional, 

randomized, 

crossover 

assignment, double 

blind 

Epidiolex up to 

20mg/kg/day 

 

NYR 
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NCT04517799 Trial of Cannabidiol to 

Treat Severe Behavior 

Problems in Children With 

Autism 

Male children 

(7-14) 

 

Autism 

 

Interventional, 

randomized, 

crossover 

assignment, double 

blind 

Epidiolex up to 

20mg/kg/day 

 

  

R 

NCT03944447 Outcomes Mandate 

National Integration with 

Cannabis as Medicine for 

Prevention and Treatment 

of COVD-19 (OMNI-Can) 

Children and 

adults (7+) 

Clinical 

diagnosis of a 

qualifying 

condition for 

medical 

marijuana 

 

Interventional, 

non-randomized, 

single group 

assignment, open 

label 

Medical cannabis, must 

be legal in patientôs state 

R 

NCT03866941 

 

Acute and Chronic 

Toxicity of Some 

Synthetic Cannabinoids in 

Assiut Psychiatric 

Hospitals 

Anyone 

(includes 

children) 

 

Admitted to 

psychiatric 

facility for 

cannabinoid 

toxicity 

Observational, 

prospective 

 

Any cannabis product 

 

 

R 

NCT03900923 

 

Cannabidiol for ASD 

Open Trial 

Children (7-17) 

 

Autism 

Spectrum 

Disorder 

Interventional, 

single group 

assignment, open 

label 

CBD 3, 6, or 9 

mg/kg/day 

 

R 

NCT03802799 

 

Open Label Extension to 

Assess the Long-Term 

Safety and Tolerability of 

ZYN002 in Children and 

Adolescents with FXS 

Children (3-18) 

 

Have completed 

NCT03614663 

 

Interventional, 

single group 

assignment, open 

label 

 

ZYN002- CBD clear 

transdermal gel. 

 

R 
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NCT04447846 Novel Cognitive 

Treatment Targets for 

Epidiolex in Sturge-Weber 

Syndrome 

Children and 

adults (3-50) 

 

Sturge-Weber 

syndrome 

 

Interventional, 

single group 

assignment, open 

label 

 

Epidiolex up to 

20mg/kg/day 

 

R 

NCT04634136 Full-spectrum Medical 

Cannabis for Treatment of 

Spasticity in Patients With 

Severe Forms of Cerebral 

Palsy (HemPhar) 

Children and 

young adults 

(5-25) 

 

Cerebral palsy 

with spasticity 

Interventional, 

randomized, 

crossover 

assignment, double 

blind 

HemPhar cannabis 

extract THC:CBD 1:10 

 

R 

Identifier  Title  Patients Disease Study type Cannabinoid drug 

used 

Status 

Abbreviations: ñANRò (Active, not recruiting); ñAfMò (Approved for marketing); ñAò (Available); ñCNPò (Completed, not 

published); ñNYRò (Not yet recruiting); ñRò (Recruiting); ñEBIò (Enrolling by Invitation).
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adverse events can largely be resolved by reducing the dose of CBD, the concomitant 

AED, or both (Galan & Miller, 2020; Gaston & Szaflarski, 2018; Geffrey, Pollack, 

Bruno, & Thiele, 2015; Silvestro et al., 2019). Studies of THC-based drugs have similar 

findings, and did not find evidence of habituation, a frequent concern when prescribing 

cannabis-based drugs to this patient population (Fairhurst et al., 2020; Kuhlen et al., 

2016).  

The use of cannabis for these disorders indicates that cannabis can be used in 

children in a safe and effective way with minimal side effects and low risk of serious 

adverse events. This provides a strong rationale for investigations of cannabisô potential 

effectiveness in treating other conditions in pediatric patients, particularly where the 

evidence of cannabisô effectiveness is strong in adults with the same condition. It also 

assuages concerns about the safety of using cannabis in a pediatric population, a factor 

which often stands in the way of physicians recommending cannabis, medical marijuana, 

or cannabis-based drugs to this patient population. Regarding pediatric cancer, the anti-

cancer effects of cannabis, combined with minimal side effects and control of CINV, 

make it an attractive treatment option for pediatric cancer. 

Effect of cannabis-based drugs on quality of life 

A common use of medical marijuana in pediatric populations, particularly in 

cancer populations, is palliation to increase patient comfort and quality of life during 

difficult and intense treatments. A descriptive study of the use of medical marijuana in a 

hospital in Israel for pediatric cancer patients showed a high (80%) satisfaction rate 

among patients and parents for alleviation of symptoms related to both their disease and 
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treatment, with no negative side effects reported. However, some patients did not respond 

to medical marijuana treatment. The authors attributed the lack of negative side effects 

(and possibly the lack of response) to the fact that most chose oil drops as the method of 

ingestion, which typically have very low bioavailability (Borgelt et al., 2013). However, 

the study did not use validated methods of collecting information about patient response 

and acknowledges the possibility of a placebo effect (Ofir, Bar-Sela, Weyl Ben-Arush, & 

Postovsky, 2019).  

At Childrenôs Hospital Colorado, there is currently a prospective observational 

study recruiting pediatric CNS tumor patients to examine their quality of life while using 

marijuana-derived products concurrently with either curative or palliative treatment 

(NCT03052738). 

Cannabisô anti-cancer potential: pediatric brain tumors 

Research using pediatric brain tumor cell lines to investigate both the molecular 

anti-cancer mechanisms and the potential of cannabis as a treatment is rare but does exist 

and is done almost exclusively in neuroblastoma models (Table 3). Retrospective 

molecular analysis of pediatric low-grade gliomas at one institute found that tumors that 

spontaneously involuted or remained stable had higher levels of the mRNA coding for 

CB1 (CNR1) than tumors that regressed. The authors hypothesize that the potential anti-

cancer pathways triggered by the activation of CB1 receptors may represent a mechanism 

for this effect, while also acknowledging that the types of tumors in these cases may 

spontaneously go into remission (Sredni et al., 2016). Similarly, CB2 receptors have been 

found in pediatric brain tumors of many types, both malignant and benign, except for 

embryonal tumors. The level of expression CB2 receptors correlated with tumor 
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malignancy, and the highest levels of receptors were found in areas containing high levels 

of very proliferative and invasive cells (Ellert-Miklaszewska, Grajkowska, Gabrusiewicz, 

Kaminska, & Konarska, 2006). While troubling, this study does indicate that CB2-

mediated anti-cancer mechanisms are also a possible avenue of treatment in these tumors. 

Neuroblastoma cell lines have also been found to have low expression of 

monoacylglycerol  
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Table 3. Summary of available preclinical evidence of anti-cancer activity in pediatric cancer models. 

Cancer type Cannabinoid 

Used/ECS 

component 

investigated 

Experiment 

Details 

Proposed Mechanism Ref 

Pediatric low-grade 

glioma 

CB1 receptor 

levels 

Tumor samples 

from 33 patients 

High CNR1 levels seen at diagnosis in tumors 

that remained stable or underwent spontaneous 

involution, implying CB1 receptor activation 

may participate in this phenomenon. 

(Sredni et al., 

2016) 

Brain tumors CB2 receptor 

levels 

Tumor samples 

from 20 adult 

patients and 25 

pediatric patients 

CB2 levels are higher in more malignant 

tumors and in areas of tumors with very 

proliferative/invasive cells 

(Ellert-

Miklaszewska et 

al., 2006) 

Neuroblastoma CBD SK-N-SH CBD reduces proliferation, induces apoptosis, 

and increases caspase-3 levels of SK-N-SH 

cells in vitro and in vivo. 

(Fisher et al., 2016) 

Neuroblastoma CBD SH-SY5Y 

IMR32 

CBD altered expression of many miRNAs, 

including upregulation of has-let-7a and 

downregulation of has-miRNA-1972. These 

were confirmed to be responsible for increases 

in casp-3 and GAS-7 (by has-let-7a) and 

decreases in BCL2L1, SIRT1, and MYCN (by 

has-miRNA-1972). CBD also decreased 

AKT1 and increased PTEN, caused apoptosis, 

inhibited cell migration, and shifted the 

cellular metabolism towards glycolysis. 

(Alharris, Singh, 

Nagarkatti, & 

Nagarkatti, 2019) 
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Neuroblastoma AM404 SK-N-SH AM404 inhibits the transcriptional activity of 

both NFAT and NF-əB through CB1 and 

TRPV1- independent pathways. AM404 also 

inhibits invasion and decreases expression of 

MMP-1, 3, and 7. 

(Caballero et al., 

2015) 

Neuroblastoma FG160a, 

FG161a, 

FG158a, and 

LV62 synthetic 

cannabinoids 

SH-SY5Y, SK-N-

BE 

Synthetic cannabinoids designed to have high-

CB2 affinity based on the structure of a 

previous synthetic CB2 agonist. All agonists 

were able to decrease viability of NB cell 

lines, and FG158a could modulate ERK1/2 via 

CB2. 

(Gado et al., 2022) 

Neuroblastoma High-CBD 

cannabis extracts 

SH-SY5Y 3 high-CBD cannabis extracts found to reduce 

viability of SH-SY5Y NB cells. There was a 

significant correlation between THC content 

in the extract and its ability to decrease cell 

viability and kill cells. This was mitigated with 

antioxidant pre-treatment. The mechanism 

involved THC-induced inhibition of 

cytochrome c oxidase activity. 

(Sánchez-Sánchez 

et al., 2023) 

Neuroblastoma MAGL enzyme SH-SY5Y MAGL, which degrades endocannabinoid 2-

AG, is expressed at low levels in SH-SY5Y 

cells, and has low activity in these cells. This 

is not due to epigenetic silencing of its 

expression. 

(Szeremeta et al., 

2019) 

Neuroblastoma THC, CBN, 

cannabis 

essential oil 

SH-SY5Y THC and CBN isolated from cannabis extract 

were more effective than whole extract at 

reducing NB cell viability and killing cells, as 

(Tapia-Tapia et al., 

2024) 
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evidenced by increased cleaved-caspases 3 

and 7. Acetylation of these cannabinoids made 

no difference in their anti-cancer abilities. 

Neuroblastoma CBD SH-SY5Y CBD increases cells in sub-G1 phase, 

increases LC3-II expression, indicating 

autophagy, increases phosphorylated ERK1/2, 

and decreases phosphorylated AKT. All 

effects were attenuated by inhibitors of CB1, 

CB2, or TRPV1 receptors, but not by 

mTORC1 inhibition, suggesting autophagy 

induction is mTORC1-independent. 

(Vrechi et al., 

2021) 

Neuroblastoma CBN SK-N-AS, IMR5 CBN inhibits viability of both cell lines and 

decreases invasion ability, but decreases 

apoptosis as well. The effects and which 

molecules were activated varied between cell 

lines. MicroRNA miR34a was found to 

mediate these activities. 

(B. Wang et al., 

2022) 

Neuroblastoma GW405833 NB-PDX2, NB-

PDX3, SK-N-

BE(2), SK-N-SH 

Synthetic CB2 modulator GW405833 

decreased viability of NB cell lines and 

increase apoptotic markers. This drug was also 

found to work in vivo in zebrafish and mouse 

tumor models, and was the most selective 

compared to other screened drugs that did not 

act via CB2. 

(Almstedt et al., 

2020) 

Neuroblastoma, 

Leukemia 

Hemp essential 

oil and hydrolates 

SH-SY5Y, HL60 Found that hemp essential oil could decrease 

viability of SH-SY5Y cell line, more so than 

essential oil of hops, and both essential oils 

(Ovidi et al., 2022) 
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decreased HL60 viability. Similar results were 

seen for hydrolates. HL60 and SH-SY5Y cell 

lines also showed the best selectivity of hemp 

essential oil and hydrolates compared to a 

variety of other cancer cell lines. 

Leukemia CBD Jurkat, EL4 (mouse 

lymphoma), 

MOLT-4 (adult 

ALL)  

CBD decreases cell viability and increases 

apoptosis, both in vitro and in vivo. In vitro 

only, CBD increased PARP and caspase-3 

cleavage, decreased mitochondrial membrane 

potential, and increased ROS, all of which 

were dependent on CB2 receptor activation. 

CBD-induced decrease in p-p38 MAPK also 

depended on ROS production. 

(McKallip et al., 

2006) 

Leukemia THC Jurkat cells THC triggers extrinsic (cleavage of casp 8, 10) 

and intrinsic (mitochondrial membrane 

potential, cytochrome c release, cleavage of 

casp 3, 9) apoptotic pathways, but primarily 

the intrinsic pathway is responsible 

(Lombard, 

Nagarkatti, & 

Nagarkatti, 2005) 

Leukemia THC Jurkat cells THC downregulated Raf-1/MEK/ERK 

signaling pathway by altering phosphorylation 

status, causing BAD to relocate to 

mitochondria and triggering intrinsic 

apoptosis. 

(Jia et al., 2006) 

Leukemia THC Jurkat cells THC induced apoptosis via CB2 receptor and 

increase in de novo ceramide production 

upstream of the intrinsic apoptotic pathway 

(Herrera et al., 

2006) 
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(mitochondrial hyperpolarization and 

cytochrome c release) 

Leukemia CPP95540 Jurkat cells 

Patient samples (T-

ALL)  

Apoptosis induced via production of ROS and 

activation of the mitochondrial intrinsic 

apoptosis pathway. This is not mediated via 

CB1 or CB2 receptors. This occurred both in 

an established cell line and in bone marrow 

samples from three T-ALL patients 

(Soto-Mercado, 

Mendivil-Perez, 

Jimenez-Del-Rio, 

Fox, & Velez-

Pardo, 2020) 

Leukemia CBD Pediatric Leukemic 

lines: Jurkat (T-

ALL), CCFR-CEM 

(T-ALL)  

Adult Leukemic 

lines: MOLT-3 (T-

ALL), K562 

(CML), Reh (B-

ALL), and RS4;11 

(B-ALL)  

High concentrations of CBD inhibit migration 

and increases apoptosis and autophagy at high 

concentrations in T-ALL cells while low CBD 

concentrations increase proliferation. CBD 

directly increases mitochondrial Ca2+, which 

induces cytosolic 2+ and leads to apoptosis. 

CBD also increases ROS levels and activates 

caspases 3 and 9. 

(Olivas-Aguirre et 

al., 2019) 

Chronic 

lymphocytic 

leukemia 

AM251 

ACEA 

JWH133 

AM630 

R-(+)- 

methanandamide 

CBD 

Patient-derived cell 

cultures 

High CNR1 expression correlated with poorer 

outcomes. Treatment with CB1 and/or CB2 

agonists and antagonists did not alter viability 

or invasion significantly, in patient cells or 

normal peripheral blood lymphocytes 

(Freund et al., 

2016) 

Leukemia CBD, CBG, THC CEM (ALL, 

pediatric) 

Combinations of any 2/3 cannabinoids are 

better at reducing cell viability than any 

(Scott et al., 2017) 
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HL60 

(promyelocytic 

leukemia, adult) 

cannabinoid alone, particularly combinations 

with CBD, especially the CBD/THC 

combination. These combinations worked 

synergistically with vincristine and cytarabine, 

but the synergy was better when cells were 

treated with cytarabine or vincristine before 

cannabinoid treatment. 

Rhabdomyosarcoma THC, HU-210, 

Met-F-AEA 

Rh4, Rh28 

(translocation 

positive 

rhabdomyosarcoma) 

RMS13, RD, MRC-

5 (lung fibroblasts) 

Cannabinoid treatment decreased viability of 

translocation-positive rhabdomyosarcoma 

(tposRMS), mediated through CB1 receptor. 

This was via the Akt/ERK pathway and 

required the upregulation of p8. 

(Oesch et al., 2009) 

Medulloblastoma, 

ependymoma 

THC, CBD D425, D283, 

PER547, IC-

1425EPN, DKFZ-

EP1NS 

Both cannabinoids increased apoptosis, 

autophagy, and induced cell cycle arrest on 

tested cell lines in vitro and had synergy with 

the chemotherapy drug cyclophosphamide, but 

these effects were not seen in vivo when 

cannabinoids were given orally, though they 

did not have adverse effects or worsen tumor 

growth. 

(Clara  Andradas et 

al., 2021) 
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lipase (MAGL), the enzyme that degrades the endocannabinoid 2-AG, which is relevant 

to consider when evaluating potential cannabis treatments for this tumor (Szeremeta et 

al., 2019). 

Regarding the mechanism by which cannabis may act on pediatric brain tumors, 

there are four studies. A 2016 study found that CBD was able to decrease the viability and 

induce apoptosis of neuroblastoma cells, as well as decrease tumor growth with in vivo 

xenografts (Fisher et al., 2016). As CBD does not have a particularly high affinity for 

CB1 (Pisanti et al., 2017), this further suggests anti-cancer effects may be triggered 

making use of receptors other than CB1. In another study, CBD increased the number of 

neuroblastoma cells in sub-G1 phase, autophagy, and pERK1/2, while decreasing pAKT, 

and these effects were all partly attenuated by inhibition of CB1, CB2, and TRPV1, 

suggesting all pathways are used to exert CBDôs anti-cancer effects on neuroblastoma 

(Vrechi et al., 2021). CBD was also found to affect miRNA expression in neuroblastoma, 

downregulating hsa-let-7a and upregulating hsa-miRNA-1972. These altered miRNAs 

resulted in altered levels of protein, with hsa-let-7a increasing levels of apoptosis proteins 

caspase-3 and growth arrest-specific protein 7 (GAS-7) and hsa-miRNA-1972 decreasing 

expression of anti-apoptotic proteins B-cell lymphoma-2 like protein 1 (BCL2L1), sirtuin 

1 (SIRT1), and myelocytomatosis-N (MYCN). CBD in this cell line also decreased levels 

of AKT1, increased phosphatase and tensin homolog (PTEN) expression, caused 

apoptosis, inhibited migration, and shifted cellular metabolism towards glycolysis 

(Alharris et al., 2019). Another cannabinoid, CBN, exerts its anti-cancer effects via 

miRNA as well; by upregulating expression of miR34a, it was able to decrease viability 
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and invasive potential in two neuroblastoma cell lines (B. Wang et al., 2022). One 

compound with the ability to stimulate the ECS, AM404, has been investigated in 

neuroblastoma as well. Though not demonstrated to inhibit cell viability, it inhibits 

invasion via decreased expression of MMP-1, 3, and 7, and inhibits transcriptional 

activity of pro-tumor transcription factors nuclear factor of activated T-cells (NFAT) and 

nuclear factor kappa-light-chain enhancer of activated B-cells (NF-əB) through CB1 and 

TRPV1-independent pathways (Caballero et al., 2015). Synthetic cannabinoids have also 

been tested in NB cell lines SH-SY5Y and SK-N-BE and found to decrease viability 

(Gado et al., 2022). 

Whole cannabis extracts, which may contain other plant molecules such as 

flavonoids and terpenoids, have also emerged in recent studies of cannabisô anti-cancer 

effects against NB. In a study of 3 high-CBD cannabis extracts, all were found to 

decrease the viability of SH-SY5Y cells and also kill these cells, and this activity was 

correlated with the amount of THC the extract. The effect was mitigated by antioxidant 

pre-treatment of the cells and occurred through THCôs inhibition of cytochrome c oxidase 

activity (S§nchez-S§nchez et al., 2023). Another study of hemp essential oil and 

hydrolates found that hemp essential oil could also decrease the viability of SH-SY5Y 

cells, though the essential oil was better. The essential oil was also highly selective for 

NB cells over cell lines of other tumor types, meaning the ratio of toxicity to normal cells 

vs NB cells was very low (Ovidi et al., 2022). Still another paper found that cannabis 

essential oil could reduce NB cell viability and kill NB cells using cell line SH-SY5Y, 

though the authors of this study found these effects were more pronounced when using 
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THC and CBN isolated from the essential oil. All treatments significantly increased the 

levels of cleaved caspases-3 and 7, indicating apoptosis (Tapia-Tapia et al., 2024). 

However, one study of medulloblastoma and ependymoma, two rare brain tumors 

that primarily affect young children, found that promising decreases in viability and 

increases in apoptosis seen in vivo with THC and CBD treatment were not seen in vivo. 

Additionally, synergy with the chemotherapy drug cyclophosphamide that was seen in 

vitro was not seen in vivo. While the authors did not note any adverse effects or poorer 

outcomes from in vivo cannabinoid treatment compared to controls, this underscores the 

importance of testing promising preclinical results in animal models (Clara  Andradas et 

al., 2021). 

Regarding clinical indications of the effectiveness of cannabis, a descriptive study 

of pediatric cancer patients who chose to use medical marijuana at a childrenôs hospital in 

Israel found no indications that anti-convulsants and medical marijuana interacted 

negatively in children with brain tumors (Ofir et al., 2019). THC inhalation by smoking 

recreationally was suspected to be involved in the regression of two pediatric pilocytic 

astrocytomas, as the patients received no treatment outside of initial subtotal surgical 

resection. However, the tumors had low proliferative indices and regression for low-grade 

pilocytic astrocytomas is a known occurrence, making this evidence relatively 

unconvincing (Foroughi, Hendson, Sargent, & Steinbok, 2011). These studies establish 

that cannabis can be non-toxic in children with cancer in appropriate doses and that 

cannabis does have the clinical potential to be a cancer treatment, pending more detailed 

investigation. 

Cannabisô anti-cancer potential: pediatric luekemia  
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Much of the investigation into the effects of cannabis in pediatric cancer 

preclinically has been in leukemia (Table 3). 

THC has received the most attention as an anti-cancer agent in preclinical 

leukemia models. In 2005, researchers found that THC induced apoptosis in Jurkat cells, 

a human T cell line. This apoptosis was triggered by the extrinsic pathway through 

cleavage of caspases 8 and 10, and by the intrinsic pathway by the alteration of the 

mitochondrial membrane potential and release of cytochrome c (Lombard et al., 2005). 

Another investigation into the mechanism of THC-triggered apoptosis in Jurkat cells 

found that it also interferes with the rapidly accelerated fibrosarcoma-1 (Raf-1)/mitogen-

activated protein kinase kinase (MEK)/ERK signaling pathway, mainly by altering the 

phosphorylation status of these molecules. This triggered the relocation of Bcl-2-

associated death promoter (BAD) to the mitochondria, resulting in activation of the 

intrinsic apoptotic pathway (Jia et al., 2006). Another study also found that THC can 

induce apoptosis of Jurkat cells via ceramide biosynthesis, triggering the same intrinsic 

pathway via the mitochondria. Jurkat cells, as immune cells, express primarily CB2 

receptors, and all the above effects were found to be mediated via CB2 (Herrera et al., 

2006). This is notable as CB1 is the receptor through which THC-induced psychoactivity, 

a major concern when considering the use of cannabis in pediatric populations, is 

mediated. More recent studies have investigated the use of the THC-analogue CPP55940 

in Jurkat cells and found that it induces apoptosis via the production of reactive oxygen 

species (ROS) which triggers the intrinsic apoptotic pathway via a CB1- and CB2-

independent mechanism, and that notably, this does not occur in normal peripheral blood 

lymphocytes (Soto-Mercado et al., 2020). 
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CBD has also been shown to induce apoptosis in leukemia cells. It has been 

demonstrated to act on mitochondria to induce cell death both via apoptosis and 

autophagy in a variety of T-ALL models (Olivas-Aguirre et al., 2019) It also decreases 

viability and triggers apoptosis in vitro and in vivo via an increase of ROS via CBDôs 

action on the CB2 receptor (McKallip et al., 2006). There is also evidence in leukemia of 

an entourage effect wherein cannabinoid combinations consisting of two of CBD, CBG, 

and THC have been found to work synergistically with the chemotherapeutic agents 

vincristine and cytarabine, especially for a CBD+THC combination. Particularly 

interesting is the finding that using cannabinoid pairs after using either of the 

chemotherapy agents was more effective than using the cannabinoid pair and 

chemotherapy simultaneously (Scott et al., 2017). 

One study used hemp essential oil and hydrolates and investigated the anti-cancer 

abilities of these rather than individual cannabinoids. The viability of HL60 leukemia 

cells was inhibited by both treatments, and in fact these cells responded better to these 

treatments than many other cell lines tested. Interestingly, the extract was also more 

selective for leukemia cells than normal cells when compared to other tumor cell lines vs 

their appropriate normal cell control. This indicates whole cannabis extract, which may 

contain components such as terpenes and flavonoids, can have anti-cancer activity as well 

as individual cannabinoids (Ovidi et al., 2022). 

There has been some evidence of cannabisô anti-cancer activity in patients. A 2013 

case study by Singh and Bali found evidence of anti-tumor activity in the case of a 14-

year-old patient with aggressive acute lymphoblastic leukemia (ALL). The patient had a 

Philadelphia chromosomal translocation, which is a poor prognostic marker in ALL. After 
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intense treatment, the patient was recommended for palliative care. At this point, the 

family began treatment with numerous different hemp oils and worked to increase the 

frequency and concentration of doses over time. Many decreases in blast cell counts were 

closely correlated with increased dosages, meaning the results cannot be attributed to 

spontaneous regression. Additionally, many of the negative side effects of chemotherapy 

were not observed with hemp oil treatment and the patient reported an improved quality 

of life while being treated with hemp oil. While the patient eventually died from 

complications related to their disease, the authors speculate that the aggressive nature of 

the prior treatment may have been related to the cause of death. The authors also note that 

prior aggressive chemotherapy had failed to decrease blast cell counts and had 

devastating side effects, while hemp oil treatment had done the opposite (Singh & Bali, 

2013). Another investigation into the expression and potential clinical utility of CB1 and 

CB2 in chronic lymphocytic leukemia (CLL) patients found that high CB1 expression (as 

measured via mRNA levels) was correlated with poor outcomes, and cultures of patient 

cells and normal cell controls from healthy patients showed decreased viability in 

response to cannabinoid treatment (primarily synthetic). This effect was not correlated 

with expression levels of CB1 or CB2, suggesting the involvement of other receptors 

despite the use of synthetic cannabinoids designed to target CB1 or CB2 specifically 

(Freund et al., 2016). 

Cannabisô anti-cancer potential: other pediatric tumors 

A 2009 study found that CB1 gene expression is significantly upregulated in 

rhabdomyosarcoma, a rare soft tissue cancer in children, and stimulation of CB1 with 

THC and HU-210, a synthetic THC analogue, were able to decrease the viability of 
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several rhabdomyosarcoma cell lines. This was mediated via Akt pathway activation 

triggering increased caspase 3 and therefore apoptosis, as well as increased activation of 

p8. Caspase 3 activation and decreases in viability were also observed in vivo (Oesch et 

al., 2009). 

Concerns about use of cannabis in a pediatric population 

Early cannabis exposure and brain development 

Disturbing the ECS during prenatal and early postnatal development has been 

shown to have drastic behavioral consequences for both rats and humans, with some 

effects persisting into adulthood and others vanishing as an adult phenotype is reached 

(Bernard et al., 2005; Ester Fride, 2004). At present, adolescence seems to be a highly 

delicate time for cannabis use; the development of appropriate stress responses and 

connectivity between various regions of the brain can be significantly impacted by its use 

(Camchong, Lim, & Kumra, 2017; Meyer, Lee, & Gee, 2018). This developing ECS may 

also be to the benefit of pediatric patients, as many endocannabinoid system researchers 

have theorized that because the endocannabinoid system is not yet fully developed in 

younger patients, cannabis treatments that make use of THC or CB1 agonism may not 

produce the undesirable side effect of psychoactivity (Ellert-Miklaszewska et al., 2006; 

Ester Fride, 2004). 

Lack of clinical studies 

Most studies conducted on medical cannabis and children have issues with sample 

sizes and adequate controls, meaning that physicians have little to no high-quality 

information to use when considering prescribing medical cannabis (Ananth et al., 2017; 
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Wong & Wilens, 2017). This is a major issue in the preclinical literature as well, where 

medical marijuana studies are focused primarily on adults.  

However, things may be improving. A recent review of publicly available 

evidence regarding cannabis in pediatric cancer care found that the majority of articles 

available were of at least satisfactory quality and emphasized a need for further research, 

particularly case studies that could more exactly determine efficacy, dosage, and exact 

formulation (Yeung et al., 2020). 

Potential for addiction 

Though there is concern regarding the addictive potential of marijuana and its 

ability to alter brain development with consequences that are still not fully determined, 

much of the research in this area has been done on adolescents and young adults. While 

adolescents are considered pediatric patients, their brain development is different than 

that of a child, and risks of using medical marijuana or cannabinoid-based therapies in 

this time period are not generalizable to children (Ananth et al., 2017). One clinical trial 

has evaluated the risk of habituation with ȹ9-THC treatment in pediatric patients and 

found no risk of habituation (Kuhlen et al., 2016). 

Additionally, cannabis treatment in children does have the potential to alter other 

forms of addiction. Studies in mice and rats indicate that prenatal exposure to ȹ9-THC 

may alter the potential for adults to become addicted to opioids by altering the 

development of opioidergic neurons (Fern§ndez-Ruiz et al., 1999). 
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Physician perspectives on pediatric cannabis use 

Publicly accessible data on the use of cannabis in pediatric cancer often provides 

reasons why to use or not to use it. Reasons against use included developmental delays 

and addictive potential, potential interactions with other drugs, stigma, and the supposed 

ñabsence of benefits.ò Reasons for its use are more common, with a focus on alleviating 

the side effects of chemotherapy such as nausea, vomiting, pain, and anxiety or other 

psychosocial concerns. Nearly half the articles claim that cannabis could kill cancer, 

despite the fact that research indicating this is largely preclinical and there are no 

conclusive published pediatric clinical trials using cannabis to date (Yeung et al., 2020) 

Another common issue seen in the available literature concerns the advice of 

physicians. Many physicians have been found to be against family decisions to use 

cannabis based on a lack of evidence regarding efficacy, dosage, and formulation (Yeung 

et al., 2020). Interestingly, other research into US physiciansô opinions on cannabis use in 

pediatric oncology patients indicates that physicians are very interested in cannabis and 

are willing to help these patients access medical marijuana despite concerns about how 

exactly to go about doing so (Ananth et al., 2018). There is also some suggestion that 

physicians are against the use of cannabis simply because they are unaware of the 

potential benefits of cannabis or cannabinoid therapies (Maida & Daeninck, 2016). 

Unfortunately, physician unwillingness to prescribe, recommend, or even condone 

cannabis for patients leads them to seek it from potentially illegal sources, or to try 

ineffective strains that may have highly undesirable side effects (Maida & Daeninck, 

2016). 
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As of now, there is little to no information on important physician considerations, 

such as dosing, risks and benefits, medication interactions, and side effects. (Golan, 

Fisher, & Toren, 2017). Formulations and doses of cannabis are likewise completely 

uncontrolled, as the cannabis industry remains private and unregulated. This means that a 

physician recommending medical marijuana will not be able to write a specific 

prescription at a specific dose or even recommend a specific strain (Ananth et al., 2017). 

For these reasons, physicians are curious but cautious and likely cannot recommend 

cannabis to pediatric patients until pediatric-specific trials which examine the effect of 

this use not only on killing the cancer, but also on side effects, brain development, and 

other potential long-term sequelae have been conducted (Yeung et al., 2020). 

Reports of adverse events with pediatric cannabis use 

As discussed earlier, CBD is a popular option for use in children due to its lack of 

psychoactive side effects, current use in palliation, and low toxicity (Golan et al., 2017; 

Pisanti et al., 2017; Schonhofen et al., 2018; Schuman, 2019). However, many CBD 

products may not be as pure as claimed, nor are they always labelled with the exact 

amount of CBD present, which may lead to patients unintentionally experiencing 

undesirable side effects from imprecise doses of CBD (Schuman, 2019). Additionally, 

some evidence that CBD may be able to bind, though not necessarily agonize, the CB1 

receptor raises concerns that it may interfere with any CB1- mediated processes 

(Schonhofen et al., 2018). 

In the US, there were 518 CBD poisonings reported in 2018 and 492 by May 

2019 (Schuman, 2019). These may have been the result of inaccurately labelled products 
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or miscalculated dosages and illustrate that CBD is not a harm-free product, which may 

explain why physicians remain cautious about recommending CBD use. 

Nearly all trials concerning the use of cannabis-based treatments for CINV and 

epilepsy mention some study participants dropping out due to severe side effects of 

cannabis treatment. A common concern in reviews concerning pediatric patients and 

cannabis is the increased levels of side effects that occur with cannabis-based treatments, 

regardless of whether the cannabis-based treatment is effective (Ananth et al., 2017; 

Schuman, 2019). 

Regulatory and legal issues with cannabis 

Several major government bodies, including the American Academy of Neurology 

and the American Academy of Pediatrics, do not recommend the use of cannabis in 

children with cancer due to limited evidence (Ananth et al., 2017; Golan et al., 2017). 

Currently in Canada, there are over 400 licensed providers of medical cannabis, and 

cannabis can be purchased from them in the form of dried cannabis, edibles, extracts, 

topicals, plants, and seeds (Canada, 2020). 

Conclusion 

Though a high number of good-quality studies exist detailing the anti-cancer 

effects of cannabis in adult tumors, the number for pediatric tumors is much lower. Given 

that various cannabinoids and even cannabis oils have been shown to be well-tolerated in 

children for the treatment of CINV and epilepsy, there is good reason to pursue more 

preclinical and clinical research into the anti-cancer effects of cannabis in more pediatric 

tumors. This research needs to be done specifically for pediatric tumors, as their genetic 
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and biological makeup often differs from their adult counterparts. This may also mean 

that the known mechanisms by which cannabis has anti-cancer effects in adult tumors 

may not apply exactly to pediatric tumors, and research is needed in this case to elucidate 

those mechanisms. 

Existing data shows that both the general public and physicians support this 

research. At the moment, a lack of policies around how and when cannabis can safely be 

used for pediatric patients is the main roadblock described by both parents and physicians 

when curious about the use of cannabis for pediatric patients. There now exists more than 

enough data on how cannabis is tolerated in children for such policies to be written. This 

will allow physicians and parents to make evidence-based decisions around cannabis use 

in children, and will prevent parents from seeking advice from other, less reliable sources. 

This is especially relevant as cannabis is legalized in more and more places globally. 

Legalization is another strong justification for more research into this area. It 

makes cannabis, and potential misinformation around its use and effectiveness in 

pediatric populations, more accessible to the general public. However, it may also be a 

positive, as legalization allows more strict regulation of and higher production standards 

for cannabis products. This may help prevent potential overdoses of cannabis, and allows 

for more specific study into the effects of various cannabinoids, whether alone or in 

combination with each other or other components of cannabis such as terpenes, alkenes, 

terpenoids, and flavonoids.  

More widespread use of cannabis in pediatric patients will also allow a greater 

understanding of its developmental effects. While there is a good amount of data on the 

effects of cannabis on brain development in the AYA group and its effects on children 
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exposed to cannabis in utero, there is little to no data about the effects of cannabis on 

children who receive it between the ages of 1-14. There are already studies investigating 

the late effects of current pediatric oncology treatments among pediatric cancer survivors 

which could be used to study the late effects of any cannabis treatment as well. 

Furthermore, the severe and sometimes deadly immediate and late effects of existing 

pediatric cancer treatments necessitate the development of less toxic therapies.  

Ideally, research into cannabis will reveal it as a highly effective pediatric cancer 

therapy without the severe side effects seen with currently accepted treatments. There is 

potential for cannabis to be used in a treatment regimen with currently existing treatments 

like surgery, chemotherapy, and radiotherapy. More research is needed to determine how 

it may interact with various drugs and other treatment modalities for it to be incorporated 

into pediatric cancer treatment. Also missing is an understanding of its anti-cancer action 

on a molecular level in pediatric cancer; this area necessitates its own study as pediatric 

and adult cancers are often very different at the molecular level. This will help with 

predicting what tumors will respond to cannabinoid treatment, and which combinations 

of cannabinoids will work best for each particular tumor type. Ultimately, research in the 

use of pediatric tumors is extremely well-warranted and necessary as it may genuinely 

represent a better option for children with improved survival and better outcomes for this 

patient population. 
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Terpenes 

Terpenes, also known as isoprenoids or terpenoids, are a group of naturally occurring 

compounds found in plants (Cox-Georgian, Ramadoss, Dona, & Basu, 2019; Tetali, 

2019). They are built of isoprene units with the formula C5H8 and classified by the 

number and arrangement of these units, with monoterpenes having 10 carbon, 

sesquiterpenes 15 carbon, diterpenes 20 carbon, and triterpenes 30 carbon. Though the 

terms ñterpeneò and ñterpenoidò are used interchangeably, terpenoids make up a larger 

class of compounds of which terpenes are a subset defined by their volatility, unsaturated 

nature, and absence of an oxygen atom (Cox-Georgian et al., 2019). In plants, they are 

produced for the purposes of interacting with other organisms (Gershenzon & Dudareva, 

2007), whether to attract pollinators or repel pathogens and pests (Cox-Georgian et al., 

2019; Nuutinen, 2018). There are many terpenes present in cannabis, and in fact many 

terpenes with medicinal properties are found in cannabis (Cox-Georgian et al., 2019; 

Nuutinen, 2018). Terpenes themselves are often used to differentiate cannabis strains by 

their production of scent profiles, though many believe the terpene profile of a strain can 

result in the production of other effects of cannabis beyond the intoxicating effects of 

THC (Booth & Bohlmann, 2019). 

Most terpenes, including those found in cannabis, are non-toxic in vitro and in vivo, 

including a lack of mutagenic properties (Nuutinen, 2018). Terpenes are also known to 

have medicinal properties such as anti-microbial, antiviral, anti-parasitic, anti-

inflammatory, and even anti-cancer effects (Cox-Georgian et al., 2019; Dias et al., 2022; 

Tetali, 2019). They are well absorbed by the body via oral and transdermal pathways, can 

be easily metabolized, and have favorable toxicology profiles- in fact, many of them are 



 

62 

 

included as flavor and fragrance agents in a variety of consumer products (Lesgards, 

Baldovini, Vidal, & Pietri, 2014; Nuutinen, 2018). Taken together, these facts affirm the 

usefulness of terpenes in biomedical applications and justify investigating them further as 

novel drug candidates. Terpenes are also believed by some to be responsible for the 

entourage effect, which is discussed further in the section ñentourage effects.ò 

Anti-cancer effects of terpenes 

Terpenes, like cannabinoids, have been shown to have anti-cancer effects. The anti-cancer 

effect is also often exerted via the same biological pathways such as inducing the 

production of ROS in cancer cells and inducing apoptosis by both modifying the 

membrane potential of mitochondria to promote cytochrome c release, and by activating 

caspase cascades. They can also inactivate the P13K/Akt/NF-kB and MAPK/ERK 

pathways (Lesgards et al., 2014; Nuutinen, 2018). This includes many of the terpenes 

found in cannabis (Nuutinen, 2018). Some terpenes also exert anti-cancer activity by 

enhancing the effectiveness of existing chemotherapeutic drugs. Terpenes such as borneol 

and perillyl alcohol have been shown to enhance blood-brain barrier (BBB) permeability, 

allowing better penetration of chemotherapeutic drugs into the central nervous system 

and improving treatment (T. C. Chen, Da Fonseca, & Schºnthal, 2016; Gomes et al., 

2017; Q.-L. Zhang, Fu, & Zhang, 2017). 

The chemical structure of terpenes seems to be related to their anti-cancer abilities, with 

monocyclic terpenes tending to have anti-cancer effects, particularly when hydroxylated, 

compared to bicyclic and acyclic terpenes. Indeed, much of the research on terpenes and 

cancer focuses on the anti-cancer activity of limonene, a monoterpene (Lesgards et al., 

2014). 
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However, there is debate as to the strength of this research, and certainly more is needed 

in the field. Some animal studies, while still showing terpenes had anti-cancer abilities, 

also demonstrated limited clinical adaptability as terpenes were given in very large 

dietary amounts to produce the desired effects, sometimes making up as much as 10% of 

the diet of research animals (Booth & Bohlmann, 2019). However, this does not mean 

that other methods of delivery, such as inhalation or intravenous formulations, would not 

be effective and perhaps more practical, though the former is difficult to test in an animal 

model. Indeed, a meta-analysis of clinical trials of elemene, a sesquiterpene, 

demonstrated that injection was a safe and well-tolerated form of delivery that improved 

the efficacy of chemotherapy, improved immune function, and reduced treatment toxicity 

in patients with non-small cell lung cancer (X. Wang et al., 2019). 

Though there are many terpenes with some level of anti cancer activity, the following 

subsections will address three that will be considered in the results of this thesis.  

Citronellol 

Citronellol is an acyclic monoterpene alcohol found in the essential oil of plants in the 

genus Cymbopogon and Citrus ("PubChem Compound Summary for CID 8842, beta-

CITRONELLOL, (+/-)-," ; Santos et al., 2019) including plants such as lemons and 

oranges, berries such as blueberries and blackcurrants, and spices and herbs such as 

lemon balm, lemon grass, fennel, cardamom, saffron, coriander, black pepper, winter 

savory, basil, and nutmeg, among others ("PubChem Compound Summary for CID 8842, 

beta-CITRONELLOL, (+/-)-,"). There is evidence that citronellol has a variety of 

medicinal properties, including anti microbial, anti-inflammatory, and importantly, anti-

cancer (Santos et al., 2019). It has also been shown to work in synergy with other 
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terpenes and natural products (Salehi, Faraji, Shafaei, Kangarlou, & Behzadi, 2023; 

Zhuang et al., 2009). However, some of this evidence comes from papers where it is 

merely indicated to make up a significant portion of a plant essential oil (Fahmy et al., 

2023; Fayoumi et al., 2022; Jayaprakasha, Murthy, Uckoo, & Patil, 2013; Zhuang et al., 

2009). 

Citronellol has been found to have cytotoxicity against breast, prostate, cervical, and lung 

cancer cells in vitro (Y. Ho et al., 2020; Yu et al., 2019),  in addition to altering the 

progression of cells through the cell cycle (Y. Ho et al., 2020; Yu et al., 2019) and 

inducing cell death, whether by apoptosis (Y. Ho et al., 2020; Salehi et al., 2023) or 

necrosis (Yu et al., 2019). It has also been found to reduce tumor burden in vivo for non-

small cell lung cancer cells xenografted into nude mice (Yu et al., 2019). In mice with 

breast tumors induced by a carcinogen, it has also shown to prevent tumor incidence and 

have anti-inflammatory properties (Jayaganesh, Pugalendhi, & Murali, 2020). 

Clinically, citronellol and a Chinese medicinal herb complex have been shown to 

prevent or mitigate the decrease in a variety of immune cells in patients undergoing 

chemotherapy and radiotherapy, when compared to a placebo (Zhuang et al., 2009). 

Unfortunately, this clinical study did not investigate whether citronellol alone has this 

effect. Citronellol has been shown to work in combination with terpenes geraniol and 

quercetin, as well as chemotherapy drug cisplatin, to induce apoptosis and have anti-

inflammatory effects (Salehi et al., 2023) suggesting that it is unlikely citronellol 

negatively impacted the effect of the herb complex. 
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Ŭ-Cedrene 

-hcedrene is a sesquiterpene found in plants including mostly cedar and juniper 

(Adams, 1987; Johnston, Karchesy, Constantine, & Craig, 2001), but also edible plants 

such as celery seed and stalk, tarragon, blueberry, peppermint, safflower, ginger, sage, 

and sweet basil ("PubChem Compound Summary for CID 6431015, alpha-Cedrene,"). 

There is far less research on -hcedrene alone than there is for other terpenes; most 

research on -hcedrene mentions it only as a part of a plant essential oil. 

Wester juniper (J. occidentalis) essential oil was found to have antimicrobial 

activity against 4 microbes, and -hcedrene isolated from this oil was found to contribute 

to this effect (Johnston et al., 2001). Antimicrobial activity was also found from C. 

lanceolata essential oil, of which -hcedrene was determined to be a major component. 

However, this study determined that cederol was the active component of this essential 

oil for both antimicrobial and anti-cancer activity, contradicting the previous study which 

found cederol inactive for antimicrobial activity on some of the same species (Su, Hsu, 

Wang, & Ho, 2012). Essential oil of E. macrorrhiza plants was found to contain -h

cedrene as a minor component, and demonstrated antibacterial activity against S. aureus 

and colorectal cancer cells, though this paper did not test individual components for their 

effectiveness (Lin, Dou, Xu, & Aisa, 2012).  

In vivo, h-cedrene was found to be bioavailable in blood and tissue of male and 

female rats after both intravenous delivery of up to 20mg/kg and oral delivery of up to 

25mg/kg, though bioavailability was slightly lower with oral administration. It was 

particularly highly distributed to lipid tissues (T. H. Kim et al., 2015). Interestingly, a 
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2019 study also found that dietary -hcedrene reduced adiposity in rats on a high-fat diet, 

and that this effect was mediated by affecting the energy expenditure of adipocytes via 

increases of adenylyl cyclase 3 and consequently, production of cAMP affecting the lipid 

metabolism of the adipose cells in vitro. They also indicated that doses of -hcedrene up to 

400mg/kg were non-toxic (Tong, Yu, & Park, 2019). 

Altogether, the limited data indicates that -hcedrene itself, and oils of which it is a 

component, may offer some potential drug benefits, and that it can be safely tolerated in 

vivo both intravenously, and also in relatively high doses orally.  

Valencene 

Valencene is a sesquiterpene primarily found in the peel, oil, and leaves of citrus 

plants, particularly sweet oranges (Y. Song et al., 2024) and valencia oranges (Furusawa, 

Hashimoto, Noma, & Asakawa, 2005) from which this terpene gets its name. It is a 

popular additive for food, beverages, and fragrance (Y. Song et al., 2024). Valenceneôs 

main studied pharmacological effects are anti-inflammatory and anti-cancer. 

With regard to its anti-inflammatory abilities, valencene has been shown to be useful 

in a number of conditions.  In a model of sepsis, essential oil of C. rotundus which 

contained valencene increased expression of anti-inflammatory heme oxygenase-1 and 

decreased expression of pro-inflammatory nitrogen oxide synthase, which was confirmed 

to be due to valencene individually in vitro. Valencene also increased the survival of 

septic mice, and the authors hypothesize it is due to the mechanisms seen in vitro (Tsoyi 

et al., 2011). Valencene was also found to inhibit both acute and chronic inflammation in 

vivo and in silico was shown to have binding ability to both H1 and COX-2 receptors 
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which are involved in inflammation (Dantas et al., 2022), and to inhibit inflammation 

associated with osteoarthritis by reversing increases in ROS and inhibiting MAPK and 

NF-əB pathways in vitro and in vivo (S. Chen et al., 2023). Lastly, valencene has been 

shown to reduce oxidative stress and inflammation via the NF-əB pathway, improve 

cardiac function, and protect the heart in rats with induced myocardial infarctions 

(Shervin Prince, Stanely Mainzen Prince, & Berlin Grace, 2022). It was also found to 

reduce symptoms of atopic dermatitis in vivo in mice, and reduce inflammatory markers 

by inhibition of the NF-əB pathway in vitro (Yang, Lee, & Shin, 2016). Valencene has 

also shown anti-allergic activity both in vitro and in vivo, and its presence in C. rotundus 

rhizome essential oil thus partially explains that oilôs anti-allergic abilities (Jin, Lee, Kim, 

& Kim, 2011). 

Valencene and essential oils containing it have also shown anti-cancer activity. A 

fraction of sweet orange oil containing 82.25% valencene was found to have cytotoxicity 

to cervical cancer cell line HeLa (K. Liu, Chen, Liu, Zhou, & Wang, 2012). Similarly, a 

fraction of essential oil extracted from C. rotundus rhizomes containing primarily 

valencene inhibited TRPV1 and calcium release-activated calcium channel protein 1 

(ORAI1) channels in HEK293 cells and decrease the amounts of melanin present in 

B16F10 melanoma cells after UVB treatment. The authors postulate this makes 

valencene a possible treatment for skin aging, mediated by reversing the effects of 

TRPV1 and ORAI1 increasing intracellular calcium and increased melanin in melanoma 

cells after UVB exposure (Nam, Nam, & Lee, 2016). As part of an essential oil of A. 

calamus, valencene induced G1 arrest in gastric cancer cells, as well as inhibit 

proliferation and angiogenesis in this cell line (Haghighi, Asadi, Akrami, & Baghizadeh, 
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2017). The essential oil of bark and leaves of V. surinamensis, which contains valencene, 

had anti-cancer activities on colon cancer, breast cancer, leukemia, and mouse melanoma 

cells in vitro including inhibiting proliferation, increasing apoptosis, increased 

mitochondrial membrane potential, with no significant toxicity observed from treatment 

in vivo (Anuncia­«o et al., 2020). Most notably, a team of researchers from Charles 

University in Prague have conducted several studies on M. rubica and its constituent 

terpenes, which include valencene. They found that M. rubica essential oil containing 

valencene (among other terpenes) reduced viability and induced apoptosis in colorectal 

cancer cells in vitro (Langhansova et al., 2014), then found that valencene alone could 

inhibit the growth of CaCo2 colon cancer cells in a dose-dependent manner and had 

synergy with chemotherapy agent doxorubicin (Ambroz et al., 2015). Further testing of 

valencene on cell lines with varying sensitivity to doxorubicin revealed that valencene 

was the only terpene tested to have measurable anti-proliferative effects on all tested cell 

lines, though it did not demonstrate synergy or additivity with doxorubicin in any tested 

cell lines (Ambroz et al., 2017). 

Entourage Effects 

The first evidence of entourage effects was described in 1998 when it was 

observed that 2-linoleoyl-glycerol and 2-palmitoyl-glycerol potentiated the effects of the 

endocannabinoid 2-AG, despite neither having any activity on CB1 or CB2 receptors 

(Ben-Shabat et al., 1998). The entourage effect is a belief that other components of 

cannabis- such as minor phytocannabinoids and terpenoids, but potentially even 

flavonoids- can potentiate the pharmacological effects of cannabinoids such as THC and 

CBD, and potentially even reduce some of the side effects (Lowe, Steele, Bryant, Toyang, 
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& Ngwa, 2021; McPartland & Russo, 2001; Russo, 2011; Tomko et al., 2020). Here, the 

evidence for and criticisms of the entourage effect are discussed with regard to its 

potential anti-cancer effects, particularly as they pertain to terpenes. 

The entourage effect is sometimes believed to be mediated by pairing 

cannabinoids together. Combinations of THC and CBD are the most common and have 

received a lot of attention as a potential treatment for glioma. One study found that THC 

and CBD together had a greater than additive effect on glioma cells in vitro, decreasing 

cell viablity and increasing apoptosis, though there were no effects on cell migration 

observed. The effects were mediated through CB2 and ROS only in combination- neither 

cannabinoid fully used CB2 or ROS individually, suggesting an entourage effect (Marcu 

et al., 2010). Another study found similar results in glioma with combinations of pure 

THC and CBD, both in vitro and in vivo. Interestingly, the authors also tested a sativex-

like mixture that contained THC and CBD both with botanical drug substances (BDS) in 

a 1:1 ratio and found that the other components present as a result of the BDS did not 

change the effects of the cannabinoids, suggesting the BDS components did not contain 

molecules that had an entourage effect. Both combinations of pure THC and CBD and the 

sativex-like combination had synergy with temozolomide (TMZ), a chemotherapy drug 

used to treat glioma, both in vitro and in vivo (Torres et al., 2011). Another paper found 

similar results in glioma cells in addition to finding cannabinoids potentiated the effect of 

radiation both in vitro and in vivo; however, they found that the BDS present in the 

sativex-like mixture resulted in increased efficacy of the cannabinoids, suggesting the 

components did have an entourage effect (Scott, Dalgleish, & Liu, 2014). A further paper 

to test a sativex-like mixture of the same cannabinoid-BDS solutions in the same ratio 
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found this combination as effective at reducing melanoma cell growth as an equivalent 

dose of pure THC alone. Interestingly, this was seen in cell lines resistant to TMZ. In 

vivo, the authors found that while THC and the sativex-like mixture were more effective 

than TMZ at inducing apoptosis and autophagy, there was no significant difference 

between the sativex-like mixture and THC alone (Armstrong et al., 2015). It is not clear 

whether all papers had similar BDS solutions; possibly components present in the BDS of 

the study that found a difference between BDS solutions and pure cannabinoids were not 

present in the other papers and were required to achieve an entourage effect of non-

cannabinoid components.  

Pairing cannabinoids other than THC and CBD has also been found to be 

effective in one study that looked at pairings of THC, CBD, or CBG. All combinations 

were able to reduce leukemia cell growth in vitro more than individual cannabinoids, and 

pairings with CBD were more effective in general. These combinations also worked with 

chemotherapeutic agents vincristine and cytarabine, and interestingly, worked better 

when administered after chemotherapy when compared to simultaneous treatment (Scott 

et al., 2017). 

An emerging area of interest for entourage effects in cannabis is its terpene 

content. Hundreds of terpenes have been found in cannabis, with up to 66 different 

terpenes being found in a single strain. Complicating the potential of this is the fact that 

there is as of yet little reproducibility of strains for research purposes (Booth & 

Bohlmann, 2019). However, despite this issue, different cannabis strains, when analyzed 

for their terpene components, still present a promising avenue of research aimed at 

identification of terpenes with therapeutic potential whereby promising novel anti-cancer 
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extract components may be revealed and investigated individually, or in combination via 

reconstitution experiments (Lesgards et al., 2014). Importantly, the anti-cancer abilities of 

terpenes in general rely on many of the same pathways as cannabinoids, though they do 

not have any activity at cannabinoid receptors (Nuutinen, 2018); indeed, a test of 5 of the 

terpenes most commonly found in cannabis revealed no activity on cannabinoid 

receptors, with the exception of some weak CB2 binding seen with ɓ-caryophyllene 

(Finlay, Sircombe, Nimick, Jones, & Glass, 2020). This indicates the promising possiblity 

that investigations into the anti-cancer effects of terpenes may reveal promising receptors 

for anti-cancer activity, either for cannabinoids or other small molecules. 

 Terpenes such as geraniol, ɓ-caryophyllene, ɓ-elemene, and limonene have all 

been shown to work with chemotherapeutic drugs (Carnesecchi et al., 2004; Legault & 

Pichette, 2007; Q. Q. Li et al., 2013; Q. Q. Li et al., 2009; Rabi & Bishayee, 2009; Xu, 

Li, Fu, Mao, & Xu, 2012; Zhao et al., 2007). Borneol, another terpene, has syngery with 

chemotherapy based on its ability to transiently open the blood-brain barrier (BBB) (Yin 

et al., 2017), an effect which has been shown to ehance the effectiveness of a variety of 

chemotherapy drugs (Tomko et al., 2020). Valencene has been shown to work 

synergistically with doxorubicin as previously mentioned, though this effect is 

inconsistent across cell lines (Ambroz et al., 2015; Ambroz et al., 2017). Another study 

by the same authors found that valencene was able to improve the efficacy of oxaliplatin 

and 5-fluorouracil on Caco-2 and SW-620 colon cancer cell lines, but only at higher 

doses. This study also found that terpenes ɓ-caryophyllene oxide and humulene could 

enhance oxaliplatin and 5-fluorouracil in both cell lines at higher doses. However, they 

also found that at lower doses, nerolidol and valencene could impair the effectiveness of 
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oxaliplatin and 5-fluorouracil on both cell lines, illustrating the importance of correct 

dosing with terpenes to achieve anti-cancer effects (Ambroz et al., 2019). 

 Though there are no studies investigating terpene synergy with cannabinoids 

specifically for anti-cancer effect, there is some evidence terpenes may have synergy with 

one another. One study into a non-cannabis essential oil found that it had anti-cancer 

effects on melanoma, breast cancer, and hepatocellular carcinoma cell lines, but that 

testing the primary terpene component ɓ-pinene alone recapitulated only a mild anti-

proliferative effect. They hypothesized that other terpenes present in smaller amounts in 

the essential oil could be enhancing the effects of ɓ-pinene (Y. L. Li, Yeung, Chiu, Cen, & 

Ooi, 2009). Another study found that ɓ-caryophyllene potentiated the anti-cancer effects 

of Ŭ-humulene in cell models of breast and colon adenocarcinoma despite the authors 

finding no evidence of ɓ-caryophyllene alone having anti-cancer activity in any tested 

cell lines (Legault & Pichette, 2007). 

 Altogether, analysis of cannabis strains and their components may lead to 

identification of novel anti-cancer agents and potentially synergistic combinations of 

cannabinoids, or cannabinoids and terpenes. 
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HYPOTHESIS 

 Based on existing literature and some preliminary data from the Kovalchukôs 

laboratory showing the anti-cancer and anti-inflammatory potential of many different 

whole cannabis extracts, we hypothesized that the anti-tumor effects of cannabis extracts 

would be apparent in cell lines derived from neuroblastoma (NB) and atypical 

teratoid/rhabdoid tumors (AT/RTs). Specifically, we predicted that treatment with whole 

cannabis extract would reduce the viability of these cell lines, induce cell death, and alter 

the cell cycle. We anticipated that these effects could be attributed to the cannabinoids 

and terpenes present in the extract, and that some or all of the effect could be driven by 

one or a few individual cannabinoids or terpenes present in the extract.  
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CHAPTER 2: WHOLE CANNABIS EXTRACT INDUCES APOPTOSIS AND 

CELL CYCLE ARREST IN NEUROBLASTOMA CELL LINE IMR5 

Introduction 

Neuroblastoma (NB) is the most frequently diagnosed solid tumor in infants, 

accounting for about 8% of all childhood solid tumors and 15% of all pediatric cancer 

deaths (Mullassery & Losty, 2015). These tumors can occur anywhere in the sympathetic 

nervous system, most commonly on the medulla of the adrenal gland or at various other 

locations in the abdomen (Colon & Chung, 2011; Mullassery & Losty, 2015). NB varies 

widely in clinical presentation, and outcomes range from spontaneous regression to rapid 

progression and death, even with aggressive treatment (Mullassery & Losty, 2015). NB 

has several standard treatment guidelines (Mullassery & Losty, 2015). Based on the 

recommendations of the International Neuroblastoma Risk Group, patients are evaluated 

on a number of criteria including age at diagnosis, histology of tumor cells, tumor grade, 

status of the MYCN oncogene and chromosome 11q, and tumor ploidy (Newman & 

Nuchtern, 2016).  

High-risk NB remains difficult to cure with long-term survival rates of less than 

50% (Newman & Nuchtern, 2016; Pinto et al., 2015). Among relapsed high-risk patients, 

survival rates are less than 10%, and treatment after relapse can only stabilize the disease 

(Colon & Chung, 2011; Pinto et al., 2015). For this reason, numerous clinical trials have 

sought to evaluate novel therapies for high-risk NB, including retinoic acid, kinase 

inhibitors, immunotherapeutic targeting of NB cells with anti-diganglioside antibodies, 

and radioactive iodine meta-iodo-benzyl-guanidine (I-MIBG), which can deliver 

radiation specifically to tumor cells, including hard-to-reach metastases (Colon & Chung, 
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2011; Mullassery & Losty, 2015; Newman & Nuchtern, 2016; Pinto et al., 2015). 

However, current and experimental treatments can still have toxic side effects, thus there 

is an urgent need for novel treatments (Berlanga, Canete, & Castela, 2017). 

 Cannabis has been explored as an anti-cancer therapy for several decades, 

beginning with the discovery that the cannabinoids THC and CBN could inhibit the 

growth of Lewis lung adenocarcinoma in vivo in 1975 (Munson et al., 1975). Much of the 

research into the anti-cancer effects of cannabis since has been done in the past 3 

decades, starting with the discovery of the receptors CB1 and CB2 in the 1990s (Matsuda 

et al., 1990; Munro et al., 1993; Sledzinski et al., 2018). 

 Cannabinoids have been shown to trigger anticancer effects in many adult tumors. 

These include the induction of cell death via apoptosis and autophagy (Calvaruso et al., 

2012; O. Kovalchuk & Kovalchuk, 2020; Sledzinski et al., 2018; Guillermo Velasco et 

al., 2016; G. Velasco et al., 2016), decreased survival signals and decreased cell 

proliferation (Pisanti et al., 2013; Pyszniak et al., 2016), altered or slowed cell cycle 

progression, and a decrease in proteins associated with invasion and metastasis (Guindon 

& Hohmann, 2011; Pisanti et al., 2013; Pyszniak et al., 2016). Some similar results have 

been found in pediatric tumors as well, including NB and leukemia, among a few others 

(Clara Andradas et al., 2021; Malach, Kovalchuk, & Kovalchuk, 2022). 

 One interesting and still relatively understudied phenomenon in the anti-cancer 

effects of cannabis is the entourage effect. It is believed that multiple chemicals produced 

by the cannabis plant may interact with and enhance or suppress the effectiveness of the 

phytocannabinoids THC and CBD, likely due to complex interactions between several 

chemical components (Lowe et al., 2021; Marcu et al., 2010; McPartland & Russo, 2001; 
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Scott et al., 2017; Tomko et al., 2020; Torres et al., 2011). Terpenes, naturally occurring 

chemical compounds found in many plants, including cannabis, appear to be active 

ingredients in cannabis and represent a group of naturally occurring compounds found 

mainly in plants; many of the terpenes in cannabis have been shown to also have 

medicinal properties (Cox-Georgian et al., 2019; Nuutinen, 2018), including anti-cancer 

properties (Lesgards et al., 2014). While some studies have found that cannabinoid-BDS 

solutions, which contain a variety of phytocannabinoids, terpenes, and other chemical 

constituents of cannabis, enhance anti-tumor effects and synergy with other cancer 

therapies (Scott et al., 2014), others have found that BDS do not enhance these effects 

(Armstrong et al., 2015; Torres et al., 2011). However, it is not always clear what the 

makeup of the BDS is, making it difficult to compare studies. It is also likely that 

different tumors may require different components present with cannabis for the greatest 

efficacy (Baram et al., 2019; V. Cherkasova et al., 2022). 

 Though much of the research of cannabisô anti-cancer effects has been in adult 

tumors with very little focus on cannabisô effects in childhood cancer (Clara Andradas et 

al., 2021; Malach et al., 2022), there has been some evidence from models of pediatric 

tumors, including leukemia and NB, among a few others. In NB, AEA and CBD have 

been found to induce apoptosis in vitro (Alharris et al., 2019; Fisher et al., 2016; 

Maccarrone, Lorenzon, Bari, Melino, & Finazzi-Agr¸, 2000). CBD has also been shown 

to decrease viability and alter the cell cycle of NB cells in vitro and decrease NB tumor 

growth in vivo (Fisher et al., 2016). AM404, an acetaminophen metabolite that can 

interact with the ECS, was also found to decrease invasiveness in NB cells (Caballero et 

al., 2015). CBD can also affect expression of miRNA, upregulating hsa-miRNA-1972 
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and downregulating hsa-let-7a, potentially inducing anticancer effects in this way 

(Alharris et al., 2019). In another study of pediatric brain tumors, THC and CBD could 

increase apoptosis and decrease viability in vitro in cell line models of medulloblastoma 

and ependymoma, two other pediatric brain tumors. Though these effects were not 

replicated in vivo, there were no toxic side effects of cannabinoid treatment; moreover, 

cannabinoids decreased toxic side effects of adjunct chemotherapy in vivo (Clara  

Andradas et al., 2021). 

 Due to the need for novel therapies in treatment of NB, and the emerging 

evidence for its responsiveness to the anti-cancer effects of cannabis, we sought to 

determine the effectiveness of whole-cannabis extracts in cell lines of NB and determine 

their mechanisms of action.  

Methods 

Main reagents 

All Cannabis sativa (C. sativa) plants were grown at the University of Lethbridge 

in a licensed facility. Activated extracts of four C. sativa cultivars- labelled as #4, #20, 

#28, and #41- were used for the experiments. Extract stocks (60 mg/ml) were prepared 

from dried flowers as previously described (D. Li, Ilnytskyy, Ghasemi Gojani, 

Kovalchuk, & Kovalchuk, 2022). Extracts were stored at -20oC.  

Cannabinoids THC (Cat # T-032) and THCA (Cat# T-039) were both ordered 

from Millipore Sigma and stored at 1mg/ml in methanol at -20oC. 

Terpenes were ordered commercially from the following sources and stored as per 

manufacturer recommendations: 
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¶ Nerol: True Terpenes Canada, CAS: 106-25-2, FEMA:2270 

¶ Linalool: True Terpenes Canada, CAS: 78-70-6, FEMA:2635 

¶ Ŭ-cedrene: Sigma, cat# 22133-1ML-F 

¶ Geraniol: True Terpenes Canada, CAS: 106-24-1, FEMA: 2507 

¶ Isomenthone: Sigma, cat#PHL89328-100MG 

¶ Citronellol: True Terpenes Canada, CAS: 106-022-9, FEMA:2309 

¶ Sabinene hydrate: Sigma, cat# 04630590-50MG 

¶ Valencene: True Terpenes Canada, CAS: 4630-07-3, FEMA:3443 

Cell culture and maintenance 

Human foreskin normal BJ-5TA cell line (CRL-4001, ATCC) was grown in 

Dulbeccoôs Modified Eagleôs Medium (Cat# 319-005-CL, WISENT INC., Quebec, 

Canada) supplemented with a final concentration of 10% heat-inactivated Fetal Bovine 

Serum (Cat# 97-068-085, VWR International LLC, Radnor, USA). 

Human lung normal fibroblast WI-38 (CCL-75, ATCC), human normal microglial 

cell line (CRL-3304, ATCC), and human neuroblastoma IMR5 cell line (a kind gift from 

Dr. Narendranôs laboratory (Swift, Zhang, Trippett, & Narendran, 2019)) were each 

grown in Eagleôs Minimum Essential Medium (Cat# 320-036-CL, WISENT INC., 

Quebec, Canada) supplemented with a final concentration of 10% heat-inactivated Fetal 

Bovine Serum (Cat# 97-068-085, VWR International LLC, Radnor, USA). 

Human neuroblastoma SK-N-AS cell line (CRL-2137, ATCC) was grown in 

Dulbeccoôs Modified Eagleôs Medium (Cat# 319-005-CL, WISENT INC., Quebec, 

Canada) supplemented with a final concentration of 10% heat-inactivated Fetal Bovine 
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Serum (Cat# 97-068-085, VWR International LLC, Radnor, USA) and a final 

concentration of 5% MEM Non-Essential Amino Acids (Cat#321-011-EL, WISENT 

INC., Quebec, Canada). 

All cells were incubated at 37oC in a humidified atmosphere of 5% CO2. The 

culture medium was replaced with fresh complete medium every 48-72 hours depending 

on cell growth and proliferation until cell confluency reached 90% or greater. After this, 

cells were either removed from the plate with 2ml TRYPSIN/EDTA (0.25% Trypsin and 

2.21mM EDTA-4Na, Cat#325-043-EL, WISENT INC., Quebec, Canda), neutralized with 

4ml of their respective growth medium, and centrifuged at 1500rpm for 5 min at 4oC. 

After this, cells were either resuspended on 100 mm plates for further growth, or frozen 

in growth medium with 10% filtered DMSO added for a total of 2 ml aliquots and stored 

at -80oC. Cells retrieved from frozen storage were thawed for Ò5 min at 37oC and added 

to a plate with 10 ml of warmed media and incubated undisturbed for at least 24h. 

Total Protein: Human Adult Normal Adrenal Tissue (Cat#P1234004, BioChain, 

Newark, USA) was kept at -20oC until needed for use in western blotting, at which point 

it was quantified and prepared the same as samples (see ñWestern blot analysis,ò page 

76). 

Cell viability test 

Cells were grown to between 90-100% confluency in a 10 cm culture dish and 

then detached using 2 ml TRYPSIN/EDTA (0.25% Trypsin and 2.21mM EDTA-4Na, 

Cat#325-043-EL, WISENT INC., Quebec, Canda). Resuspended cells were seeded in 96 

well plates in 150 Õl culture medium at varying densities depending on the experiment 
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and cell line. Cells were cultured in an incubator under conditions of 37oC temperature 

and 5% CO2. After at least 8h incubation to ensure cell adhesion to the 96-well plate, the 

culture media was removed and replaced with 150 Õl/well of media prepared with a 

treatment- either whole cannabis extract, or a cannabinoid or terpene dissolved in filtered 

DMSO to the desired concentration, then filtered into media through a 0.22 ˃m filter. 

Treatment media was changed daily. Vehicle control treatment consisted of an amount of 

filtered DMSO equivalent to the volume of treatment added to the strongest treatment 

condition. 

Cell viability was determined using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenlytetrazolium bromide; thiazolyl blue) Cell proliferation kit I (#11465007001, 

Roche, Ontario, Canada) colorimetric metabolic activity assay according to the 

manufacturerôs instructions. Briefly, 15 Õl of MTT labeling reagent was added to each 

well and the cells were incubated under normal culture conditions for a further 4h, after 

which 150 Õl of solubilization solution was added. Plates were incubated overnight in 

normal culture conditions. Absorbance at 595 nm was measured using a microplate 

reader. Of an initial setup of 7 plates, one plate was treated with both MTT kit reagents 

and read in the microplate reader every 24h until no plates remained. 

The average absorbance value of 3 wells to which only media and no cells were 

added was subtracted from the average absorbance value of each treatment, and mean 

absorbance values were then calculated. Mean absorbance values for untreated and 

vehicle treated cells were normalized to the mean absorbance value of untreated cells on 

the final day of a given experiment, and treated cells were normalized to the absorbance 

value of the vehicle control on the final day of a given experiment. These normalized 
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results were then displayed as a line graph using Microsoft Excel, displaying days of 

treatment vs the normalized percentage viability. 

Exposure of cancer cells to cannabis extracts, cannabinoids, and terpenes 

Whole cannabis extract was dissolved in dimethyl sulfoxide (DMSO) at a 

concentration of 60 mg/ml. This was stored in -20oC until use. Before use in media, 

whole extract was heated at 60oC for 5 min, then mixed using vortex. Whole extract and 

media were filtered through a 0.22 m˃ filter before use in experiments. Cannabinoids and 

terpenes were ordered from commercial vendors and stored under proper conditions (see 

ñMain Reagentsò section). These were added to media and filtered through a 0.22 ˃m 

filter for individual experiments.  

Media containing treatments was stored at 4oC in darkness and warmed to 37oC 

before use on cells. 

Western blot analysis 

After cells reached the desired confluency in culture, they were either harvested 

directly (for determination of levels of cannabinoid receptors) or were treated for 72h 

with 15 ɛg/ml extract #20 or 0.025% DMSO as a vehicle control. Cells were then washed 

twice with ice-cold PBS and lysed in a radioimmunoprecipitation assay (RIPA) buffer. 

Human adult normal adrenal tissue protein was ordered from Biochain (Cat#P1234004, 

Eureka, USA) and processed the same as protein isolated from cells in culture. 70-100 ˃g 

of protein per sample was prepared with a 4x loading buffer (0.0625 M Tris, 2% SDS, 

10% glycerol, 0.01% bromophenol blue, and 1% 2-mercaptoethanol) and RIPA buffer 

and heated at 95oC for 10 min. The samples were separated on a 10% SDS-PAGE, along 
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with a well containing PageRuler Plus Prestained Protein Ladder (Cat#26620, Thermo 

Scientific, Massachusetts, USA) and then electrophoretically transferred to a 

polyvinylidene difluoride (PVDF) membrane (Amersham HybondÈ P, GE Healthcare) at 

4oC for 1.5h. Blots were incubated for 1h with 5% non-fat dry milk (w/v) in a PBS-

Tween-20 solution to block nonspecific binding sites, then were incubated overnight at 

4oC with polyclonal/monoclonal antibodies specific to CB1R (Abcam, Cambridge, 

England) or BAX, caspase 7, CDK1, CDK 2, Cyclin A, cyclin E, p21 Waf1/Cip1, p27 

Kip1 (all from Cell Signaling Technology, Danvers, USA) or AKT1/2/3, caspase 9, 

CB2R, cleaved caspase 3, BCL2, GPR18, GPR19, GPR55, pAKT1/2/3, or PPARɔ (all 

from Santa Cruz Biotechnology, Dallas, USA). The immunoreactivity was detected using 

a peroxidase-conjugated secondary antibody and was visualized by an ECL Plus Western 

Blotting Detection System (GE Healthcare). The blots were stripped before re-probing 

with an antibody against GAPDH (Santa Cruz Biotechnology) as a loading control. 

Western blot images were analyzed in triplicate using ImageJ (Schneider, 

Rasband, & Eliceiri, 2012). Densitometry levels of extract or terpene treated cells were 

compared to vehicle (DMSO) treated cells for the same protein, and all proteins other 

than GAPDH were compared to their respective GAPDH band to normalize them. Data 

are displayed on a graph showing their deviation from the mean densitometry value for 

vehicle treated cells. 

Flow Cytometry 

Cells were grown to 50% confluency under normal cell culture conditions as 

described above. Once at confluency, cells were treated for 72h with culture medium 

containing 15 ɛg/ml cannabis extract #20; vehicle controls were treated with an 
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equivalent concentration of DMSO (0.075%). Culture medium was replaced every 24h. 

After 72h, the cells were detached using TRYPSIN/EDTA and harvested via 

centrifugation at 1500 rpm for 5 min, after which they were washed twice with 5 ml ice-

cold PBS followed by centrifugation at 1500 rpm for 5 min after each wash. 

Cell cycle and apoptosis analyses were performed using a BD FACSCanto II 

Flow Cytometer (BD Biosciences, New York, USA) with propidium iodide staining 

solution and a FITC Annexin V Apoptosis Detection Kit II (BD Biosciences, New York, 

USA) according to manufacturerôs instructions. All experiments were done in triplicate. 

For the cell cycle analysis, after harvesting cells as described above, the pellet was 

washed twice with 6 ml ice-cold PBS-Tween-20 buffer and centrifuged again at 1500 rpm 

for 5 min. The cell pellet was resuspended and incubated with a 0.5 ml propidium iodide 

(PI) working solution (100 ɛg/ml PI and 100 ɛg/ml RNase A in ice-cold PBS-Tween-20 

buffer) and incubated for 30 min at room temperature. 0.5 ml of this mixture was 

transferred to a flow cytometer test tube, and the cell cycle stage of individual cells was 

determined using the Flow Cytometer. At least 10,000 cells were analyzed per 

measurement. 

For apoptosis analysis, after harvesting cells as described above, the cell pellet 

was resuspended in 1x Binding buffer at a concentration of 1x106 cells/ml. The cell 

suspension was transferred to a 5 ml test tube and 5 ɛl each of FITC Annexin V and 

propidium iodide (PI) were added. The cells were gently mixed and incubated at 15 min 

at room temperature in a dark room. After incubation, the reaction was stopped by adding 

an additional 400 ɛl of 1x Binding Buffer. Cells were analyzed within 1h of staining. 

Annexin V content was measured via the FITC-A channel and displayed on the X-axis 
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and PI content was measured on the PE-Texas Red-A channel and displayed on the Y-

axis. Annexin V binds phosphatidylserine, found only on the inner side of the plasma 

membrane, and PI binds DNA. When membrane flipping occurs in early apoptosis, an 

increase in Annexin V staining is thus detected, and when cells rupture in late apoptosis, 

DNA is available to bind to PI and an increase in PI staining is thus detected. The number 

of cells in early apoptosis was the number of cells in Q2 of the flow cytometry results, 

and the number of cells in late apoptosis was the number of cells in Q4 of the flow 

cytometry results. Q2+Q4 represented the total of cells in apoptosis.  

Extract Composition Analysis 

Analysis of cannabinoids and terpenes present in extract from cultivar #20 was 

conducted as previously described (Viktoriia Cherkasova, Ilnytskyy, Kovalchuk, & 

Kovalchuk, 2024; D. Li et al., 2022). 

Terpene profiling was performed on dry flowers of cultivar #20 at Canvas Labs 

(Vancouver, BC, Canada) using an 8610C GC coupled with a flame ionization detector 

from SRI instruments (D. Li et al., 2022). 

Statistical analysis 

Where significance is indicated, data has been analyzed using the studentôs t-test, 

two tailed, unequal variances. p-values were calculated based on the Bonferroni 

corrections for multiple comparisons. For the Bonferroni correction, the desired 

significance threshold (p<0.05) was divided by the number of comparisons (two, between 

vehicle treated cells and untreated cells, and between treated cells and vehicle treated 
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cells) resulting in a new significance threshold of p<0.025. Consequently, any result 

where p<0.025 was considered significant. 
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Results 

IMR5 and SK-N-AS cell lines express altered levels of cannabinoid receptors 

compared to controls 

 Cannabinoids exert their function primarily by acting on cannabinoid receptors 

(Maida & Daeninck, 2016). To determine whether our selected cell lines would be 

capable of responding to cannabis extracts, we first determined the level of expression of 

cannabinoid receptors CB1, CB2, GPR18, GPR19, GPR55, and PPARɔ. There is also no 

published data yet for either cell line on the expression of these particular receptors. The 

receptor expression in IMR5 and SK-N-AS cells was compared to that in cell line BJ-

5TA and normal adrenal tissue (commercially available normal human adrenal tissue 

protein extract). Normal adrenal tissue was used as a control since neuroblastoma is a 

neuroendocrine tumor that often starts in the adrenal glands (Vo et al., 2014). BJ-5TA 

cells were also investigated to determine their suitability as a control for a study of 

cannabis (i.e. cells with some CBR expression have the potential ability to respond to 
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cannabinoid treatment).

 

Figure 2. Expression levels of cannabinoid receptors in normal human adrenal 

gland tissue, normal immortalized fibroblast cell line BJ-5TA, and neuroblastoma 

cell lines IMR5 and SK-N-AS. Briefly, quantification was done 3 times for all protein 

bands, then band values for proteins of interest were normalized to GAPDH band values. 

Cell lines were also normalized to expression in normal adrenal tissue, which was our 

control for this experiment. Graphs represent mean normalized values ÑSD, n=3 where n 

refers to independent measurements in ImageJ, as described in methods. Significance was 

assessed using the studentôs t-test, two tailed, unequal variances. Comparisons were 

between normal adrenal protein and each individual cell line. 
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 In general, expression levels of all receptors were similar in IMR5 and SK-N-AS 

cells (Fig. 2), except for PPARɔ which was expressed at fairly similar levels in SK-N-AS 

and tissue control, while there was almost no expression in IMR5 or BJ-5TA cells.  

 Expression of several cannabinoid receptors was significantly increased when 

compared to normal adrenal tissue protein. All 3 cell lines used had significantly elevated 

CB1 (up to 52 times greater than normal tissue in SK-N-AS) and GPR18 levels when 

compared to normal tissue (Fig. 2). However, expression of CB2 and GPR19 was more 

similar to that of normal tissue, although CB2 expression was significantly higher in BJ-

5TA cells and normal adrenal tissues as compared to either NB cell line, while GPR19 

expression was similar in the two NB cell lines and normal adrenal tissue, but 

significantly lower in BJ-5TA cells (Fig. 2). Interestingly, normal tissue had a much 

higher expression of GPR55 compared to BJ-5TA, which had about half the expression, 

while GPR55 was virtually absent in IMR5 and SK-N-AS cell lines (Fig, 2) compared to 

normal tissue control. Finally, expression of PPAR ɹwas comparably high in normal 

adrenal tissue and SK-N-AS cells, and much lower in BJ-5TA and IMR5 cells (Fig. 2). 

 Given that cannabis is likely to act on these cell lines on one or several of these 

receptors, our results suggested that tested extracts would likely act upon these cell lines. 

The presence of several cannabinoid receptors in normal cell line BJ-5TA also further 

solidified its suitability for use as a control.  

From here we proceeded to evaluate cannabis extracts for their potential anti-

cancer ability on NB lines IMR5 and SK-N-AS, as well as normal line BJ-5TA.  
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Cannabis extracts inhibit the viability of cancer cell lines while having no effect on 

normal cell viability 

In order to determine which cannabis extracts would reduce the viability of our 

chosen cell lines, we first tested 4 whole cannabis extracts: extract #4, extract #20, extract 

#28, and extract #41. As our lab had hundreds of unique cannabis lines, preference was 

given to extracts that had been shown to have anti-cancer effects on a large number of 

other tumor cell lines in our lab. All extracts were tested on two NB cell lines (IMR5 and 

SK-N-AS). They were also tested on one normal cell line (BJ-5TA) to ensure that these 

extracts did not significant reduce the viability of normal cells.  

 

Figure 3. The effect of 15ɛg/ml of cannabis extracts #4, #20, #28, and #41 on normal 

human fibroblast cell line BJ-5TA (Left) and neuroblastoma cell line IMR5 (right). 

Each data point represents the mean normalized absorbance values at 595nm, for each 

timepoint and treatment, Ñ % error, n=3. Normalization was the absorbance value of 

untreated (UT) cells on the final day of treatment for DMSO treated cells, and to the 

mean absorbance value of DMSO treated cells on the final day of treatment for extract 

treated cells. Significance was assessed using the studentôs t-test, two tailed, unequal 

variances, and the Bonferroni correction for multiple comparisons. 

 Overall, none of the extracts impeded the viability of BJ-5TA cells at a 

concentration of 15 Õg/ml (Fig. 3). All extracts impacted the growth of IMR5 cells at the 

same concentration (Fig. 3), particularly after 4 days of treatment. Interestingly, no 
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extract had any significant ability to impede the viability of SK-N-AS cells (Suppl. Fig. 

1). For this reason, SK-N-AS cells were not used in any future experiments, as they could 

obviously not be used to study the anti-cancer effects of cannabis extracts on 

neuroblastoma. 

Extract #20 is most efficacious at inhibiting cell viability compared to other extracts 

 Cell viability values for both IMR5 and SK-N-AS were then normalized to the 

vehicle control and compared to determine whether there was an extract that was 

effective on both lines. These results show that extract #20 was the most effective on both 

cell lines (Data not shown).  

 

Figure 4. The effects of 1, 5, 10, 15, 20, and 25ɛg/ml of extract #20 over 6 days of 

treatment on normal cell lines BJ-5TA (top left) and WI38 (top right) and 

neuroblastoma cell line IMR5 (bottom). Data represents the mean normalized 

absorbance values at 595nm, for each timepoint and treatment, Ñ % error, n=3. 

Normalization was the absorbance value of untreated cells (UT) on the final day of 

treatment for DMSO treated cells, and to the mean absorbance value of DMSO treated 
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cells on the final day of treatment for extract treated cells. Significance was assessed 

using the studentôs t-test, two tailed, unequal variances, and the Bonferroni correction for 

multiple comparisons. 

An assay to determine the effective dose of extract #20 on the NB cell line IMR5 

and normal cell line BJ-5TA was then performed (Fig. 4). At this point, the assay was also 

repeated on normal line WI38 (Fig. 4). All cell lines were treated with 1, 5, 10, 15, 20, 

and 25 Õg/ml extract #20 over a period of 7 days which allowed us to determine whether 

a higher concentration of extract could be used without damaging normal cells. However, 

concentrations above 15 Õg/ml impeded the viability of normal cells (Fig. 4), and thus 15 

Õg/ml of extract #20 was used in future experiments.  

Extract #20 induces apoptosis in IMR5 cells and significantly increases expression of 

BCL-2 and Bax regulatory proteins, cleaved caspases 3 and 7, and caspases 7 and 9 

 After determining which extract and concentration to work with, we next 

proceeded to analyze the extractôs mechanisms of action. Initially, we determined whether 

the changes in viability as measured with MTT assay were the result of apoptosis. Cells 

were treated with 15 Õg/ml #20 for 72h and apoptosis was measured as described in 

methods using flow cytometry. The 72h timepoint was selected as treatment time to allow 

the cells sufficient exposure to the extract but still ensuring that enough cells remained 

for analysis (i.e. further treatment could result in too few cells for any meaningful 

analysis, based on the results of the MTT assays). In IMR5 cells, 72h of treatment with 

extract #20 caused a significant increase in the percentage of cells in early apoptosis, as 

seen in Q2 of the flow cytometry readouts of Fig. 5A. 

 In order to better elucidate the mechanism by which extract #20 induced 

apoptosis, western blotting analysis of key proteins was done after treating IMR5 cells 
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with 15Õg/ml extract #20 for 72h. Increased levels of cleaved executioner caspases 3 and 

7 were seen after treatment, as well as uncleaved caspase 7 (Fig. 5B). Increased levels of 

cleaved and uncleaved forms of caspase 9 (Fig. 5B) were also seen. A 1.6-fold increase in 

pro-apoptotic regulator protein BAX was also seen (Fig. 5B). Interestingly, there was a 

small 1.1-fold elevation of anti-apoptotic BCL-2 in IMR5 after treatment (Fig. 5B) albeit 

the ratio of BAX/BCL2 was still positive. This positive ratio is indicative of apoptosis. 

 

Figure 5. The effects of 72 hours of 15ɛg/ml extract #20 treatment on apoptosis in 

neuroblastoma cell line IMR5.  (A) After treatment, cells were harvested for apoptosis 

as described in methods, and analyzed by flow cytometry. Data represent the mean ÑSD 
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(n=3). (B) After treatment, cells were harvested and western blotting was carried out as 

described in methods with all indicated antibodies. Briefly, band quantification was done 

3 times for all protein bands, then band values for proteins of interest were normalized to 

GAPDH band values. Extract #20-treated cell data were then normalized to DMSO 

treated cell data, and data for only extract-treated cells is presented in a bar graph. Graphs 

represent mean normalized values ÑSD (n=3). The dotted red line indicates the level of 

expression in DMSO treated cells, which has been normalized to 1 for all proteins. 

Extract #20 inhibits G1-S and G2-M transition, and increases p21, p27, CDK1, 

CDK2, and Cyclin E 

 Next, we proceeded to determine which effects, if any, extract #20 was having on 

the cell cycle (Fig. 6). IMR5 cells were treated with extract #20 for 72h and then 

analyzed using a flow cytometer. Results showed an increase of IMR5 cells in G1 and G2 

phases, and a decrease in S-phase (Fig. 7A). This indicates that extract #20 inhibits the 

cell division between G1 and S phase, and between G2 and M phases, though there is no 

evidence of inhibition of cell cycle when cells exit S into G2 phase.  

 

Figure 6. The cell cycle.  This is a simplified diagram of the cell cycle, representing all 

points in the cycle at which the regulatory proteins p21 and p27 inhibit the actions of 

various cyclin-CDK complexes, thus preventing movement through the cell cycle. P21 is 

shown to inhibit the actions of the CDK2-Cyclin E complex at the end of G1, and inhibit 
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the CDK1-Cyclin B complex in mitosis. P27 is shown to inhibit the actions of the CDK2-

Cyclin A complex in S-phase, and the CDK1-Cyclin A complex in G2. This is a 

simplified version of the cell cycle containing mainly proteins investigated in our studies 

for simplicity. Figure generated using BioRender. 

 These flow cytometry results were confirmed by western blotting data of key cell 

cycle regulatory proteins p21 and p27, as well as CDK1 and 2, and Cyclin E and A, as 

these are involved in G1-S, S-G2, and G2-M transitions in various ways (Fig. 6). A large 

19.8-fold increase in regulator protein p27 and a 4-fold increase in regulator protein p21 

was observed in treated IMR5 cells (Fig. 7B), accompanied by a concomitant 2-fold 

decrease in CDK1, 1.4-fold decrease in CDK2, and 1.6-fold decrease in cyclin A, though 

no decrease was seen in levels of cyclin E (Fig. 7B).  
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Figure 7. The effects of 72 hours of 15ɛg/ml extract #20 treatment on cell cycle 

related proteins for NB cell line IMR5.  (A) After treatment, cells were harvested for 

cell cycle analysis as described in methods and analyzed by flow cytometry. Data 

represent the mean ÑSD (n=3). (B) After treatment, cells were harvested and western 

blotting was carried out as described in methods with all indicated antibodies. Briefly, 

band quantification was done 3 times for all protein bands, then band values for proteins 

of interest were normalized to GAPDH band values. Extract #20-treated cell data were 

then normalized to DMSO treated cell data, and data for only extract-treated cells is 

presented in a bar graph. Graphs represent mean normalized values ÑSD (n=3). The 

dotted red line indicates the level of expression in DMSO treated cells, which has been 

normalized to 1 for all proteins. 

Reconstituted extract #20 is nearly as effective as whole extract #20 at inhibiting cell 

viability, and terpenes citronellol, -hcedrene, and valencene also reconstitute much 

of this effect on their own 
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Despite the effectiveness of whole cannabis extract #20, it is difficult to 

reconstitute the entire extract since it is not clear which components have the most effect; 

thus, we thought to determine the cannabinoid composition of extract #20 to investigate 

whether the observed anti-cancer effects of induced apoptosis and cell cycle arrest could 

be recapitulated with cannabinoids or terpenes that make up this extract. We also sought 

to determine the identity and concentration of terpenes present in extract #20 to 

investigate their potential anti-cancer activity, as various terpenes have been 

demonstrated to have anti-cancer activity, including in neuroblastoma cells (Nuutinen, 

2018). We hypothesized that by recreating the extract with exact proportions of its given 

cannabinoid and terpene components by adding these components individually to cell 

media, we may be able to recreate its demonstrated anti-cancer activities. This 

investigation would also reveal if any individual components made up the majority of the 

anti-cancer effect, allowing us to single them out for further investigation. 

Table 4. Levels of cannabinoid and terpene compounds present in extract #20 as 

determined by HPLC analysis 

Compounds Concentration Micromolar 

concentration 

THCA 0.0283mM 28.3 

THC 0.00588mM 5.88 

Nerol 0.9621ppm 6.24 

Octyl acetate 0.6459ppm 1.58 

Linalool 0.2438ppm 1.58 

Ŭ-cedrene 0.2368ppm 1.16 
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Geraniol 0.1977ppm 1.28 

Isomenthone 0.1456ppm 0.94 

Citronellol 0.1338ppm 0.86 

Sabinene hydrate 0.1106ppm 0.72 

Valencene 0.1065ppm 0.52 

Carophyllene oxide 0.1064ppm 0.48 

Farnesene 0.0851ppm 0.42 

Carvone 0.0524ppm 0.35 

ɓ-caryophyllene 0.0516ppm 0.25 

Ŭ-humulene 0.0484ppm 0.24 

 

We examined the makeup of extract #20 via HPLC analysis (as described in 

Methods). After learning the proportion of cannabinoids and terpenes present in extract 

#20 (Table 4), we determined the concentration of them that would be present in 15 

Õg/ml extract #20 and combined these together into cell culture media. The terpenes 

linalool, -hcedrene, geraniol, isomenthone, citronellol, sabinene hydrate, and valencene 

were present in levels high enough to be accurately measured and reconstituted into cell 

culture media; all other terpenes were present in levels too small to do so and were thus 

excluded. Thus, the extract was ñreconstitutedò or ñrebuiltò from its constituent parts. 

Additionally, to determine if one or multiple individual components of the extract was 

exerting most of the anti-cancer effect, cells were treated with the components 

individually at the same dose as present in the combination treatment. Cells were 

analyzed via MTT assay over 7 days of treatment, as before with whole extract. 
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Figure 8. The effects of treatment with cannabinoids and terpenes present in their 

original concentrations in extract #20 on the viability of neuroblastoma cell line 

IMR5.Data represents the mean normalized absorbance values at 595nm, for each 

timepoint and treatment, Ñ % error, n=3. Normalization constituted relating the 

absorbance value of untreated cells on the final day of treatment for DMSO treated cells; 

for cannabinoids, terpene, combination and extract treated cells, the mean absorbance 

value of each treatment on each day was compared to the mean absorbance value of 

DMSO treated cells on the final day of treatment. Significance was assessed using the 

studentôs t-test, two tailed, unequal variances, and the Bonferroni correction for multiple 

comparisons. * indicates p<0.025, ** indicates p<0.01. 

 Fig. 8 shows that whole extract was still most effective at reducing viability of 

cancer cells compared to combined and individual treatments. Whole extract decreased 

viability of IMR5 cells by 78% after 5 days of treatment, while whole reconstituted 

extract only decreased cell viability by 53%. Interestingly, the terpenes citronellol, -h

cedrene, and valencene decreased cell viability by 45%, 56%, and 39% after 5 days of 

treatment, respectively. This indicates that a great deal of the effect of reconstituted 
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extract was driven not by cannabinoids THC or THCA (which decreased cell viability by 

26% and 39%, respectively), but primarily by these three terpenes. Similar terpene results 

were seen in another pediatric tumor cell line.  

 Given these interesting results, we decided to investigate the dose-response effect 

of individual terpenes, as well as what mechanistic effect they might have. 

Terpenes citronellol and -cedrene, but not valencene, inhibit the viability of cancer 

cells at higher doses while having no effect on normal fibroblast cells 

 A dose range for each terpene was established, with the lower end of the dose 

range based on the molar concentration of each terpene in the reconstituted extract. Dose 

ranges for all terpenes started lower and went higher than the concentration of the 

individual terpenes in 0.015ug/ml extract #20. We reasoned that terpenes may still be 

effective at slightly lower doses but were also interested in potentially greater efficacy at 

a slightly higher dose.  

 Dose ranges were first tested on normal cell line BJ-5TA to ensure the given doses 

were safe for use on normal cells. All doses of citronellol (0.02nM, 0.07nM, 0.2nM, 

0.6nM, 1.8nM, 5.4nM, 16.2nM, and 48.6nM, original concentration in reconstitution 

assay 0.215nM; Fig. 9A), h-cedrene (0.03nM, 0.1nM, 0.3nM, 0.9nM, 2.7nM, 8.1nM, 

24.3nM, and 72.9nM, original concentration in reconstitution assay 0.29nM; Fig. 10A), 

and valencene (0.01nM, 0.03nM, 0.1nM, 0.3nM, 0.9nM, 2.7nM, 8.1nM 24.3nM, original 

concentration in reconstitution assay 0.13nM; Suppl. Fig. 2A) had no significant effect on 

normal cells after 6 days of treatment.  



 

100 

 

 

Figure 9. Dose-response of citronellol on the viability of normal fibroblast cell line 

BJ-5TA (left column) and neuroblastoma cell line IMR5 (right column)Data 

represents the mean normalized absorbance values at 595nm, Ñ % error, n=3. 

Normalization was the absorbance value of UT on the final day of treatment for DMSO 

treated cells, and to the mean absorbance value of DMSO treated cells on the final day of 

treatment for terpene treated cells. Significance was assessed using the studentôs t-test, 

two tailed, unequal variances, and the Bonferoni correction for multiple comparisons. 

 After testing in normal cells, the same dose range was tested on IMR5 cells (Figs. 

9B, 10B). Interestingly, the strength of effect of a higher dose of all terpenes than those 

used in the original reconstitution assay no longer produced a significant difference in 

cell viability when compared to vehicle treated cells. Further testing at higher doses (Figs. 

9B, 10B) yielded interesting results, showing that 0.1M˃ of citronellol and -hcedrene and 

0.4˃M of -hcedrene both produced a significant difference in viability compared to 
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vehicle control, though higher concentrations of up to 102.4M˃ failed to produce such an 

effect (Fig 9B, 10B). None of the higher doses tested had any effect on normal cell 

viability (Figs. 9A, 10A). Valencene also failed to produce any significant effect on cell 

viability at any concentration with further testing (Suppl. Fig 2). These results indicate 

that terpenes citronellol and -hcedrene can inhibit cell viability, albeit the effect is not 

proportional to the dose. 

 

Figure 10. Dose-response of Ŭ-cedrene on the viability of normal fibroblast cell line 

BJ-5TA (left column) and neuroblastoma cell line IMR5 (right column). Data 

represents the mean normalized absorbance values at 595nm, Ñ % error, n=3. 

Normalization was the absorbance value of UT on the final day of treatment for DMSO 

treated cells, and to the mean absorbance value of DMSO treated cells on the final day of 
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treatment for terpene treated cells. Significance was assessed using the studentôs t-test, 

two tailed, unequal variances, and the Bonferroni correction for multiple comparisons. 

Ŭ-cedrene, but not citronellol, increases the number of IMR5 cells in early apoptosis, 

but has the opposite effect on apoptosis proteins 

 Apoptosis analysis was done as previously described to ascertain the effect of 

terpenes citronellol and Ŭ-cedrene on apoptosis. 100nM concentrations were used as these 

were the most effective from the MTT assay.  

 Interestingly, while 100nM Ŭ-cedrene caused a small but significant increase in 

the number of IMR5 cells in early apoptosis, 100nM citronellol caused a small but 

significant decrease in the number of IMR5 cells in early apoptosis (Fig. 11A). 

We also did western blotting of key apoptosis proteins caspase 3, BCL2, and Bax. 

Treatment with either terpene led to a large and significant decrease in the expression of 

pro-apoptotic Bax, and a significant increase in anti-apoptotic BCL2 (Fig. 11B). Results 

on levels of caspase 3 were mixed, with Ŭ-cedrene causing no change, and citronellol 

causing a small but significant increase (Fig. 11B). 

Taken together with the results of the MTT assay, this indicates that while IMR5 

cells may have decreased viability from treatment with either citronellol or Ŭ-cedrene, 

this decrease in viability is not from an increase in apoptosis in the case of citronellol, but 

may be in part from apoptosis in the case of -hcedrene. 
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Figure 11. The effects of 72 hours of 100nM Ŭ-cedrene or citronellol treatment on 

apoptosis in neuroblastoma cell line IMR5. (A) After treatment, cells were harvested 

for apoptosis as described in methods, and analyzed by flow cytometry. Data represent 

the mean ÑSD (n=3). (B) After treatment, cells were harvested and western blotting was 

carried out as described in methods with all indicated antibodies. Briefly, quantification 

was done 3 times for all protein bands, then band values for proteins of interest were 

normalized to GAPDH band values. Extract #20-treated cell data were then normalized to 

DMSO treated cell data, and data for only extract-treated cells is presented in a bar graph. 
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Graphs represent mean normalized values ÑSD (n=3). Significance was assessed using 

the studentôs t-test, two tailed, unequal variances. 

Citronellol and Ŭ-cedrene affect cell cycle regulatory proteins, but not enough to 

influence cell cycle progression 

 Cell cycle analysis was done as previously described to ascertain the effect of 

terpenes citronellol and Ŭ-cedrene on IMR5 cells. 100nM concentrations were again used 

from the MTT assay over 72h. 

 Interestingly, no cells were found in G2 with any treatment, including controls. 

Private correspondence with a colleague confirmed this is a common occurrence in 

cancer cells and not a quirk of the experiment. Neither terpene produced a significant 

change in any phase of the cell cycle (Fig. 12A). 

 As such dramatic increases in p21 and p27 were seen after treatment with whole 

extract, we also carried out western blot analyses of these proteins. Despite the lack of 

change in cell cycle phases observed with the assay, both terpenes still produced 

significant increases in p27 protein, though this increase was significantly larger with Ŭ-

cedrene than with citronellol (Figure 12B). Citronellol, however, produced a significant 

increase in p21 regulatory protein, which was also significantly greater than the increase 

produced by Ŭ-cedrene (Fig. 12B). 

 These results indicate that some of the decrease in viability observed during the 

MTT assay may have been due to changes in cell cycle regulatory proteins. 
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Figure 12. The effects of 72 hours of 100nM Ŭ-cedrene or citronellol treatment on 

cell cycle in neuroblastoma cell line IMR5. (A) After treatment, cells were harvested 

for cell cycle analysis as described in methods and analyzed by flow cytometry. Data 

represent the mean ÑSD (n=3). (B) After treatment, cells were harvested, and western 

blotting was carried out as described in methods with all indicated antibodies. Briefly, 

quantification was done 3 times for all protein bands, then band values for proteins of 

interest were normalized to GAPDH band values. Extract #20-treated cell data were then 

normalized to DMSO treated cell data, and data for only extract-treated cells is presented 

in a bar graph. Graphs represent mean normalized values ÑSD (n=3). Significance was 

assessed using the studentôs t-test, two tailed, unequal variances, and the Bonferroni 

correction for multiple comparisons. 

Discussion 
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 Over the past three decades, there has been a renewed interest in the medical side 

effects of cannabis plants and their major components. A growing body of new data has 

emerged showing the anti-cancer potential of cannabis extracts and cannabinoids in many 

cancer types, enough that several reviews of the anti-cancer mechanisms of cannabis and 

cannabinoids have now been published (Calvaruso et al., 2012; O. Kovalchuk & 

Kovalchuk, 2020; Nikan et al., 2016; Guillermo Velasco et al., 2016; G. Velasco et al., 

2016). Furthermore, at least one cannabis drug, Epidiolex, is approved for clinical use in 

children to treat pediatric epilepsy (Schuman, 2019), and there has been some 

investigation for the use of the cannabis drugs Nabilone and Sativex, as well as THC, for 

use in children to control chemotherapy-induced nausea and vomiting (Ananth et al., 

2017; Wong & Wilens, 2017). Preclinical studies have also demonstrated the 

effectiveness of some cannabinoids against pediatric cancers (Clara Andradas et al., 2021; 

Malach et al., 2022), including neuroblastoma (Alexandre, Carmo, Carvalho, & Silva, 

2018; Alharris et al., 2019; Caballero et al., 2015; Fisher et al., 2016; Ovidi et al., 2022; 

Rapino et al., 2019; S§nchez-S§nchez et al., 2023; Tapia-Tapia et al., 2024; Vrechi et al., 

2021; J. Wang, Zhang, Lu, & Xu, 2022). Despite rising survival rates from improved 

treatments, pediatric cancers are still a significant challenge to treat, particularly as 

children are still developing, and current treatments can have damaging long-term side 

effects (Zahnreich & Schmidberger, 2021). Of these tumors, NB is one of the most 

frequent (Mullassery & Losty, 2015), and high-risk iterations of NB can prove to be 

extremely difficult to treat with poor survival rates (Colon & Chung, 2011; Pinto et al., 

2015).  
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 Both cell lines used as NB models, IMR5 and SK-N-AS, can be considered high-

risk due to a variety of factors including MYCN amplification, 1p36 deletion, 3p26 

deletion, 11q23 deletion, and 17q21-qter gain in IMR5 and 1p36 deletion, 3p26 deletion, 

11q23 deletion, 17q21-qter gain, and p53 status in SK-N-AS (Campos Cogo et al., 2020; 

Harenza et al., 2017) that are present in these cell lines and correlate with markers of 

high-risk neuroblastoma. 

Here, we for the first time tested four cannabis extracts for their anti-tumor 

potential against NB cells. Of the four tested extracts, one extract (#20) was the most 

efficacious at inducing growth suppression in NB cells while sparing normal cells. This 

mirrors other results from our group, which show that extract #20 has anti-cancer activity 

via significant decreases in cell viability seen on breast cancer cells (D. Li et al., 2022). 

This also mirrors results from concurrent experiments in another tumor type, AT/RT, 

published separately (see Chapter 3). It also parallels other results showing that NB line 

SH-SY5Y responds to hemp essential oil (Ovidi et al., 2022) and other cannabis extracts, 

with a high correlation between THC content in the extract and reductions in NB cell 

viability (S§nchez-S§nchez et al., 2023). 

 We first investigated the expression levels of various CBRs in both tested cell 

lines, IMR5 and SK-N-AS. Though cannabinoids have been known to act on CBR-

independent pathways (see Chapter 1), we sought to confirm that some CBR expression 

was present to give the cells a greater chance at responding to cannabinoid treatment, and 

also wanted to investigate how CBR expression in NB cell lines compared to normal 

human adrenal tissue and our normal cell line control, BJ-5TA. We found that expression 

varied widely not just between normal tissue and cell lines, nor just between non-
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cancerous cell lines and NB cell lines, but even between NB cell lines. All cell lines had a 

much higher expression of CB1. This is interesting, as CB1 is primarily expressed in the 

CNS (Kendall & Yudowski, 2016). The lower expression of CB1 in the normal adrenal 

tissue is thus expected. The relatively high expression of CB1 in BJ-5TA was somewhat 

surprising as it is immortalized human fibroblast tissue. As three out of four tested 

extracts were high in THC, which acts on CB1 (Pertwee, 2008), this result was especially 

promising for extract efficacy. This is also interesting as CB1 levels are known to 

increase throughout childhood (Ester Fride, 2004), yet here they are seen in greater 

numbers than those present in adult tissue. This suggests that CB1 may be correlated with 

tumorigenesis in pediatric NB, making it a possible therapeutic target. 

The tumor cell lines had relatively lower levels of CB2 compared to normal tissue 

and normal cells (Fig. 2). This is in line with a study of CB2 expression in adult and 

pediatric brain tumors that found most highly malignant pediatric embryonal tumors to 

have little to no CB2 expression (Ellert-Miklaszewska et al., 2006). This is unfortunate, 

as a recent study identified CB2 as a high-quality target for future drug development, 

with a CB2 agonist known as GW405833 inhibiting NB growth and induced apoptosis in 

vitro and in vivo in two animal models with a high degree of selectivity and minimal 

toxicity (Almstedt et al., 2020). 

There was a much higher expression of GPR18 in all cell lines compared to 

normal tissue. GPR18 is predominantly expressed in spleen and testis (Gantz et al., 1997) 

and recent analysis has found it expressed in 27 different human organs, predominantly 

the major immune organs (Y. Liu, Wang, Lo, & Lui, 2020; Regard, Sato, & Coughlin, 

2008). Its closest CBR relatives are CB1, CB2, and GPR55, though GPR18 shares 
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relatively little sequence similarity with them (Alexander, 2012). Though it can be 

stimulated by AEA and THC (Alexander, 2012; Console Bram, Brailoiu, Brailoiu, Sharir, 

& Abood, 2014), its endogenous ligand has been identified as N-arachidonoyl glycine, an 

analog of the endocannabinoid AEA (Kohno et al., 2006). It has been suggested as a 

favorable prognostic biomarker, specifically being found as a protective factor in breast 

cancer (Ren, Hu, Mao, & Su, 2020) and liver cancer (Qiao, Chen, Wu, & Li, 2019), but 

other studies have found that it has constitutive apoptosis-inhibiting activity in metastatic 

melanoma (Qin et al., 2011) and associated with poor prognoses in head and neck 

squamous cell carcinoma (Y. Sun, Zhang, Yao, Wang, & Zhang, 2020). There is interest 

in it as a potential-anti cancer drug target, though only recently have any good selective 

agonists been identified (Mahardhika et al., 2024). Given the high concentration of THC 

in our extract and the high levels of GPR18 in cancer cell lines, and the ability of this 

receptor to be stimulated by THC, we thought expression of this receptor made anti-

cancer effects from extract #20 more likely. However, after discovering THC was fairly 

inactive in our extract via the reconstitution assay, it is unclear whether this receptor is 

involved in the anti-cancer effect of extract #20. The role of GPR18 in the anti-cancer 

effects of cannabis extracts needs to be further elucidated. 

BJ-5TA had much less GPR19 expression than either normal tissue or either NB 

cell line. GPR19 was discovered in 1996 and was found to have high expression in brain 

(O'Dowd et al., 1996). GPR19 can be found expressed in a variety of cells in the body, 

predominantly in the brain, but also neuroendocrine cells (Gerlach et al., 2023), which 

explains why expression of GPR19 was higher in normal human adrenal tissue and NB 

cell lines, as adrenal glands are neuroendocrine tissue and NB frequently starts in these 
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glands (Vo et al., 2014). GPR19 has been correlated with poor prognosis in melanoma, 

with its knockdown resulting in a significant decrease in viability, and invasiveness and 

migration ability (B. Song et al., 2023) and higher expression associated with poorer 

prognosis (Riker et al., 2008). GPR19 expression is also correlated with the presence of 

stem-cell like properties in glioblastoma cell lines (F¯ve et al., 2014). Its expression in 

breast cancer drives E-cadherin expression, causing a mesenchymal-to-epithelial 

transition in breast cancer cells that promotes invasiveness (Rao & Herr, 2017). However, 

given the similar expression to normal adrenal tissue, the expression pattern observed 

simply suggests that the cell lines used kept the GPR19 expression pattern of a common 

tissue of origin for NB tumors. The lower expression in BJ-5TA can be explained by 

fibroblasts not expressing high levels of GPR19. Interestingly, GPR19 was found to be 

highly expressed in mouse brains during embryonic development, and this declined with 

differentiation of the brain and with age (Hoffmeister-Ullerich, S¿sens, & Schaller, 

2004), suggesting that GPR19 may be a promising drug target for pediatric brain tumors. 

However, while many reviews list GPR19 as being part of the endocannabinoid system 

(Rezende, Alencar, de Bem, Fontes-Dantas, & Montes, 2023), there is actually no 

evidence that it is acted upon by any cannabinoid, whether endogenous, plant-based, or 

synthetic. 

GPR55 expression was absent in tumor cell lines, and substantially decreased in 

BJ-5TA cells when compared to normal tissue. An abstract from the Childrenôs Brain 

Tumor Research Centre in the UK has reported that CBD, via GPR55 agonism, can act 

on pediatric high-grade glioma and ependymoma cell lines to increase autophagy and 

apoptosis with no effects on normal astrocytes (Lockwood et al., 2020). GPR55 
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expression has been found to be higher in glioblastoma compared to normal brain tissue, 

though it is not correlated with tumor grade or patient prognosis. It was also highly 

expressed in glioblastoma stem cells. CBG was found to inhibit the proliferative actions 

of GPR55 in these cells and reduce viability of both glioblastoma cells and glioblastoma 

stem cells (T. T. Lah et al., 2022). A further study found antagonism of GPR55 with either 

CBD or selective GPR55 antagonist CID16020046 reduced glioblastoma cell growth and 

inhibited the actions of lysophosphatidylinositol, the canonical agonist of GPR55 (Kolbe 

et al., 2021). When considering GPR55 as a drug target, most studies consider 

antagonism, rather than agonism as with other cannabinoid receptors (Rempel et al., 

2013). In general, GPR55 is mainly expressed in the CNS, though there is some 

expression in the kidney (Henstridge et al., 2011), which may explain the expression from 

normal human adrenal tissue. In the CNS, there is some suggestion that high mRNA 

levels of GPR55 may not correlate to protein expression except in select brain regions 

(Henstridge et al., 2011; Ryberg et al., 2007). It is interesting that these lines that 

represent high-risk NB do not contain significant levels of GPR55, a receptor associated 

with cancer cell proliferation (Calvillo-Robledo, Cervantes-Villagrana, Morales, & 

Marichal-Cancino, 2022; Hu, Ren, & Shi, 2011). This also means we can conclude that 

response of cells to the extract is likely not due to any meaningful level of GPR55 

antagonism by any extract components. 

Especially interesting was a result finding relatively similar expression of PPAR ɹ

in normal tissue and SK-N-AS cells, but almost no expression at all in either BJ-5TA or 

IMR5 cell lines. In NB cells, PPAR ɹhas been associated with maturation and 

differentiation of those cells (Han, Greene, Pitts, Wada, & Sidell, 2001). Importantly, 
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PPARɹ has been previously found to be expressed in SK-N-AS cells, putting our results 

in line with previous data. This study also showed that agonism of PPAR ɹcould induce 

apoptosis and reduce invasiveness in this cell line, both in vitro and in vivo (Cellai et al., 

2010). Interestingly, this offers evidence for the suggestion that the anti-cancer effects of 

extract #20 are not mediated via this receptor, as SK-N-AS did not respond to extract, and 

IMR5 did despite having little to no PPAR ɹreceptor. THC has also been found to be a 

PPARɹ agonist (X. Nadal et al., 2017), and THC was one of only two cannabinoids 

contained in extract #20. It is also associated with anti-cancer effects in a variety of other 

cancers (Yousefnia, Momenzadeh, Seyed Forootan, Ghaedi, & Nasr Esfahani, 2018). 

However, other differences between these two cell lines prohibit us from making a firm 

conclusion in this regard, as there could be other factors explaining the difference in 

response to extract between the cell lines. 

 Further analysis of the mode of action of extract #20 revealed that it induced 

apoptosis in IMR5 cells and significantly increased expression of initiator caspase 9, 

executioner caspases 3 and 7, as well as increased levels of cleaved caspase 3 and 7. 

Increases in cleaved and uncleaved caspase 9 upon extract treatment suggest that 

apoptosis was mediated via the intrinsic apoptotic pathway, as caspase 9 is only cleaved 

when this pathway is activated through mitochondrial outer membrane permeabilization 

(McIlwain, Berger, & Mak, 2013; G. Sun, 2024). These results mirror other studies of 

cannabinoids in NB, though almost all of them refer to CBD, which was absent in extract 

#20 (Table 4). Hemp essential oil from a plant containing little to no THC was found to 

increase apoptosis in NB cell line SH-SY5Y with a high degree of selectivity (Ovidi et 

al., 2022), and high CBD cannabis essential oil extract also increased apoptosis in this 



 

113 

 

line (S§nchez-S§nchez et al., 2023). Pure CBD has also been found to increase apoptosis 

or apoptotic markers in NB cell lines (Alharris et al., 2019; Fisher et al., 2016). Other 

cannabinoids, such as THC (Tapia-Tapia et al., 2024; B. Wang et al., 2022) and CBN (B. 

Wang et al., 2022) have also been found to induce apoptosis in NB cells. Particularly 

interesting is that CBN can induce apoptosis in SK-N-AS cells, which were not 

responsive to this extract (B. Wang et al., 2022), further reinforcing the suggestion that 

not all cannabinoids, extracts, or cannabinoid combinations will work the same for every 

cell line (Baram et al., 2019; V. Cherkasova et al., 2022). 

 There was also a significant increase in pro-apoptotic Bax and decrease in anti-

apoptotic Bcl-2, further indicating extract #20 induced apoptosis in IMR5 cells. Both are 

members of the Bcl-2 family of proteins and control apoptosis by modulating cytochrome 

c release from the mitochondria (Hanahan & Weinberg, 2000), further indicating that the 

intrinsic or mitochondrial pathway of apoptosis was induced by extract #20. Bcl-2 acts to 

inhibit apoptosis by preventing mitochondrial outer membrane permeabilization by 

neutralizing other proteins in this family, such as Bax (Ola, Nawaz, & Ahsan, 2011). Bax, 

in contrast, oligomerizes to induce the formation of a mitochondrial outer membrane 

pore, allowing for the release of cytochrome c into the cytoplasm and consequent 

cleavage of executioner caspases, such as 3 and 7 (J¿rgensmeier et al., 1998). The ratio of 

Bax:Bcl2 is a relevant consideration as a higher ratio, indicating a greater amount of pro-

apoptotic Bax protein, indicates that the cell will proceed to apoptosis (Raisova et al., 

2001; Zeestraten et al., 2013). The Bax:Bcl-2 ratio seen after treatment is greater than 

control, further indicating that extract induces apoptosis of IMR5 NB cells. 
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 Extract #20 also modulated the progression of IMR5 cells through the cell cycle 

(Fig. 6). There was a significant increase in the number of cells in G1 and G2 phases, and 

a significant decrease in the number of cells in S phase. This indicates a block between 

G1 and S phase, as cells accumulate in G1, unable to proceed to S-phase. Similar results 

have also been seen with CBD in SK-N-SH cells, with a 2016 paper finding an increase 

in the proportion of cells in G1 and decrease in S phase indicating a G1-S block (Fisher et 

al., 2016). A 2022 study from our lab also found cell cycle modulation from cannabinoids 

via CBN inducing an increase in the number of cells in S-phase and decrease in cells in 

G2, indicating an S-phase block (B. Wang et al., 2022). However, our results may also 

indicate a block between G2 and mitosis, which has been seen after THC treatment of 

human breast cancer cells (Caffarel, Sarrio, Palacios, Guzman, & Sanchez, 2006). It is 

possible that extract #20 induces both of these effects. 

 Also relevant when considering cell cycle is the effects of extract #20 on cell 

cycle regulatory proteins. We saw a significant increase in expression of both p21 and 

p27, regulator proteins of the cell cycle. The increase in p27 expression is especially 

significant (Fig. 6B). This protein is known to inhibit the G1-S phase transition by 

binding and inhibiting CDK2 and Cyclin E expression to prevent this transition (Polyak 

et al., 1994; Razavipour, Harikumar, & Slingerland, 2020; Sherr & Roberts, 1999). This 

aligns with other western blot data showing extract #20 decreases expression of CDK2 in 

IMR5 cells, though we saw no change in expression of cyclin E. This indicates that 

regulation of CDK2 was sufficient to induce G1-S arrest in IMR5 cells. This decrease in 

CDK2, coupled with a decrease in Cyclin A, would likely block the S-G2 transition, 

though we did not see an increase in cells in S-phase, perhaps owing to the block of cells 
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entering this phase indicated by the increase of cells in G1 and increased expression of 

p27 protein. The increase in p21 likely explains the decrease in Cyclin A and CDK2 as it 

regulates both (Hengst, Gºpfert, Lashuel, & Reed, 1998; Pines, 1995). As Cyclin A is 

required to commit cells to enter mitosis after G2 (Nigg, 1995), this could explain the rise 

of cells in G2, unable to leave this phase. p21 protein is known to induce G2 arrest (Bunz 

et al., 1998). However, p21 is also known to bind and inhibit Cyclin E and CDK2 in 

response to DNA damage (Hengst et al., 1998), meaning that higher p21 may also be 

responsible in part for the increase in the number of IMR5 cells in G1, unable to enter S-

phase and replicate DNA.  

 Though the results from extract #20 are promising, they are difficult to replicate 

in clinical settings. For consistency, all experiments were done with the same small 

volume of extract. It seems likely that cannabis extracts, rather than individual 

cannabinoids, are more effective at reducing cancer cell growth (Armstrong et al., 2015; 

Baram et al., 2019; V. Cherkasova et al., 2022; Scott et al., 2014), but this limits treatment 

replicability and clinical adaptability as cannabis strains can be difficult to fully define, 

let alone reliably replicate with regard to cannabinoid content alone (Booth & Bohlmann, 

2019; Chandra, 2013). Thus, we chose to examine the components of extract #20 using 

high-performance liquid chromatography (HPLC) analysis to determine the exact 

proportions of cannabinoids and terpenes present in this extract. After creating a 

ñreconstitutedò extract containing the two cannabinoids, THC and THCA, and a total of 8 

terpenes present in large enough amounts to be able to replicate (that is, if there was not 

enough terpene in the sample, it was not possible to get a terpene solution concentrated 

enough to pipette a small enough value into cell culture media with available pipettes). 
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After 5 days of treatment, the reconstituted extract produced a 40% reduction in viability 

compared to vehicle control, remarkably close to the 65.7% reduction in viability 

generated by the extract. This result was also greater than any individual component 

tested, providing powerful and convincing evidence of the entourage effect; the 

cannabinoids and terpenes present in extract #20 together reduce cell growth more than 

any individual component. The difference in viability could be explained by the 

remaining terpenes left out of this reconstituted extract, though they would be present in 

extremely small amounts. We also did not analyze the flavonoid components of the 

extract, as flavonoids and their anti-cancer effects are as of yet fairly unstudied (Tomko et 

al., 2020). 

 After the reconstitution assay, we sought to investigate if any individual terpene 

components could recapitulate some of the anti-cancer effects seen with extract #20. 

Based on results from IMR5 and another tumor cell line, BT12 (see Chapter 3), we 

selected the terpenes citronellol, Ŭ-cedrene, and valencene.  

Citronellol is an acyclic monoterpene found in plants such as fruits, herbs, and 

spices, though notably in plants of the genera Cymbopogon and Citrus ("PubChem 

Compound Summary for CID 8842, beta-CITRONELLOL, (+/-)-," ; Santos et al., 2019). 

It has been shown to have anti-microbial, anti-inflammatory, and anti-cancer effects 

(Santos et al., 2019). There is also evidence of its cytotoxicity to breast, prostate, cervical, 

and lung cancer cell lines and ability to modulate cell cycle progression (Y. Ho et al., 

2020; Yu et al., 2019). It has also been found to induce apoptosis (Y. Ho et al., 2020; 

Salehi et al., 2023) and necrosis (Yu et al., 2019) in vitro. It has also been studied in vivo 

and found to reduce lung cancer burden (Yu et al., 2019) and prevent breast tumor 
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incidence (Jayaganesh et al., 2020) in mice. In IMR5 cells, it initially produced a 32.8% 

reduction in cell viability at a concentration of 0.215 nM, the same concentration as was 

present in 15 ˃g/ml extract #20. However, when attempting to determine the safe dose 

range, it produced minimal to no decrease in viability at concentrations up to 100 nM, 

which produced an 85.1% reduction in viability after 96h, compared to vehicle. 400 nM 

also produced a decrease of 66.5% in viability, but all higher concentrations up to 102.4 

M˃ produced little to no change in viability. We theorized this could be due to some form 

of negative feedback, whereby an abundance of terpene inadvertently triggers a 

downstream process that ñturns offò the effect it was having, in this case on cell viability. 

Interestingly, this paralleled results in another tumor cell line (see Chapter 3) and in the 

terpene Ŭ-cedrene, which also was only effective at limiting cell viability at 100 nM upon 

further testing. Other studies have found that citronellol decreases cell growth in HeLa 

cervical cancer cells (Salehi et al., 2023) and breast cancer cells (Y. Ho et al., 2020). We 

decided to continue to investigate the possible anti-cancer mechanisms of citronellol with 

100 nM. Citronellol did produce a slight increase in caspase 3, but decreased the 

Bax:Bcl-2 ratio by increasing Bcl-2 expression and decreasing Bax expression. It also 

decreased the number of cells in early apoptosis. Thus, the reduction of cell viability from 

citronellol was not due to induction of apoptosis, and citronellol alone is not responsible 

for extract #20ôs ability to induce apoptosis in cancer cells. When investigating its effects 

on the cell cycle, we found that citronellol increased levels of p21 and p27 cell cycle 

regulatory proteins, though there was no significant change in the number of cells in any 

phase of the cell cycle. This indicates that citronellol may be involved in regulating the 

cell cycle by increasing expression of p21 and p27 and may inhibit viability in this way. 



 

118 

 

This contrasts other results that find citronellol able to induce G2/M phase arrest in the 

cell cycle in breast cancer at a concentration of just 1nM (Y. Ho et al., 2020), though this 

does support the idea that citronellol may be inhibiting the viability of IMR5 cells by 

modulating cell cycle progression. 

The terpene Ŭ-cedrene is a sesquiterpene found in plants such as cedar and 

juniper, but also in edible plants such as celery, tarragon, blueberry, and a few herbs 

(Adams, 1987; Johnston et al., 2001; "PubChem Compound Summary for CID 6431015, 

alpha-Cedrene,"). Unfortunately, there is as of yet no research into it individually, nor is 

there evidence of its anti-cancer effect, though it is present in plant extracts with anti-

microbial (Johnston et al., 2001; Lin et al., 2012; Su et al., 2012) and anti-cancer (Su et 

al., 2012) effects. It is, however, safe and well-tolerated in vivo (T. H. Kim et al., 2015; 

Tong et al., 2019), making it a fine choice as a drug candidate. It produced a decrease in 

viability again at 100 nM, with the same pattern of producing a 43.3% reduction in 

viability in the original reconstitution assay at a concentration of 0.29 nM, then no 

response until 100 nM, which produced a 69.6% decrease, and once again, no decreases 

in viability at any higher concentrations. Thus, we hypothesized that a similar negative 

feedback process could be occurring, as with citronellol, though we did not investigate 

this further. Ŭ-cedrene produced a small but significant increase in the proportion of cells 

in early apoptosis (Fig. 10), though it, like citronellol, reduced the Bax:Bcl-2 ratio via 

increased expression of Bcl-2, though to a slightly lesser extent than the increase seen 

from citronellol, and decreased expression of Bax. There were also no significant changes 

in the number of cells in any phase of the cell cycle, and there was a significant increase 

in p27, but no change in p21. This suggests that either apoptosis or cell cycle modulation 
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may be involved in Ŭ-cedreneôs alteration of IMR5 cell viability to a small extent, but that 

Ŭ-cedrene does not on its own meaningfully contribute to the anti-cancer activities of 

extract #20. 

Valencene is sesquiterpene found in citrus plants, especially sweet oranges and 

Valencia oranges, from which the compound derives its name (Furusawa et al., 2005; Y. 

Song et al., 2024). Valencene has been well-studied for its anti-inflammatory properties, 

both in vitro and in vivo (S. Chen et al., 2023; Dantas et al., 2022; Jin et al., 2011; Shervin 

Prince et al., 2022; Tsoyi et al., 2011). It has been demonstrated to have anti-cancer 

effects against cell lines for cervical cancer (K. Liu et al., 2012), melanoma (Nam et al., 

2016), gastric cancer (Ambroz et al., 2015; Haghighi et al., 2017), colon cancer, breast 

cancer, and leukemia (Ambroz et al., 2015). Despite this, we saw no reduction of viability 

with valencene upon further testing to investigate a safe dose range (Suppl. Fig. 2). 

Valencene also did not affect the viability of normal cells (Suppl. Fig. 2). Thus, we did 

not further investigate valenceneôs abilities in IMR5 with regard to apoptosis or cell cycle 

regulation. 

 In conclusion, we demonstrated that whole cannabis extract has an anti-cancer 

effect against NB cell line IMR5, decreasing viability via intrinsic apoptotic pathways 

and cell cycle modulation consisting of significant increases in regulatory proteins 

contributing to blocks from G1-S and G2-M. This is in line with previous results of the 

anti-cancer effects of individual cannabinoids on NB cell lines, though notably none yet 

on this particular cell line. We also saw that cell line SK-N-AS did not respond to this 

extract treatment. An obvious difference between these two lines is that SK-N-AS has a 

p53 mutation which does not allow nuclear localization. This could affect the ability of 
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SK-N-AS NB cells to activate p21 and p27 cell cycle regulators, and affect its ability to 

induce apoptosis. Interestingly, extract #20 was still the most effective on this cell line out 

of all tested extracts (Suppl. Fig. 1). However, further investigation of this line, perhaps 

with ectopic expression of WT-p53, would be needed to confirm this hypothesis. We also 

demonstrated that the effect of extract #20 on cancer growth is greater than the sum of its 

parts, so to speak. None of the cannabinoid or terpene components, when present 

individually in the same levels as effective concentration of extract, produced similar 

reductions in viability, and even terpenes highly effective at reducing viability did not 

display the same anti-cancer effects of whole extract. It would be interesting to 

investigate the effects of reconstituted extract, containing the two cannabinoids and top 8 

terpenes, and see whether it recapitulated the anti-cancer apoptotic and cell cycle 

modulatory effects. As whole cannabis extract is difficult to replicate by growing plants 

identically such that they produce the same cannabinoid and terpene profile, it would be 

interesting to see if cannabis plants could instead be profiled for interesting entourage 

effect combinations of terpenes and cannabinoids. A high-throughput drug screening 

approach to rapidly test a variety of cannabis extracts on a variety of cell lines could yield 

interesting correlations that point to the development of more advanced treatments.  
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CHAPTER 3: WHOLE CANNABIS EXTRACT INDUCES APOPTOSIS AND 

CELL CYCLE ARREST IN ATYPICAL TERATOID/RHABDOID TUMOR CELL 

LINES BT12 AND BT16 

Introduction 

 First identified in 1996, atypical teratoid/rhabdoid tumors (AT/RTs) are named for 

their rhabdoid cell morphology, similarity to teratomas, and atypical cell makeup (Rorke, 

Packer, & Biegel, 1996) and are characterized by their rapid growth, poor prognosis, and 

occurrence primarily in young children (Lau, Mahendraraj, & Chamberlain, 2015). 

AT/RTs are commonly located in the cerebellum, ventricles, or frontal lobe, are often 

over 4cm, and are more frequently diagnosed in male Caucasian children under 3 years 

old (Lau et al., 2015) though their median age at diagnoses is 1.4 years (Dufour et al., 

2012). They were added to the World Health Organization Classification list for pediatric 

brain tumors only in 2000 (Woehrer et al., 2010). Diagnostic criteria includes 

histopathological findings of rhabdoid cells and polyphenotypic immunopositivity along 

with a loss of SMARCB1/INI1 or SMARCA4/BRG1 (Biswas, Kashyap, Kakkar, Sarkar, 

& Julka, 2016).  

AT/RTs are frequently misdiagnosed as other pediatric central nervous system 

tumors, and this misdiagnosis may lead to inappropriate treatment and poorer survival 

rates (Athale, Duckworth, Odame, & Barr, 2009; Rorke et al., 1996; Woehrer et al., 

2010). Even when correctly diagnosed, there are currently no standard guidelines on the 

best treatment for AT/RT (Berland et al., 2017; Biswas et al., 2016; Lafay-Cousin et al., 

2012). Prognosis is typically poor for children under two, those with metastases, and 

those with strong claudin-6 positivity (Dufour et al., 2012). Typical treatment is 
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multimodal to match the tumorôs level of aggression, involving surgical resection 

followed by intralumbar and intrathecal chemotherapy (Chi et al., 2009; Reddy, 2005). 

Gross total resection is associated with improved outcomes (Schrey et al., 2016) and 

systematic chemotherapy is commonly used, though no uniform protocol exists (Ginn & 

Gajjar, 2012; Slavc et al., 2014). The patientsô young age predisposes them to the risk of 

neurological and cognitive impairments following radiotherapy, and as a result it is not 

typically used in younger patients, though it can be a crucial part of therapy for patients 

over 3 years old, with craniospinal irradiation recommended (Dardis et al., 2017). High-

dose chemotherapy with stem cell rescue has also shown improved outcomes (Schrey et 

al., 2016). Research into novel therapies such as immunotherapy and targeted therapies, 

is ongoing (Nesvick et al., 2020). 

Despite treatments, AT/RT has a high relapse rate of 40-75% upon first-line 

treatment, indicating the need for novel therapies, especially for refractory disease. 

Intense treatments present the challenge of balancing tumor control with treatment related 

toxicity, particularly in extremely young pediatric patients (Gastberger et al., 2023). 

Though rare, toxic deaths have occurred from current treatment strategies (Athale et al., 

2009; Biswas et al., 2016; Lafay-Cousin et al., 2012) and the genetic heterogeneity of 

AT/RT tumors complicates the development of targeted therapies, necessitating 

personalized approaches. AT/RT also has a low number of mutations, which may 

contribute to resistance to single targeted agents, as these typically occur from specific 

mutations that give cancer cells an identifiable target, and further necessitate combination 

therapy; indeed, targeted treatments show limited success as single agents, underscoring 

this need (Gastberger et al., 2023).  
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 Cannabis has a long history of use in medicine, with the plant and its components 

having been used to manage pain, anxiety, depression, and fatigue in patients with cancer 

(Gowin et al., 2024). The exploration of cannabis as an anti-cancer therapy began with 

the discovery in 1975 of cannabinoids THC and CBN inhibiting growth of Lewis lung 

adenocarcinoma in vivo (Munson et al., 1975). The past 3 decades in particular have seen 

an explosion in researching the anti-cancer effects of cannabis, after the endogenous 

cannabinoid receptors CB1 and CB2 were discovered and cloned in the 1990s (Matsuda 

et al., 1990; Munro et al., 1993; Sledzinski et al., 2018). These receptors are one of the 

primary ways cannabinoids exert their anti-cancer effects, and together with endogenous 

cannabinoids in the body make up the endocannabinoid system. CB1 is present primarily 

in the CNS, and CB2 is present primarily in peripheral tissues, particularly immune 

(Nigro, Formato, Crescente, & Daniele, 2021). The anti-cancer effects and mechanisms 

of cannabis have been well studied in adult tumors. These mechanisms include both cell 

death from apoptosis and autophagy, as reviwed in (Calvaruso et al., 2012; O. Kovalchuk 

& Kovalchuk, 2020; Sledzinski et al., 2018; Guillermo Velasco et al., 2016; G. Velasco et 

al., 2016), reduced cell proliferation and survival signals, as reviewed in (Pisanti et al., 

2013; Pyszniak et al., 2016), reduced invasion and metastasis, and modulation of the cell 

cycle, as reviewed in (Guindon & Hohmann, 2011; Pisanti et al., 2013; Pyszniak et al., 

2016). Cannabinoids often exert some of these effects through the induction of oxidative 

stress in cancer cells, as evidenced by the impact of cannabinoids on membrane lipids and 

the inhibition of cytochrome c oxidase activity, which contributes to cancer cell mortality 

(S§nchez-S§nchez et al., 2023). Though not as well studied, there is some evidence of the 

anti-cancer effects of cannabis in pediatric tumors as well, such as leukemia and 
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neuroblastoma, among others, as reviewed in (Clara Andradas et al., 2021; Malach et al., 

2022). 

 Cannabis has not yet been studied in AT/RT as these tumors are extremely rare, 

but cannabis has been studied in other pediatric brain tumors. Synthetic CB2 agonists and 

antagonists were found to reduce viability of pediatric glioma cells (Hamilton et al., 

2024). THC and CBD were also found to reduce growth of medulloblastoma and 

ependymoma, models of pediatric embryonal brain tumors. Both cannabinoids inhibited 

cell cycle progression and induced autophagy, though in vivo animal results did not show 

a survival benefit. Notably, the cannabinoids improved symptoms and did not interfere 

with chemotherapy treatment (Clara  Andradas et al., 2021). An ongoing clinical study at 

the Childrenôs Hospital Colorado is also investigating the use of cannabis on quality of 

life in pediatric brain tumor patients, though they have not yet reached any conclusions 

on its effects (Dorris et al., 2018). A study published as an abstract also found that CBD 

reduced the viability of pediatric high grade glioma cells, though the full paper has yet to 

be published (Faulkes, Lockwood, OôSullivan, Grundy, & Storer, 2020). Cannabis has 

also been fairly well studied in another pediatric nervous system tumor, neuroblastoma. 

Cannabis extracts and phytocannabinoids can inhibit the viability of the SHSY-5Y 

neuroblastoma cell line (S§nchez-S§nchez et al., 2023; Tapia-Tapia et al., 2024) and 

within our own lab, CBN has been shown to potently inhibit neuroblastoma proliferation, 

migration, and angiogenesis (B. Wang et al., 2022). 

Cannabis has been very well studied, however, in adult brain tumors, with a 

multitude of studies on glioma and glioblastoma multiforme. The phytocannabinoid 

cannabidiol (CBD) has been found to affect molecular pathways and inhibits proliferation 
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and invasion of U87-MG and T98G glioma cells (Solinas et al., 2013). CBD has also 

been shown to cause oxidative stress, autophagy, and ferroptosis, another form of 

programmed cell death, in GBM cell lines (N. Y. Kim, Shivanne Gowda, Lee, Sethi, & 

Ahn, 2024) and induce mitophagy, or autophagy specifically of the mitochondria, via 

TRPV4 (Huang et al., 2021). A nanoemulsion containing both CBD and THC was also 

found to decrease the growth of C6 glioma cells in vivo (Mobaleghol Eslam et al., 2024). 

The results of many other studies in these adult tumors has revealed many mechanisms 

whereby CBD and THC inhibit viability, induce apoptosis and autophagy, inhibit cell 

cycle progression, and alter invasiveness and metastatic ability, as reviewed in (Kyriakou, 

Yarandi, & Polycarpou, 2021). Crucially, cannabinoids THC and CBD together in equal 

proportions in a drug known as Sativex have been shown to potentiate the efficacy of the 

anti-GBM drug temozolomide (TMZ) (L·pez-Valero et al., 2018), which has led to Phase 

I (Twelves et al., 2021) and recently, Phase II clinical trials of this pairing in glioblastoma 

patients (Bhaskaran et al., 2024). Altogether, there is a strong evidence base for the 

effectiveness of cannabis in adult brain tumors, and an emerging, but promising evidence 

base for the effectiveness of cannabis in pediatric brain tumors. 

 There is also evidence of an entourage effect with cannabis, though it is relatively 

understudied. The entourage effect is a type of synergy between multiple minor 

phytocannabinoids may enhance the effectiveness of the main phytocannabinoids THC 

and CBD, or that THC and CBD may interact with each other to do this, whether directly 

or indirectly (Lowe et al., 2021; Marcu et al., 2010; McPartland & Russo, 2001; Scott et 

al., 2017; Tomko et al., 2020; Torres et al., 2011). Another component of cannabis that 

may contribute to the entourage effect are terpenes, naturally occurring compounds found 
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primarily in plants such as cannabis. Many of the terpenes found in cannabis have 

medicinal properties (Cox-Georgian et al., 2019; Nuutinen, 2018), and this includes anti-

cancer properties as well (Lesgards et al., 2014). Some papers have found evidence of the 

entourage effect via studies of cannabinoids mixed with botanical drug solutions (BDS) 

containing other components of cannabis whereby the extra components of the BDS 

potentiated the anti-cancer effects of the cannabinoids, thus demonstrating that these 

extra components create synergy not seen with individual cannabinoids alone, AKA the 

entourage effect (Scott et al., 2014), though others have found that BDS does not 

enhance, but also does not inhibit, these effects (Armstrong et al., 2015; Torres et al., 

2011). However, the components of the BDS may differ, making comparisons difficult 

between studies. It is also likely that various tumors respond differently to different 

cannabis components, and different mixtures may be required for individual tumors to 

generate the greatest medicinal effect (Baram et al., 2019; V. Cherkasova et al., 2022). 

For example, a recent study reported that the extract of a cannabis strain and its fractions 

had cytotoxic, anti-proliferative, and anti-migratory effects against glioblastoma 

multiforme (GBM) cell lines and glioma stem cells (Peeri et al., 2021), and a more recent 

study demonstrated that various cannabis extracts could cause cell death in 

neuroblastoma and leukemia cell lines (S§nchez-S§nchez et al., 2023). 

 This paper investigates the anti-cancer effects of cannabis extracts on cell lines 

BT12 and BT16, cell line models of AT/RT by analyzing their ability to affect cell 

proliferation and cell death. This study was done concurrently with an investigation into 

the same effects of cannabis extracts on cell lines for neuroblastoma, another aggressive 

pediatric nervous system tumor (see chapter 2). 
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Methods 

Main reagents 

All reagents used have been described in chapter 2 and do not differ. 

Cell culture and maintenance 

Human lung normal fibroblast WI-38 (CCL-75, ATCC), human normal microglial 

cell line (CRL-3304, ATCC), and human AT/RT cell lines BT12 and BT16 (a generous 

gift from Dr. Aru Narendranôs lab at the University of Calgary) were each individually 

grown in Eagleôs Minimum Essential Medium (Cat# 320-036-CL, WISENT INC., 

Quebec, Canada), and supplemented with a final concentration of 10% heat-inactivated 

Fetal Bovine Serum (Cat# 97-068-085, VWR International LLC, Radnor, USA).  

Human foreskin normal BJ-5TA cell lines (CRL-4001, ATCC) grown in 

Dulbeccoôs Modified Eagleôs Medium (Cat# 319-005-CL, WISENT INC., Quebec, 

Canada) supplemented with a final concentration of 10% heat-inactivated Fetal Bovine 

Serum (Cat# 97-068-085, VWR International LLC, Radnor, USA). 

All cells were incubated at 37oC in a humidified atmosphere of 5% CO2. The 

culture medium was replaced with fresh complete medium every 48-72 h depending on 

cell growth and proliferation until cell confluency reached 90% or greater. After this, cells 

were either removed from the plate with 2 ml TRYPSIN/EDTA (0.25% Trypsin and 2.21 

mM EDTA-4Na, Cat#325-043-EL, WISENT INC., Quebec, Canda), neutralized with 4 

ml of their respective growth medium, and centrifuged at 1500 rpm for 5 minutes at 4oC. 

After this, cells were either resuspended on 100 mm plates for further growth, or frozen 

in growth medium with 10% filtered DMSO added for a total of 2 ml aliquots and stored 
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at -80oC. Cells retrieved from frozen storage were thawed for Ò5 min at 37oC and added 

to a plate with 10 ml of warmed media and incubated undisturbed for at least 24 h. 

Human Adult Normal Brain Cerebellum Tissue Total Protein (Cat#P1234041, 

BioChain, Newark, USA) was kept at -20oC until needed for use in western blotting, at 

which point it was quantified and prepared the same as samples (see ñWestern blot 

analysis,ò page 76). 

Cell viability test 

This assay was done as described in chapter 2. 

Exposure of cancer cells to cannabis extracts, cannabinoids, and terpenes 

This was done as described in chapter 2. 

Western blot analysis 

This was done as described in chapter 2. 

Flow cytometry 

This was done as described in chapter 2. 

Extract Composition Analysis 

This was done as described in chapter 2. 

Statistical analysis 

This was done as described in chapter 2. 

Results 
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Differential expression of cannabinoid receptors in AT/RT cell lines BT12 and BT16 

as compared to normal human brain 

 Cannabinoids act on cells largely via cannabinoid receptors, hence, to determine 

the ability of AT/RT cell lines to respond to cannabis extracts, we first determined 

expression of cannabinoid receptors CB1, CB2, GPR18, GPR19, GPR55, and PPARɔ. We 

used commercial available normal adult human brain tissue protein as a normal tissue 

control for these tumors, as they are frequently located in the brain. Thus, we were able to 

determine if expression of these cannabinoid receptors was present, and how it compared 

to the normal environment of these tumors. 
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Figure 13. Expression levels of cannabinoid receptors in normal human brain tissue 

and AT/RT cell lines BT12 and BT16. Briefly, quantification was done 3 times for all 

protein bands, then band values for proteins of interest were normalized to GAPDH band 

values. Cell lines were also normalized to expression in normal brain tissue protein, 

which was our control for this experiment. Graphs represent mean normalized values 

ÑSD, n=3 where n refers to independent measurements in ImageJ, as described in 

methods. Significance was assessed using the studentôs t-test, two tailed, unequal 

variances, and the Bonferroni correction for multiple comparisons. Comparisons were 

between normal brain tissue protein and each individual cell line. 
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 Expression of all receptors was elevated in BT12 and BT16 cell lines, and this 

expression difference was dramatic for all receptors except PPARɔ, for which expression 

levels were not different than normal brain tissue. The most dramatic increase was for 

CB2, where BT12 and BT16 cells had a 59- and 88-fold greater expression of this 

receptor than seen in normal brain tissue, respectively (Fig. 13). Elevations of both CB1 

and GPR18 in both cell lines were similar compared to normal brain tissue. Interestingly, 

the expression of GPR55 is elevated to only 6 times that of normal brain tissue in BT12 

cells, while it is 17 times greater than normal brain tissue in BT16 cells. 

 Overall, both cell lines express normal to very high levels of all receptors 

investigated, making them excellent candidates for testing with cannabis extracts and 

cannabinoids. 

Cannabis extracts #4, #20, #28, and #41 have no significant effect on the viability of 

normal cells while significantly decreasing the viability of AT/RT cell lines 

 Next, we proceeded to evaluate four high-performing whole cannabis extracts (as 

shown by their effectiveness against a large number of other tumor cell lines in our lab) 

for their growth inhibitory activity against BT12 and BT16 cells. These extracts were also 

tested on normal cell line BJ-5TA. Cells were treated for a total of 7 days and response to 

each extract was measured by MTT assay. The four extracts, known as #4, #20, #28, and 

#41, have all been demonstrated to be effective at reducing the viability of other cancer 

cell lines within our lab at a concentration of 15 ˃g/ml.  
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Figure 14. The effect of 15ɛg/ml of cannabis extracts #4, #20, #28, and #41 on 

normal human fibroblast cell line BJ-5TA (top) and AT/RT cell lines BT12 (bottom 

left) and BT16 (bottom right). Data represents the mean normalized absorbance values 

at 595nm, Ñ % error, n=3. Normalization was the absorbance value of untreated (UT) 

cells on the final day of treatment for DMSO treated cells, and to the mean absorbance 

value of DMSO treated cells on the final day of treatment for extract treated cells. 

Significance was assessed using the studentôs t-test, two tailed, unequal variance, and the 

Bonferroni correction for multiple comparisons. * indicates p<0.025, ** indicates p<0.01, 

and brackets indicate significant differences between two means on the final day of 

treatment. 

 Fig. 14 demonstrates that none of the extracts tested had a significant effect on the 

viability of the normal cell line BJ-5TA. Fig. 13 also shows that while all extracts 

significantly decreased the viability of BT12 and BT16 cells, extract #20 was most 

efficacious.  

At a concentration of 15 ˃g/ml, extract #20 does not significantly impact the viability 

of normal cells, but significantly decreases the viability of AT/RT cells 
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 We sought to determine if the effect of extract #20 on AT/RT cells was dose 

dependent; that is, if viability decreased as dose increased. In addition, we included 

another normal cell line for analysis, adding normal human small intestine epithelial cell 

line HSIEC. A dose range of 1, 5, 10, 15, 20, and 25g˃/ml was selected and tested first on 

normal cell lines. Fig. 15 demonstrates that only the doses of 25ɛg/ml and 20ɛg/ml 

significantly decreased the viability of all normal cell lines, while a dose of 15ɛg/ml did 

not affect the viability of normal cells. 

 Fig. 15 also shows the results of the same dose range study for BT12 and BT16 

cells. The three highest doses had a significant impact on cell viability after 7 days of 

treatment. Given that 15ɛg/ml was safe for all normal cell lines and efficacious at 

reducing the viability of both AT/RT cell lines, we next sought to determine the 

mechanism behind this decrease in viability. 
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Figure 15. The effects of 1, 5, 10, 15, 20, and 25 ɛg/ml of extract #20 over 6 days of 

treatment on normal cell lines BJ-5TA (top left), HSIEC (top right) and AT/RT cell 

lines BT12 (bottom left) and BT16 (bottom right). Data represents the mean 

normalized absorbance values at 595nm, Ñ % error, n=3. Normalization was the 

absorbance value of untreated (UT) cells on the final day of treatment for DMSO treated 

cells, and to the mean absorbance value of DMSO treated cells on the final day of 

treatment for extract treated cells. Significance was assessed using the studentôs t-test, 

two tailed, unequal variance, and the Bonferroni correction for multiple comparisons. * 

indicates p<0.025, ** indicates p<0.01, and brackets indicate significant differences 

between two means on the final day of treatment. 

A dose of 15˃g/ml of extract #20 significantly increases early apoptosis in BT12 and 

total apoptosis in BT16 cells 



 

135 

 

 

Figure 16. The effects of 72 hours of 15ɛg/ml extract #20 treatment on apoptosis in 

AT/RT cell lines BT12 and BT16. (A) After treatment, cells were harvested for 

apoptosis as described in methods and analyzed by flow cytometry. For BT12, early 

apoptosis is shown, and for BT16, total apoptosis is shown. Data represent the mean ÑSD 

(n=3). (B) After treatment, cells were harvested, and western blotting was carried out as 

described in methods with all indicated antibodies. Briefly, quantification was done 3 

times for all protein bands, then band values for proteins of interest were normalized to 

GAPDH band values. Extract #20-treated cell data were then normalized to DMSO 

treated cell data, and data for only extract-treated cells is presented in a bar graph. DMSO 
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treated cell data, whose value would be equivalent to one, is indicated by the dotted red 

line on this graph. Graphs represent mean normalized values ÑSD, n=3 where n refers to 

independent measurements in ImageJ, as described in methods. Significance was 

assessed using the studentôs t-test, two tailed, unequal variances, and the Bonferroni 

correction for multiple comparisons. Comparisons were between normal brain tissue 

protein and each individual cell line. 

 Determination of apoptosis was done using PI and annexin V staining to assess 

the state of phospholipid membrane flipping and DNA damage present in cells after 

treatment with 15˃g/ml extract #20 for 72h. To reiterate, cells in Q2 have high Annexin V 

staining indicating membrane flipping in early apoptosis, and cells in Q4 have both high 

Annexin V staining and high PI staining indicating both membrane flipping and DNA 

visibility seen in late apoptosis. Total apoptosis consists of the sum of Q2 and Q4.  

 Fig. 16A demonstrates the increase in apoptosis that occurred in both BT12 and 

BT16 cell lines. For BT12, there was a significant increase in early apoptosis, shown in 

Q2 and as a graph. For BT16, there was a significant increase in total apoptosis, shown to 

the top right of the flow cytometry results and as a graph. 

 Western blotting of caspases 3, 6, 7, and 9 and of key apoptotic regulatory 

proteins Bax and Bcl-2 was also performed to better elucidate the mechanism by which 

apoptosis was occurring in these cells. For both cell lines, a significant increase in 

cleaved caspase 3 was seen, though it was more profound in BT12 cells at a 3-fold 

increase than only a 1.5-fold increase in BT16 cells (Fig. 16). Interestingly, a significant 

decrease in cleaved caspase 7 expression and procaspase 9 expression was also seen. 

Caspase 7 showed no change in expression between the two cell lines (Fig. 16B).  

 There was no significant change in Bax expression for BT12, but a significant 

1.2-fold increase in Bcl-2, resulting in a decrease in the Bax/Bcl-2 ratio, though it 
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remained positive (Fig. 16B). However, in BT16 cells, there was a significant 1.6-fold 

increase in Bax and a significant 1.75-fold decrease in Bcl-2, increasing the Bax/Bcl-2 

ratio (Fig. 16B). 

Application of 15 ˃g/ml impacts cell cycle in both AT/RT cell lines 
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Figure 17. The effects of 72 hours of 15ɛg/ml extract #20 treatment on cell cycle and 

related proteins for AT/RT cells BT12 and BT16. (A) After treatment, cells were 

harvested for cell cycle as described in methods and analyzed by flow cytometry. Data 

represent the mean ÑSD (n=3). (B) After treatment, cells were harvested and western 

blotting analysis with the designated primary antibodies was carried out as described in 
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ñmethods.ò Briefly, quantification was done 3 times for all protein bands, then band 

values for proteins of interest were normalized to GAPDH band values. Extract #20-

treated cell data were then normalized to DMSO treated cell data, and data for only 

extract-treated cells is presented in a bar graph. DMSO treated cell data, whose value 

would be equivalent to one, is indicated by the dotted red line on this graph. Graphs 

represent mean normalized values ÑSD, n=3 where n refers to independent measurements 

in ImageJ, as described in methods. Significance was assessed using the studentôs t-test, 

two tailed, unequal variances, and the Bonferroni correction for multiple comparisons. 

Comparisons were between normal brain tissue protein and each individual cell line. 

 We next explored the effects of 15g˃/ml extract #20 on the cell cycle. BT12 and 

BT16 cells were treated with extract #20 for 72h and then analyzed using a FACS. There 

was a significant increase in the number of BT12 cells in G2 phase of the cell cycle, and a 

significant decrease in the number of BT12 cells in S phase, down to almost 0 (Fig. 17A).  

Western blotting was then done to better understand the mechanism of how these 

cell cycle changes were occurring. There was a small but significant decrease in p21 

expression seen in BT12 cells, combined with no change in CDK2 expression and a large 

and significant decrease in Cyclin E expression (Fig. 17B).  There was also a large and 

significant increase in expression of p27 in BT12 cells, and significant increases in 

expression of CDK1 and Cyclin A (Fig. 17B). 

 Despite no apparent changes in cell cycle distribution in BT16 (Fig. 17A), there 

was a substantial increase in expression for regulator proteins p21 and p27 in BT16 cells 

after extract treatment (Fig. 17B), coupled with significant decreases in CDK1 and 2 and 

Cyclin E and A. 

Reconstituted extract #20 is nearly as effective as whole extract #20 at inhibiting cell 

viability in BT12, but not BT16 cells 
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Figure 18. The effects of treatment with cannabinoids and terpenes present in their 

original concentrations in extract #20 on the viability of AT/RT cell lines BT12 and 

BT16. Data represents the mean normalized absorbance values at 595 nm, Ñ % error, 
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n=3. Normalization was the absorbance value of untreated (UT, data not shown) on the 

final day of treatment for DMSO treated cells, and to the mean absorbance value of 

DMSO treated cells on the final day of treatment for cannabinoid, terpene, combination, 

and extract treated cells. Significance was assessed using the studentôs t-test, two tailed, 

unequal variance, and the Bonferroni correction for multiple comparisons. 

 Despite the effectiveness of whole cannabis extract #20, whole cannabis extracts, 

like other plant-based extracts, are rather difficult targets for drug development for 

clinical use.  Therefore, using the extract composition as reference point, we proceeded to 

analyse the effects of key cannabinoids and terpenes on BT12 and BT16 cells. The 

makeup of extract #20 was established (Table 4) and was used for reconstitution 

experiments, as described previously. In addition, to determine if one or multiple 

individual components of the extract was exerting most of the anti-cancer effect, cells 

were treated with the extract components individually at the same dose as present in the 

extract and the combination treatment. Cells were analyzed via MTT assay over 7 days of 

treatment. 

 As seen in Fig. 18, whole extract was most effective at reducing viability of BT12 

cells compared to combined and individual treatments. Whole extract decreased viability 

of the cells by 55% after 6 days of treatment, while whole reconstituted extract only 

decreased cell viability by 47%. Interestingly, the terpene citronellol decreased cell 

viability by 39% after 6 days of treatment. This indicates that a great deal of the effect of 

reconstituted extract was driven not by cannabinoids THC or THCA (which decreased 

cell viability by only 7% and 0%, respectively), but largely by just one terpene. 

 Despite earlier data showing the cell line BT16 was sensitive to this extract, we 

found in this experiment that it was not responding to whole extract any longer (Fig. 18). 

This apparent lack of response was independently reproduced (data not shown). To 
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confirm this change in responsiveness to extract #20 was isolated to just this cell line, 

extract #20 was re-tested on BT12 cells, which were still sensitive to its effects, 

confirming the extract had not meaningfully changed (data not shown). Thus, further 

investigation was done with BT12 cells only to determine interesting individual terpene 

results.  

Terpenes citronellol and -hcedrene, but not valencene, inhibit the viability of only 

BT12 AT/RT cells, while having no effect on normal microglial cells 

As the next step, we sought to investigate the dose-response effect of citronellol, 

as well as what mechanistic effect they might have on BT12. We also chose to use the 

terpene Ŭ-cedrene due to results from another pediatric tumor line showing response to 

both citronellol and Ŭ-cedrene. A dose range for each terpene was established based on 

their molar concentration in the reconstituted extract. Dose ranges for all terpenes started 

lower and went higher than the concentration of the individual terpenes in 0.015 ˃g/ml 

extract #20. We reasoned that terpenes may still be effective at slightly lower doses, but 

we were also interested in potentially greater efficacy at a slightly higher dose. 

 Dose ranges were first tested on normal microglial cell lines HMC3 to ensure the 

given doses were safe for use on normal cells. Figs. 19A and 20A illustrate that all doses 

of citronellol (0.02 nM, 0.07 nM, 0.2 nM, 0.6 nM, 1.8 nM, 5. 4nM, 16.2 nM, and 48.6 

nM, original concentration in reconstitution assay 0.215 nM), and Ŭ-cedrene (0.03 nM, 

0.1 nM, 0.3 nM, 0.9 nM, 2.7 nM, 8.1 nM, 24.3 nM, and 72.9 nM, original concentration 

in reconstitution assay 0.29 nM) had no significant effect on either cell line after 6 days 

of treatment. Data for valencene (0.01 nM, 0.03 nM, 0.1 nM, 0.3 nM, 0.9 nM, 2.7 nM, 
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8.1 nM 24.3 nM, original concentration in reconstitution assay 0.13 nM) can be found in 

Suppl. Fig. 3, as this terpene failed to inhibit viability of BT12 cells at any higher doses. 

 

Figure 19. Dose-response (low doses) of citronellol on (A) normal microglial cell line 

HMC3 and (B) AT/RT cell line BT12. Data represents the mean normalized absorbance 

values at 595nm, Ñ % error, n=3. Normalization was the absorbance value of UT on the 

final day of treatment for DMSO treated cells, and to the mean absorbance value of 

DMSO treated cells on the final day of treatment for terpene treated cells. Significance 

was assessed using the studentôs t-test, two tailed, unequal variance, and the Bonferroni 

correction for multiple comparisons. 

  Within the lower dose range, neither of the tested doses had a significant effect 

on BT12 cells (Figs. 19B, 20B). Interestingly, the strength of effect of a higher dose of all 

terpenes than those used in the original reconstitution assay no longer produced a 

significant difference in cell viability when compared to vehicle treated cells. Further 
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testing of all terpenes at higher doses yielded interesting results, showing that 0.1 ˃M of 

citronellol and -hcedrene and 0.4 ˃M of citronellol both produced a significant difference 

in viability compared to vehicle control, though higher concentrations of either terpene up 

to 102.4 ˃M failed to produce such an effect (Figs. 19B, 20B). The lower dose of 

citronellol also produced a comparatively greater decrease in viability than the higher 

dose (Figs. 19B). Valencene also failed to produce any significant effect on cell viability 

at any concentration with further testing (Suppl. Fig. 3). These results indicate that while 

terpenes citronellol and -hcedrene can inhibit cell viability, it is not necessarily dose-

dependent. 
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Figure 20. Dose-response (low doses) of Ŭ-cedrene on the viability of (A) normal 

microglial cell line HMC3 and (B) AT/RT cell line BT12. Data represents the mean 

normalized absorbance values at 595 nm, Ñ % error, n=3. Normalization was the 

absorbance value of UT on the final day of treatment for DMSO treated cells, and to the 

mean absorbance value of DMSO treated cells on the final day of treatment for terpene 

treated cells. Significance was assessed using the studentôs t-test, two tailed, unequal 

variance, and the Bonferroni correction for multiple comparisons. 

Citronellol, but not Ŭ-cedrene, decreases apoptosis in BT12 cells 

 Apoptosis analysis was done as previously described to ascertain the effect of 

terpenes citronellol and Ŭ-cedrene on apoptosis. 100 nM concentrations were used as 

these were the most effective from the MTT assay. Only BT12 cells were used, as we had 

encountered an issue with BT16 cells previously mentioned where they had stopped 

responding to extract #20 (despite the extract still being effective against BT12 and other 
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cell lines at the same dose and time; data not shown). Neither terpene had an effect on the 

proportion of cells in apoptosis (Fig. 21A).  

 We also did western blotting of key apoptosis proteins caspase 3, BCL2, and Bax. 

While there was a small 1.2-fold increase with Ŭ-cedrene and a 1.3-fold increase from 

citronellol, there were decreases in both pro-apoptotic BAX and anti-apoptotic Bcl-2 

from both terpenes. Specifically, there was a 2-fold decrease for BCl-2 from Ŭ-cedrene, 

and a 2.7-fold decrease in BCl-2 from citronellol, and a 4-fold decrease in BAX from 

both terpenes (Fig. 21B). The Bax/Bcl-2 ratio was also decreased compared to vehicle. 
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Figure 21. The effects of 72 hours of 100nM Ŭ-cedrene or citronellol treatment on 

apoptosis in AT/RT cell line BT12. (A) After treatment, cells were harvested for 

apoptosis as described in methods, and analyzed by flow cytometry. Data represent the 

mean ÑSD (n=3). (B) After treatment, cells were harvested and western blotting was 

carried out as described in methods with all indicated antibodies. Briefly, quantification 

was done 3 times for all protein bands, then band values for proteins of interest were 

normalized to GAPDH band values. Extract #20-treated cell data were then normalized to 

DMSO treated cell data, and data for only extract-treated cells is presented in a bar graph. 

DMSO treated cell data would be equivalent to a value of 1 on the graph. Graphs 

represent mean normalized values ÑSD, n=3 where n refers to independent measurements 
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in ImageJ, as described in methods. Significance was assessed using the studentôs t-test, 

two tailed, unequal variances, and the Bonferroni correction for multiple comparisons.  

Citronellol and Ŭ-cedrene do not induce changes in cell cycle and decrease levels of 

cell cycle regulatory proteins 

Cell cycle analysis was done as previously described to ascertain the effect of 

terpenes citronellol and Ŭ-cedrene on BT12 cells. 100 nM concentrations were again used 

from the MTT assay over 72h. 

 Interestingly, no cells were found in G2 with any treatment, including controls. 

Private correspondence with a colleague confirmed this is a common occurrence in 

cancer cells and not a quirk of the experiment. Neither terpene produced a significant 

change in any phase of the cell cycle, though generally both terpenes slightly increased 

the proportion of cells in G1 and slightly decreased the proportion of cells in S phase 

(Fig. 22A). 

 Having seen profound increases in p21 and p27 after treatment with whole 

extract, we also carried out western blot analyses of these proteins after terpene treatment. 

Contrary to expectations that terpenes would perform similarly to whole extract based on 

the MTT assay, Ŭ-cedrene led to a significant 1.5-fold and 1.3-fold decrease in expression 

of both p21 and p27 regulatory proteins, respectively (Fig. 22B). Citronellol led to an 

even larger 2-fold decrease in p21 and caused a small but significant 1.1-fold increase in 

p27 expression (Fig. 22B).  
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Figure 22. The effects of 72 hours of 100nM Ŭ-cedrene or citronellol treatment on 

cell cycle in AT/RT cell line BT12. (A) After treatment, cells were harvested for cell 

cycle analysis as described in methods and analyzed by flow cytometry. Data represent 

the mean ÑSD (n=3). After treatment, cells were harvested, and western blotting was 

carried out as described in methods with all indicated antibodies. Briefly, quantification 

was done 3 times for all protein bands, then band values for proteins of interest were 

normalized to GAPDH band values. Extract #20-treated cell data were then normalized to 

DMSO treated cell data, and data for only extract-treated cells is presented in a bar graph. 

Graphs represent mean normalized values ÑSD (n=3). Significance was assessed using 

the studentôs t-test, two tailed, unequal variances, and the Bonferroni correction for 

multiple comparisons. 

Discussion/Conclusion 
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Atypical teratoid/rhabdoid tumor (AT/RT) is a very rare, fast-growing CNS tumor 

that usually occurs in children aged 3 years and younger, but sometimes can affect older 

children and young adults (Dufour et al., 2012; Lau et al., 2015). Currently, research 

efforts are aimed at understanding the biology of the disease, as well as development of 

effective treatment strategies (Nesvick et al., 2020). To this effect, cannabis may offer an 

opportunity, as it has been shown promise as a potential treatment modality for other very 

challenging CNS tumors, such as GBM, glioma, and neuroblastoma (Bhaskaran et al., 

2024; N. Y. Kim et al., 2024; Marcu et al., 2010; Peeri et al., 2021; S§nchez-S§nchez et 

al., 2023). Despite this, cannabis has never been explored for its therapeutic potential 

against AT/RT, a deadly and difficult to treat pediatric malignancy. Here, we for the first 

time analyzed the effects of several cannabis extracts on AT/RT cells. 

After initial MTT tests to analyze the effect of extracts on cell viability, we found 

that extract #20 was most efficacious at reducing the viability of both AT/RT cell lines, 

and did not have this effect on normal cells. This mirrors previous results from our lab 

showing extract #20 is effective at decreasing the viability of breast cancer cells (D. Li et 

al., 2022) and concurrent results from another tumor type, neuroblastoma, published 

separately (see chapter 2). 

First, we investigated the expression levels of CBRs CB1, CB2, GPR18, GPR19, 

GPR55, and PPAR.ɹ As cannabinoids largely exert their effects via cannabinoid 

receptors, we wanted to first ensure the cell lines BT12 and BT16 were capable of 

responding to cannabis treatment. We found that there were much higher levels of all 

receptors present in these cell lines when compared to normal adult brain tissue (Fig 1). 

Most promising was the high levels of CB1 present in BT12 and BT16 cells compared to 
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normal brain tissue, with a 24 fold and 20 fold increase in this protein in each cell line, 

respectively (Fig 1). As all 4 tested extracts were THC-dominant (D. Li et al., 2022) and 

THC acts on this receptor (Pertwee, 2008), a higher expression of it theoretically 

promised greater extract response potential. It may also point to the potential 

tumorigenicity of CB1, as CB1 receptor expression increase through childhood to 

adulthood (Ester Fride, 2004) and here we found greater expression of CB1 in pediatric 

brain tumor tissue than compared to normal adult brain tissue, though a conclusion is 

impossible to draw without a comparison to normal pediatric brain tissue, which 

unfortunately was not available for research use. 

The increase in CB2 levels was dramatic, with a 59 fold increase in BT12 cells 

and an 88 fold increase in BT16 cells (Figure 1). This contradicts previous findings that 

CB2 immunoreactivity in pediatric embryonal tumors is relatively low, though the 

authors do note this expression was inconsistent and dependent upon the 

histopathological origin and grade of the tumor (Ellert-Miklaszewska et al., 2006). 

AT/RTs have been shown to have immune involvement than adult brain tumors such as 

glioblastoma, particularly the MYC subtype (Chun et al., 2019; Lu, Wilson, Yong, Pugh, 

& Mehta, 2012; Tran, Plant-Fox, Chi, & Narendran, 2023). Though they have not yet 

been tested, both BT12 and BT16 cell lines likely fit in this subgroup (B. Ho et al., 2019). 

Thus, as CB2 is expressed more often in immune cells, this can explain the high levels of 

CB2 we found in these cell lines, and also present an additional therapeutic target for 

cannabis.  

This immune cell involvement in AT/RTs also explains the higher levels of 

GPR18 receptor seen in our cell lines, 24 fold higher in BT12 and 18 fold higher in 
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BT16, as GPR18 is primarily expressed in major immune organs (Y. Liu et al., 2020). 

GPR18 can be acted upon by THC and AEA (Alexander, 2012; Console Bram et al., 

2014), with its endogenous ligand being an analog of AEA known as N-arachidonoyl 

glycine (NAGly) (Kohno et al., 2006). Though it has been identified as a protective factor 

in breast (Ren et al., 2020) and liver cancers (Qiao et al., 2019), it has also been 

associated with poor prognoses in head and neck squamous cell carcinoma (Y. Sun et al., 

2020) and found to inhibit apoptosis in metastatic melanoma (Qin et al., 2011). Given the 

high levels of THC in all cannabis extracts we tested, it is possible this receptor played 

some role in their anti-cancer abilities, though with the increased fold-expression of CB1 

at similar levels, it is difficult to say. 

GPR19 expression was increased 44-fold in BT12 and 37-fold in BT16. It is 

highly expressed in brain tissue (O'Dowd et al., 1996) and its expression was actually 

found to be highest in embryonic mouse tissue, declining with differentiation and age 

(Hoffmeister-Ullerich et al., 2004). An increase in GPR19 expression has been correlated 

with poor prognosis in melanoma (Riker et al., 2008; B. Song et al., 2023) and increased 

markers associated with invasive ability in breast cancer cells (Rao & Herr, 2017). An 

increase in its expression is also associated with stemness in glioblastoma cell liens (F¯ve 

et al., 2014). Taken together, the high expression of GPR19 may reflect either the 

embryonal nature of these tumors and a high amount of GPR19 expression in early life, 

or it may reflect the aggression of this tumor type and cell lines representing it. 

Additionally, while many reviews cite GPR19 as a member of the endocannabinoid 

system (Rezende et al., 2023), it does not yet have an identified cannabinoid ligand of 

any kind.  
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GPR55 expression increased more moderately compared to other receptors, with a 

6-fold increase in BT12 and a 17-fold increase in BT16. Though its mRNA has been 

found in the CNS, protein expression in this location has yet to be confirmed in normal 

tissue; however, its presence in the CNS may help explain some of the non-CB1 or CB2 

mediated signaling effects seen in the CNS (Henstridge et al., 2011). Its expression is 

higher in glioblastoma compared to normal brain tissue, with the ability of that 

expression to be exploited as a drug target with CBG (Tamara T. Lah et al., 2021), CBD, 

or a selective antagonist (Kolbe et al., 2021). It is also generally associated with cancer 

cell proliferation (Calvillo-Robledo et al., 2022; Hu et al., 2011). THC has also been 

shown to act on this receptor, though as an agonist (Ryberg et al., 2007) while much of 

the anti-cancer effects of cannabis via GPR55 are believed to be mediated via 

antagonism, rather than agonism, of this receptor (Rempel et al., 2013). Thus, the high 

level of expression in these cell lines makes sense as they represent aggressive AT/RT cell 

lines; however, the THC present in extracts may present a problem via its agonism of the 

higher levels of this receptor. 

The expression of PPAR,ɹ in contrast to the expression of other receptors, was 

more similar to normal tissue, with only a 1.5-fold increase in BT12 and 1.1-fold increase 

in BT16. This receptor may have neuroprotective qualities in the CNS (Cai et al., 2018), 

but increases of it have also been associated with the SHH subtype of medulloblastoma 

based on its role as metabolic regulator in the SHH metabolic network (Bhatia et al., 

2012), suggesting its expression would be more likely increased in the AT/RT-SHH 

subtype. As our cell lines BT12 and BT16 likely represent the AT/RT-MYC subtype, the 

relatively normal expression levels of these receptors compared to normal tissue makes 
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sense. However, THC is still an agonist of PPARɔ (Xavier Nadal et al., 2017), thus may 

still be one way these cell lines responded to the extract, as it contained THC (Table 4). 

After determining that extract #20 was the most efficacious at reducing growth of 

BT12 and BT16 cells, we found that this extract exerted its mode of action by inducing 

apoptosis in BT12 and BT16 cells, as demonstrated by propidium iodide and Annexin V 

staining results and an increase in cleaved caspase 3 in both cell lines after treatment. 

Interestingly, there was not a concurrent increase in cleaved caspase 7, which is an 

executioner caspase like caspase 3 (Sahoo, Samal, Khandayataray, & Murthy, 2023). 

Caspase-3 is commonly known as the dominant executioner caspase, and has been 

demonstrated to be able to induce apoptosis even in caspase-7 deficient cells (Brentnall, 

Rodriguez-Menocal, De Guevara, Cepero, & Boise, 2013). The lack of caspase 7 

induction in these cells could be from a mutation, which are known to be found in cancer 

cells (Soung et al., 2003) or perhaps from overexpression of an inhibitor of caspase 

protein (IAP) (Deveraux & Reed, 1999). One review suggests that caspase-7 is not fully 

redundant with caspase-3, suggesting an involvement in responding to inflammation in 

the cell (Lamkanfi & Kanneganti, 2010), and it is required for the production of ROS and 

detachment of cells from the extracellular matrix (Brentnall et al., 2013). This is 

interesting as cannabinoids often induce ROS formation as one of their anti-cancer 

mechanisms (Calvaruso et al., 2012; Sledzinski et al., 2018); the decrease in cleaved-

caspase 7 seen here may suggest that this is not how extract #20 induced apoptosis in 

these cells, though further specific investigation of ROS levels after treatment with 

extract #20 would be needed to conclusively confirm. The slight decrease in cleaved 

caspase-9 seen in BT16 cells suggests that apoptosis is not mediated by the intrinsic 
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pathway in this cell line, as caspase-9 is involved in the intrinsic apoptotic pathway 

(McIlwain et al., 2013; G. Sun, 2024); thus, the increased expression in cleaved caspase-9 

seen in BT12 cells suggests the intrinsic pathway is activated in this cell line. A study of 

leukemia cells treated with THC found that cells deficient in either extrinsic or intrinsic 

apoptosis showed some reduction of response to THC either way, but results suggested 

that the intrinsic apoptotic pathway was more crucial, while the extrinsic played a 

supporting role via crosstalk with the intrinsic pathway (Lombard et al., 2005). Outside of 

this, the extrinsic apoptotic pathway has not been well-studied in cannabis. It is certainly 

possible that another pathway, such as autophagy, was triggered by this extract to kill the 

cells, as cannabinoids can trigger autophagy (Ellert-Miklaszewska, Ciechomska, & 

Kaminska, 2021; N. Y. Kim et al., 2024) and both autophagy and apoptosis pathways 

may crosstalk with each other as well to induce cell death (Eisenberg-Lerner, Bialik, 

Simon, & Kimchi, 2009). A conclusive answer to the exact mechanism of cell death by 

this extract in this cell type would, however, require a more dedicated investigation. 

Interestingly, the Bax/Bcl-2 ratio differed between the two cell lines. While there 

was a decrease in this ratio for BT12 cells via no change in pro-apoptotic Bax protein and 

an increase in anti-apoptotic Bcl-2, the ratio increased in BT16 cells, as demonstrated by 

an increase in Bax and decrease in Bcl-2. Both proteins are Bcl-2 family members 

involved in apoptosis; specifically, they are involved in the modulation of cytochrome c 

release from the mitochondria in the intrinsic apoptotic pathway (Hanahan & Weinberg, 

2000). The ratio between the two proteins can be used as an indication of whether the cell 

will proceed to apoptosis (Raisova et al., 2001; Zeestraten et al., 2013) as Bcl-2 prevents 

permeabilization of the outer mitochondrial membrane by binding Bcl-2 family proteins 
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that would induce this, such as Bax (Ola et al., 2011) while Bax oligomerizes to form a 

pore in the outer mitochondrial membrane through which cytochrome c is released, 

triggering cleavage of the executioner caspases 3 and 7 (J¿rgensmeier et al., 1998).  

When considering BT12 and apoptosis, overall, we see an increase in cleaved 

caspase 3 and 7, but a decrease in Bax/Bcl-2 ratio caused by an increase in Bcl-2 

expression, though not a decrease in Bax expression. Interestingly, while there is an 

increase in early and total apoptosis seen for BT12, there is a decrease in late apoptosis. 

Thus, the change in Bcl-2 expression could represent an attempt by the cell to evade 

apoptosis, as shown by the decrease in early apoptosis after 72h of treatment. Images of 

the western blots for Bcl-2, when compared to BT16, also reveals a much higher baseline 

of expression for BT12 cells. This could perhaps indicate some gain of function mutation 

in the BCL2 gene in this cell line that is not present in the BT16 cell line. When referring 

to the MTT data for extract #20 (Figure 3), we can see that the difference in viability only 

becomes pronounced after 72h of treatment; thus, it is possible that longer treatment 

before analysis of apoptosis and Bax and Bcl-2 proteins may reveal different results. This 

is further suggested by the increases in cleaved caspase-3 and -7 seen in BT12 that 

indicate that apoptosis is beginning in these cells at this timepoint and rules out the 

possibility that another cell death mechanism besides apoptosis is responsible for the 

killing of these cells by extract #20. The higher expression of Bcl-2 in these cells may 

thus constitute a greater ñhurdleò that treatment must overcome to push cells into 

apoptosis. 

When considering BT16, despite the lack of increase in cleaved caspase-7, the 

Bax/Bcl-2 ratio increase also points to apoptosis, and the numbers of early and total 
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apoptosis have increased, but not the proportion of cells in late apoptosis. Again, when 

referring to the MTT data we can see that the decrease in viability of the cells becomes 

most pronounced after 96h of treatment rather than 72h, thus, we can conclude that the 

results seen at 72h may indicate that BT16 requires longer cannabis treatment before 

induction of cell death. This is crucial as most studies of cannabis and cancer treat cells 

for only 24 or 48h; thus, studies that have found negative results with regards to cell 

death may need to be interpreted with caution as longer treatment may induce this effect, 

and this may be cell-type dependent as demonstrated here. 

Extract #20 also modulated the progression of BT12 cells through the cell cycle, 

as well as affecting expression of cell cycle regulatory proteins. There was a significant 

increase in the proportion of cells in G2 and a significant decrease in the number of cells 

In S phase. This indicates a block preventing cells from entering S-phase from G1, and 

would suggest a block from cells in G2 entering mitosis. When investigating regulatory 

cell cycle proteins, we saw no change in p21 besides a small (but significant) decrease, 

and a massive 5.4-fold increase in p27. The p27 protein is known to inhibit the transition 

into S phase from G1 by binding and inhibiting CDK2 and Cyclin E, which are required 

for this transition (Polyak et al., 1994; Razavipour et al., 2020). While we did not see a 

change in CDK2 protein expression levels, there was a significant decrease in cyclin E 

which may help to explain the decrease in cells in S phase. The lack of adjustment in 

CDK2 levels may explain the lack of block between S and G2, in addition to the increase 

in cyclin A. The increase in cyclin A was accompanied by no change in p21 regulatory 

protein and another increase in CDK1, which does not suggest a block in entrance into 

mitosis for cells that entered G2, as the G2-M transition. The lack of change in p21 
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protein explains why cyclin A and CDK1 did not decrease, as it regulates both (Hengst et 

al., 1998; Pines, 1995). However, Cyclin A is required for mitotic commitment after G2, 

when paired with CDK1 as a partner (Nigg, 1995), making the increase in cells in G2 

more puzzling. Cyclin A also plays a role in the transition of the cell through S phase, 

helping to initiate replication (Coverley, Laman, & Laskey, 2002), which helps explain 

the low number of cells in S-phase; presumably Cyclin A, together with CDK2, helped 

push cells out of this phase faster once they had entered it. When coupled with a likely 

block in the G1-S transition governed by CDK2 and Cyclin E that would be inhibited by 

increased p27, there would be fewer and fewer cells entering S-phase, leading to an 

overall depletion. Crucially, we did not investigate levels of Cyclin B, which replaces 

Cyclin A at the end of G2 to drive the cell into mitosis (Innocente, Abrahamson, 

Cogswell, & Lee, 1999). Based on these results, it would be unsurprising to see a 

decrease in Cyclin B in this cell line after treatment. 

In BT16 cells, there was no significant change in the proportion of cells in any 

particular phase of the cell cycle. However, there were major changes seen in the levels 

of cell cycle regulatory proteins. The expression of p21 was increased 1.6-fold and p27 

expression increased 4-fold. As stated above, from the increase in p27 we would expect a 

decrease in CDK2 and Cyclin E, which was seen, and from the increase in p21, an 

increase in Cyclin A and CDK1, which was also seen, though the decrease in CDK1 

expression was very small. Despite these changes in regulatory proteins, it is curious that 

no change in the number of cells in any part of the cell cycle was seen. 

 Though whole cannabis extracts, rather than individual cannabinoids alone, are 

likely more effective at reducing cancer cell growth (Armstrong et al., 2015; Baram et al., 
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2019; V. Cherkasova et al., 2022; Scott et al., 2014), whole extracts are difficult to 

replicate, and have challenging clinical adaptability. The identification of particular 

strains of cannabis is already difficult without the additional challenge of reliably 

propagating them to maintain desired cannabinoid levels (Booth & Bohlmann, 2019; 

Chandra, 2013), let alone terpenes or other components. Thus, we wanted to investigate 

the individual components of extract #20, both by creating a ñreconstitutedò extract of all 

components mixed together. This was done by first determining the components of the 

extract via high-performance liquid chromatography (HPLC). We determined that extract 

#20 contained only two cannabinoids, THC and THCA, consistent with previous results 

from our lab classifying it as a high-THC extract (D. Li et al., 2022). After treatment for 5 

days, we saw that extract #20 produced a 60% reduction in cell viability, while 

reconstituted extract produced a 40.5% reduction in cell viability. The effect of 

reconstituted extract was also greater than the effect of any individual component at the 

same dose present in the reconstituted extract, which demonstrates convincingly that the 

entourage effect is partly involved in the anti-cancer abilities of extract #20 in AT/RT 

cells. The difference in viability reduction between the two treatments could potentially 

be explained by some terpenes revealed in HPLC analysis but not used in reconstituted 

extract; these were present in amounts too low to properly measure with available 

concentrations. Also of potential interest is the flavonoid components of the extract, 

which were not analyzed and may contribute some anti-cancer properties lacking in the 

reconstituted extract (Tomko et al., 2020). 

 At this point, the cell line BT16 unfortunately stopped responding to treatment 

with whole extract. After repeating the reconstitution experiment once, confirming a lack 
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of mycoplasma infection, and confirming the extract had not changed by re-testing on 

BT12 cells (data not shown), we chose not to investigate the anti-cancer effects of 

terpenes on BT16 any longer. As it is possible for cancer cells in culture to undergo 

substantial clonal evolutions that can alter drug responses (Ben-David et al., 2018), we 

concluded this was likely what had happened to this line. Further investigation of the 

genetic backgrounds of both lines may thus reveal potential clues pointing to resistance 

mechanisms to the anti-cancer effects of cannabis. 

 Next, we investigated the potential anti-cancer activity of a few terpenes shown to 

have significant reductions in cell viability. Based on results from BT12 and another 

tumor cell line, IMR5 (see chapter 2), we selected the terpenes Ŭ-cedrene, citronellol, and 

valencene. 

 Citronellol is an acyclic monoterpene found in the genera Cymbopgon and Citrus, 

and in a variety of other fruits, spices, and herbs ("PubChem Compound Summary for 

CID 8842, beta-CITRONELLOL, (+/-)-," ; Santos et al., 2019). In BT12 cells after 5 days 

of treatment, 0.215nM citronellol produced a 35.5% reduction in cell viability compared 

to vehicle. This is notable as it is very close to the 40.5% reduction seen with 

reconstituted extract, suggesting citronellol may be responsible for much of the anti-

cancer effect of extract #20. Upon further testing, expanded dose ranges did not reveal a 

significant reduction in viability again until 100nM, and similar results were seen in 

another cell line, IMR5. 100nM citronellol produced an 81% reduction in viability after 

96h in this test, and 400nM also produced a decrease of 45%, similar to the original 

concentration. This parallels other results showing citronellol reduced viability of cervical 

cancer (Salehi et al., 2023) and breast cancer cells (Y. Ho et al., 2020). It is not clear why 
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citronellol did not produce a reduction in viability again under identical culture 

conditions until this concentration. Also of note is the lack of response of citronellol at 

higher doses than 400nM. One possibility is the activation of a negative feedback 

pathway being activated by high doses, wherein higher doses of terpene will ñturn offò 

the effect it previously had on cell viability. Crucially, this result was not just with 

citronellol in this cell line but was also seen in another tumor cell line with citronellol and 

with another terpene, Ŭ-cedrene, in both cell lines as well.  

 With an effective dose thus determined and not detrimental to normal cells, we 

thus investigated further the anti-cancer effects of citronellol on BT12 cells, paralleling 

mechanisms previously demonstrated from whole extract. Citronellol slightly increase 

caspase-3 expression, but decreased both Bax and Bcl-2, as well as the number of cells in 

early apoptosis. The Bax/Bcl-2 ratio also decreased, demonstrated by the greater 

reduction of pro-apoptotic Bax compared to anti-apoptotic Bcl-2. All this together 

indicates that citronellol did not produce a decrease in viability via induction of 

apoptosis. The effects on the cell cycle showed no significant change in any phase of the 

cell cycle, but contrasting effects on p21 and p27; while there was a large and significant 

decrease in p21 expression, there was a small and significant increase in p27. This 

indicates that citronellol could potentially act earlier in the cell cycle, perhaps by 

influencing proteins such as CDK2 and Cyclin E to induce a block between G1-S phases, 

as seen with whole extract. Overall, we were not able to determine the mechanism of 

action by which citronellol reduced cell viability. This is contrary to published literature 

which shows that citronellol can induce cell death in cancer cells via apoptosis (Y. Ho et 

al., 2020; Salehi et al., 2023) and also necrosis (Yu et al., 2019), and also that it can 
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induce changes to the cell cycle (Y. Ho et al., 2020; Yu et al., 2019). However, these 

studies vary wildly in their dosing, with one paper finding an IC50 value of 1.16nM for 

citronellol (Y. Ho et al., 2020) and others using doses in g˃/ml that calculate to tens of 

thousands of nM in concentration (Salehi et al., 2023; Yu et al., 2019). Thus, it is clear 

further investigation into citronellol is needed to establish effective dosing on various cell 

lines for consistency and clarity. 

 With regards to Ŭ-cedrene, initial results in the reconstitution assay showed a 21% 

reduction in cell viability at 0.29nM. Results from expanded dose experiments also 

showed similar results as citronellol, with no reduction in viability occurring in BT12 

cells until 100nM, where a 35.2% reduction in viability was seen, with no reduction in 

viability at any higher doses. These results also paralleled another cell line, IMR5 (see 

chapter 2). Thus, we continued to use 100nM for further investigation into the effects of 

Ŭ-cedrene on other anti-cancer mechanisms seen with whole extract. There was a small 

but significant increase in the proportion of cells in early apoptosis (Fig 11) coupled with 

a small but significant increase in caspase 3 expression. These together suggest apoptosis; 

however, the Bax/Bcl-2 ratio was substantially decreased as a result of a massive 

decrease in Bax coupled with a smaller decrease in Bcl-2 expression. With regards to cell 

cycle, like citronellol, Ŭ-cedrene failed to produce any significant changes in the 

proportion of cells in any phase of the cell cycle. Additionally, both p21 and p27 

regulatory proteins were downregulated after treatment. Taken together, these results 

indicate that Ŭ-cedrene may reduce cell viability in part via induction of apoptosis, but 

likely not via cell cycle modulation. Ŭ-cedrene has never before been investigated 

individually for its anti cancer effects, though it has been found to be present in plant 
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extracts with anti-cancer effects (Su et al., 2012). Thus, these results demonstrate some 

potential anti-cancer activity that could perhaps be improved with time, or perhaps with 

combinations of other terpenes, as has been found to improve the efficacy of other 

terpenes previously (Legault & Pichette, 2007; Y. L. Li et al., 2009). 

Valencene is a sesquiterpene commonly found in valencia oranges, for which it 

gets its name (Furusawa et al., 2005; Y. Song et al., 2024). Previous results have shown it 

has anti-cancer effects against cell lines for cervical cancer (K. Liu et al., 2012), 

melanoma (Nam et al., 2016), gastric cancer (Ambroz et al., 2015; Haghighi et al., 2017), 

colon cancer, breast cancer, and leukemia (Ambroz et al., 2015). However, despite an 

decreasing viability by 22% in the initial reconstitution assay at a concentration of 

0.13nM, further testing of concentrations up to 51.2M˃ failed to produce any further 

reduction in viability; thus, we did not further investigate its anti-cancer effects.  

To conclude, we demonstrated an anti-cancer effect of whole cannabis extracts 

against AT/RT cell lines BT12 and BT16, derived from increased apoptosis and cell cycle 

modulation. This is exciting, as AT/RT is in need of new therapies, and there is an 

increasing interest in medical cannabis use among parents of children with cancer 

(Ananth, Revette, Reed Weston, Das, & Wolfe, 2021; Yeung et al., 2020). The 

effectiveness of a high-THC extract at inducing these effects also lines up with previous 

results from NB, another pediatric nervous system tumor (S§nchez-S§nchez et al., 2023) 

and medulloblastoma and ependymoma, two other embryonal tumors that occur in 

children of the same age range as those who get AT/RT (Clara  Andradas et al., 2021). We 

also demonstrated that the non-THC components of extract #20 play a role in its anti-

cancer abilities via our reconstitution assay findings that reconstituted extract was more 
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effective than any individual extract component. Individual terpene components of the 

extract also failed to produce the same mechanism of anti-cancer effect as whole extract. 

It would be interesting to investigate whether reconstituted extract exhibits the anti-

cancer apoptotic and cell cycle modulatory effects seen in whole extract, as this would 

present a novel therapeutic avenue not reliant upon identical propagation of the cannabis 

plant strain that gave extract #20. If this approach revealed promising results, further 

research into profiling cannabis plants could for interesting entourage effect combinations 

of terpenes and cannabinoids would be a worthwhile area of research, perhaps with a 

modified high-throughput drug screening approach.  
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

 In this study, we investigated the anti-cancer effects of one cannabis 

extract on cell line models of two pediatric nervous system neoplasms, NB and AT/RT. 

NB represents one of the most common nervous system tumors among children under 14 

globally (Steliarova-Foucher et al., 2017) and in the US accounts for 15% of all deaths 

from pediatric cancer (Mullassery & Losty, 2015). High-risk forms of NB present a 

particular treatment challenge, especially upon relapse (Colon & Chung, 2011; Newman 

& Nuchtern, 2016; Ruan et al., 2015), and there is an urgent need for novel treatments as 

current options have the potential to cause toxic sequelae (Berlanga et al., 2017). AT/RTs 

are much rarer; they are characterized by poor prognoses due to rapid growth and the 

young age of most patients (Dufour et al., 2012; Lau et al., 2015). This tumor also has 

poor outcomes, partly due to frequent misdiagnosis resulting in inappropriate treatment 

(Athale et al., 2009; Rorke et al., 1996), and partly due to a lack of standardized treatment 

regimens and the often aggressive nature of pursued treatment (Chi et al., 2009; Dardis et 

al., 2017; Gastberger et al., 2023; Reddy, 2005; Schrey et al., 2016). As cannabis has 

shown evidence of anti-cancer effects, including in pediatric tumors (Clara Andradas et 

al., 2021; Malach et al., 2022), we sought to determine the potential anti-cancer effects of 

cannabis in these two tumor types, as they are both in urgent need of novel therapies.  

 Overall, we demonstrated that cannabis extracts have anti-cancer abilities via 

testing on three cell lines representing NB and AT/RT tumors. Initial results showed that 

four different cannabis extracts could inhibit the viability of three cell lines. We also 

found that one NB cell line, SK-N-AS, did not respond to extracts even after multiple 

repetitions. A major difference between this cell line and the other NB cell line was the 



 

166 

 

presence of a p53 mutation preventing nuclear localization of p53 protein  (Nakamura et 

al., 2007). As p53 mutations are not common in NB tumors until relapse (Tweddle et al., 

2003), this perhaps suggests a role of the p53 pathway in the anti-cancer effects of this 

extract. SK-N-AS has been shown by others in our lab to respond to CBN treatment (B. 

Wang et al., 2022), but most other studies use NB cell lines that do not contain p53 

mutations (see Table 3 for list of studies). Our results found that extract #20ôs anti cancer 

effects in NB involved an induction of apoptosis and altered levels of several cell cycle 

regulatory proteins. P53 protein is involved in both these processes (Aubrey, Kelly, Janic, 

Herold, & Strasser, 2018; Engeland, 2022), so it is possible that this pathway may be 

involved in cannabisô anti-cancer effects. A recent study found that p53 was necessary for 

the induction of apoptosis via CBD in colorectal cancers (F. Wang et al., 2023), 

suggesting this may be an interesting hypothesis to explore in the context of pediatric 

tumors, especially NB. As relapsed NB is more likely to contain p53 mutations (Tweddle 

et al., 2003), investigating this hypothesis of p53ôs relevance to cannabis response has 

important implications for potential future clinical use of cannabis as an anti-cancer 

treatment. 

 Despite initial response to extract #20, the AT/RT cell line BT16 later stopped 

responding to this extract. Despite the extract retaining efficacy (data not shown), 

repetition of assays with this cell line continuously failed to produce the same response. 

This suggests a clonal evolution of this cell line in our lab such that resistance to our 

extract was gained. Of potential future interest would be genomic profiling of our 

particular BT16 cells with BT16 cells from another lab to look for potential differences 

that may reveal key insights about resistance mechanisms to cannabis treatment that may 
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be present in cancer more generally. This data could have potential clinical utility by 

offering a biomarker indicating poor response to cannabis, which could help guide 

treatment decision making for clinicians and patients. Testing of this new clonal cell line 

with other cannabis extracts may also provide useful data. It is known that response to 

cannabis may differ between tumor types (Baram et al., 2019), but comparisons of this 

type could provide valuable information for designs of future cannabis-based anti-cancer 

drugs. We also did not profile the components of other extracts #4, #28, and #41, which 

may reveal interesting correlations between levels of various terpenes and anti-cancer 

effect of whole extract. 

 A similar mechanism of anti-cancer effect was also produced in both tumor types 

tested. An increase in apoptosis was produced in all tumor cell lies, but further 

investigation revealed different mechanisms of inducing apoptosis. While there was an 

increase in cleaved caspase 3 in all cell lines tested, indicating apoptosis (A. G. Porter & 

Jªnicke, 1999), only IMR5 and BT12 cell lines showed increases in cleaved caspase-9. 

This suggests that cannabis is able to induce apoptosis not just through the mitochondrial 

pathway, which produces caspase-9 cleavage (McIlwain et al., 2013), but also through an 

alternate pathway, perhaps extrinsic apoptosis. This could be confirmed via increased 

caspase-8 expression (Tummers & Green, 2017), which was not tested. Treatment of 

BT16 also failed to produce an increase in the Bax/Bcl-2 ratio, a known indicator of 

apoptosis as both proteins play different and opposing roles in the process (J¿rgensmeier 

et al., 1998; Raisova et al., 2001). Cannabis is well known to induce apoptosis via the 

mitochondrial pathway (Calvaruso et al., 2012), but also may induce other forms of cell 

death such as autophagy (Donadelli et al., 2011; Shrivastava, Kuzontkoski, Groopman, & 
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Prasad, 2011) which may also explain the increase in cell death in BT16 without an 

increase in Bax/Bcl-2 ratio or cleaved caspase-7.  

 Again, a similar mechanism was seen when investigating cell cycle modulation. 

Extract #20 produced a massive increase in p27 regulatory protein in all 3 cell lines. This 

indicates that upregulation of p27 is key in the anti-cancer effect of cannabis extract. P27 

protein is known to act to block the G1-S phase transition (Polyak et al., 1994; 

Razavipour et al., 2020; Sherr & Roberts, 1999), which mimics results from flow 

cytometry in IMR5 and BT12 cell lines, but not BT16 cells. While the fold increase in 

p27 was much larger in IMR5 cells at 19-fold, which could explain the difference, BT12 

cells had a 5-fold increase compared to the 4-fold increase seen in BT16 cells, so this 

does not explain this difference. The effects on downstream proteins were also 

inconsistent between cell lines, with a significant decrease in only CDK2 in IMR5 cells, 

only in Cyclin E in BT12 cells, and in both in BT16 cells. Taken together these results 

still indicate that a G1-S transition block is important in the anti-cancer effect of extract 

#20, but the specifics of it may differ between cell lines. This is particularly relevant in 

BT16, as intrinsic apoptosis did not seem to be activated in this cell line; perhaps this 

induction of p27 and consequent decrease in viability by cell cycle modulation is thus 

redundant to an increase in intrinsic apoptosis in the anti-cancer mechanism of extract 

#20. 

  There was also a large increase in p21 expression in IMR5 and BT16 cell lines, 

but not BT12. P21 protein regulates both CDK2 and cyclin A (Hengst et al., 1998), which 

together are involved in the transition to G2 phase from S-phase (Nigg, 1995). Together 

with the lack of increase in p21 in BT12, there was also an increase seen in CDK1 and 
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Cyclin A, which are regulated by p21 (Hengst et al., 1998; Pines, 1995) and together are 

required for mitotic commitment after G2 phase (Nigg, 1995). This suggests that a block 

in the G2-M transition is present in IMR5 and BT16 cells, but not in the anti-cancer 

effects of extract #20 upon BT12 cells, though curiously evidence of this from flow 

cytometry is not seen in BT16. Transcriptomic analysis of these cell lines upon extract 

treatment may reveal further changes that could explain the difference in response in each 

cell line with regard to cell cycle modulation specifically.  

 An important discovery in this research was evidence for the entourage effect, or 

the belief that various cannabinoids and other components of cannabis can act together to 

potentiate the individual effects of these molecules. This was seen in the results of the 

reconstitution assay where whole extract still performed better at reducing viability of 

cancer cells than any individual component of that extract present in the same amount. 

Individual components also made smaller reductions in cell viability than a reconstituted 

extract of individual components together. That this effect was seen across two cell lines 

is powerful evidence that components in the extract enhance the effectiveness of each 

other. Particularly interesting was the result that showed that the only two cannabinoids 

present in our extract, THC and THCA, had very little impact on cell viability at 

concentrations they would have been present at in 15 g˃/ml extract #20, which reduced 

cell viability, induced apoptosis, and arrested the cell cycle. THC has shown anti-cancer 

effects in NB (Tapia-Tapia et al., 2024) and pediatric brain tumors medulloblastoma and 

ependymoma (Clara  Andradas et al., 2021), yet here we found it was less effective than 

when present in whole extract. These results mirror others where cannabinoids as part of 

BDS, essential oil, or extracts have enhanced effectiveness in NB (D. Li et al., 2022; 
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S§nchez-S§nchez et al., 2023) and glioma (Scott et al., 2014; Torres et al., 2011), and 

mirrors results in essential oils investigating their terpene components, such as a study 

finding that two isoforms of ɓ-pinene, despite making up the bulk of a S. heptaphylla oil, 

had very little antiproliferative effect (Y. L. Li et al., 2009). An important distinction, 

however, is that these authors do not specify whether they tested other terpenes present in 

the S. heptaphylla oil to examine if some were more effective, as we did in this study. 

Perhaps other terpenes present in the oil may have had greater antiproliferative effects, 

despite making up a lower overall percentage of the oil. However, both studies point to 

evidence of the entourage effect in that individual terpenes fail to recapture the beneficial 

anti-cancer effects of whole plant extract or oil. Altogether, these results in light of 

previous research suggest strong benefits from a more holistic approach to cannabis as 

medicine wherein importance is placed on cannabinoid and terpene combinations or 

particular strains as opposed to individual cannabinoid agents. This approach, while 

trickier to adapt clinically, may be more appealing as well, as it is believed that other 

components of cannabis can inhibit the unwanted side effects of THC (Lowe et al., 2021; 

McPartland & Russo, 2001; Russo, 2011; Tomko et al., 2020), potentially while retaining 

and even enhancing THCôs demonstrated anti-cancer ability. Future research into the 

relationship between cannabinoid and terpene ratios and anti-cancer effects may reveal 

promising insights into novel cannabinoid therapy approaches. 

 As there were some terpenes that had to be left out of the extract due to 

difficulties measuring them in appropriate doses to mimic their effectiveness in 15 g˃/ml 

extract #20, this may explain some differences in effectiveness of whole extract vs 

reconstituted extract, which was missing the 5 terpenes present in the smallest amounts: 
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caryophyllene, farnesene, carvone, ɓ-caryophyllene, and Ŭ-humulene. Some of these 

terpenes have demonstrated anti cancer effects. ȸ-caryophyllene has been extensively 

studied for its anti-cancer properties (Fidyt, Fiedorowicz, StrzŃdağa, & Szumny, 2016), 

including in brain tumors such as glioma (Irrera et al., 2020). Ŭ-humulene has shown anti-

cancer effects including increased ROS and cytotoxicity against breast, prostate, colon, 

and skin cancer (Tundis et al., 2009), and both Ŭ-humulene and caryophyllene oxide have 

shown effectiveness against colon cancer (Ambroz et al., 2019). Farnesene, as part of an 

essential oil of which it was a major component, had cytotoxicity against breast, skin, 

ductal, and colon cancer cell lines (Jiang et al., 2014). Additionally, Ŭ-humulene, ɓ-

caryophyllene, and farnesene are commonly occurring terpenes in cannabis (Tomko et al., 

2020). This indicates these terpenes may have had a significant effect on overall extract 

effectiveness, despite being present in small levels. These terpenes may also have been 

potentiating the effects of other terpenes or cannabinoids that were present in whole 

extract. For example, ɓ-caryophyllene can potentiate the anti-cancer effects of -h

humulene (Legault & Pichette, 2007) and can induce apoptosis in combination with other 

plant components (Pavithra, Mehta, & Verma, 2018). Perhaps even the small amount of 

ɓ-caryophyllene present in extract #20 potentiated the effects of other terpenes, making 

them more effective- including some that appeared to have no anti-proliferative activity 

when tested individually at levels equivalent to those found in the extract. Interestingly, 

ɓ-caryophyllene is also a phytocannabinoid and can act on the binding site used by THC 

on CB2 (Gertsch et al., 2008). Importantly, it has also been shown to act through this 

receptor to have anti-cancer effects in glioma- another brain tumor (Irrera et al., 2020). ɓ-

caryophyllene may also have had some activity at CB2 that contributed to the anti-cancer 
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effect of whole extract, particularly in AT/RT cell lines that had much higher levels of 

CB2 receptor compared to normal brain tissue. Investigation of these terpenes as anti-

cancer agents in the pediatric cancer cell lines tested in our research may thus yield 

interesting results, and this area of research should be further explored. We also did not 

investigate any flavonoid levels in our extract, despite early evidence of flavonoids 

having anti cancer effects (Tomko et al., 2020); flavonoids may thus also explain some of 

the differences between individual terpenes and whole extract. 

 We did find that terpenes Ŭ-cedrene and citronellol had some anti-cancer effects, 

though this was difficult to recapitulate after the reconstitution assay. Despite initially 

very low nM concentrations of both terpenes producing significant reductions in viability 

in the initial reconstitution assay, further testing failed to repeat these effects at higher 

doses, which is unusual. Interestingly, we saw that at 100 nM, both terpenes showed a 

significant reduction in cell viability again, then no significant reduction with higher 

doses. This could be from saturation of the receptors triggering a negative feedback loop, 

though the meaning of this dose-response relationship is overall unclear. It is also 

possible that the terpenes began to degrade in storage, though all experiments were done 

over a few months time and all reagents were stored according to manufacturer 

instructions. Further investigation of this phenomenon is warranted to better understand 

experimental design with terpenes in future studies investigating their anti-cancer effects.  

 Both terpenes appeared to mediate their decreases in viability via the induction 

p27, also seen with whole extract. Though increases in p27 after treatment with either 

terpene were more modest compared to increases in p27 expression after extract 

treatment, terpenes appeared to have an anti-apoptotic effect via decreases in Bax/Bcl-2 
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ratio and cleaved caspases despite flow cytometry results indicating increases in early 

apoptosis. Indications of G1-S arrest from cell cycle flow cytometry data are also not 

present as with extract #20. Taken together, these results suggest that terpenes Ŭ-cedrene 

and citronellol are likely responsible for the large increases in p27 expression seen from 

extract #20, which appears to be a key part of this extractôs anti-cancer effect. 

 Additionally, understanding of the molecular pathways that underlie the NB and 

AT/RT phenotypes is very important for the development of future novel treatment 

strategies, including cannabis-based ones. Despite both being from the MYC subgroup 

(B. Ho et al., 2019), cell lines BT12 and BT16 had very different responses, as seen in 

our study. Previously collected mRNA from these cell lines without treatment was 

collected, and early analysis shows significant differences in gene expression between 

BT12 and BT16 cells (data not shown, analysis in progress). Further bioinformatic 

analysis would allow us to better elucidate the differences in response, and thus the anti-

cancer effect of extract #20. This will also improve understanding of the biology of these 

cell lines for other studies. 
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Figure 23. Conclusions. The main conclusions of the research of this thesis. 

 

Overall, we demonstrated that cannabis extract has anti-cancer effects on 3 cell 

lines representing pediatric tumors NB and AT/RT, and that these effects are mediated by 

increases in apoptosis and cell death, and modulation of the cell cycle, primarily a p27-

induced arrest of cells in the G1-S transition phase. We also showed that these effects are 

not due to individual cannabinoids or largely driven by any individual component of 

extract #20, but rather than the entourage effect allows for the effectiveness of whole 

extract. This represents an exciting new preclinical development and potential future 

treatment for two aggressive pediatric tumors. These conclusions are summarized in Fig. 

23.  
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APPENDIX 

Supplementary figures 

 

Supplementary Figure 1. The effect of 15ɛg/ml of cannabis extracts #4, #20, #28, and 

#41 on neuroblastoma cell line SK-N-AS.  Data represents the mean normalized 

absorbance values at 595nm, Ñ % error, n=3. Normalization was the absorbance value of 

UT on the final day of treatment for DMSO treated cells, and to the mean absorbance 

value of DMSO treated cells on the final day of treatment for extract treated cells. 

Significance was assessed using the studentôs t-test, two tailed, unequal variance, and the 

Bonferoni correction for multiple comparisons. 
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Supplementary Figure 2. Dose-response of valencene on the viability of normal 

fibroblast cell line BJ-5TA (left column) and neuroblastoma cell line IMR5 (right 

column).  Data represents the mean normalized absorbance values at 595nm, Ñ % error, 

n=3. Normalization was the absorbance value of UT on the final day of treatment for 

DMSO treated cells, and to the mean absorbance value of DMSO treated cells on the 

final day of treatment for terpene treated cells. Significance was assessed using the 

studentôs t-test, two tailed, unequal variance, and the Bonferoni correction for multiple 

comparisons. 
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Supplementary Figure 3. Dose-response of valencene on the viability of normal 

microglial cell line HMC3 (left column) and AT/RT cell line BT12 (right column).  

Data represents the mean normalized absorbance values at 595nm, Ñ % error, n=3. 

Normalization was the absorbance value of UT on the final day of treatment for DMSO 

treated cells, and to the mean absorbance value of DMSO treated cells on the final day of 

treatment for terpene treated cells. Significance was assessed using the studentôs t-test, 

two tailed, unequal variance, and the Bonferoni correction for multiple comparisons. 


