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ABSTRACT
The Cannabis plant contains over 100 phytocannabinoids and hundreds of other 

components. The biological effects and interplay of these Cannabis compounds are not 
fully understood and yet influence the plant’s therapeutic effects. Here we assessed 
the antitumor effects of whole Cannabis extracts, which contained significant amounts 
of differing phytocannabinoids, on different cancer lines from various tumor origins. 
We first utilized our novel electrospray ionization liquid chromatography mass 
spectrometry method to analyze the phytocannabinoid contents of 124 Cannabis 
extracts. We then monitored the effects of 12 chosen different Cannabis extracts on 
12 cancer cell lines. Our results show that specific Cannabis extracts impaired the 
survival and proliferation of cancer cell lines as well as induced apoptosis. Our findings 
showed that pure (-)-Δ9-trans-tetrahydrocannabinol (Δ9-THC) did not produce the 
same effects on these cell lines as the whole Cannabis extracts. Furthermore, Cannabis 
extracts with similar amounts of Δ9-THC produced significantly different effects on the 
survival of specific cancer cells. In addition, we demonstrated that specific Cannabis 
extracts may selectively and differentially affect cancer cells and differing cancer cell 
lines from the same organ origin. We also found that cannabimimetic receptors were 
differentially expressed among various cancer cell lines and suggest that this receptor 
diversity may contribute to the heterogeneous effects produced by the differing 
Cannabis extracts on each cell line. Our overall findings indicate that the effect of a 
Cannabis extract on a specific cancer cell line relies on the extract’s composition as 
well as on certain characteristics of the targeted cells.

INTRODUCTION

Of the over 500 different compounds present in 
the Cannabis plant, currently more than 120 have been 
identified as phytocannabinoids, the unique bioactive 
compounds of the Cannabis plant [1]. The two most well-
known and heavily researched of these compounds are 
(-)-Δ9-trans-tetrahydrocannabinol (Δ9-THC), a principal 
psychotropic ingredient in the plant [2, 3], and cannabidiol 
(CBD) [4]. However, many other phytocannabinoids 
which found in Cannabis at varying levels, are less studied 
but still presumed to have pharmacological properties [5].

Many of the phytocannabinoids found in Cannabis 
affect the endocannabinoid system (ECS), a principal 
endogenous signaling system that appeared early 
in evolution and has important regulatory functions 
throughout the body [6–8]. This system consists of two 
main cannabinoid receptors (CB1 and CB2). More 
recently, additional cannabinoids have been shown to 
bind to other non-CB1, non-CB2 receptors, including the 
G protein-coupled receptor 55 (GPR55) [9] or the transient 
receptor potential (TRP) channels (TRPV1, TRPV2, 
TRPA1, TRPM8) [10]. Following the terminology by 
Leishman et al., 2015 [11], receptors which interact 
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with cannabinoids are referred to as “cannabimimetic 
receptors”. Some of these receptors were found to be 
upregulated in cancer, although conflicting reports exist 
regarding the role of the ECS in tumor generation and 
progression [12–17].

In the last decade, accumulating evidence has 
indicated that phytocannabinoids might have antitumor 
properties. A number of in vitro and in vivo studies have 

demonstrated the effects of phytocannabinoids on tumor 
progression by interrupting several characteristic features 
of cancer. These studies suggest that specific cannabinoids 
such as Δ9-THC and CBD induce apoptosis and inhibit 
proliferation in various cancer cell lines at concentrations 
ranging from 5 to 65 µM [18–25].

Hundreds of different Cannabis species and 
hybrids exist worldwide, which vary significantly in their 

Figure 1: Heat map of unsupervised hierarchical clustering of the cannabinoid profile of 124 Cannabis extracts. The 
matrix of the ESI-LC/MS phytocannabinoid analysis Z-scores representing the set of associations was scaled by column to range from -8 to 
8. Negative values (dark blue) indicate that the extract contained very low levels of the phytocannabinoid, and positive values (red) indicate 
that this extract was composed of high levels of the phytocannabinoid. Dendrograms indicating the clustering relationships are shown to 
the left and above the heat map. The 124 extracts segregate into five major clusters comprised of phytocannabinoids that associate with: 
(1) larger amounts of CBG-type; (2) larger amounts of CBD-type.; (3) larger amounts of CBDA-type; (4) larger amounts of Δ9-THC-type; 
(5) larger amounts of Δ9-THCA-type.
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phytocannabinoid compositions. Certain combinations 
and concentrations of phytocannabinoids and their 
interplay may determine its medicinal effects and adverse 
side effects [26, 27]. In 2015, Armstrong et al. [21] 
revealed that combinations of CBD with Δ9-THC were 
more effective in reducing melanoma cell viability than 
applying Δ9-THC alone. Nabissi et al. (2016) showed 
that a combination of CBD and Δ9-THC induced multiple 
myeloma cell death, while administration of pure Δ9-
THC or CBD alone did not [28]. In a recently published 
study, Blasco-Benito et al. (2018) demonstrated the 
advantage of using a whole Cannabis extract over pure 
Δ9-THC by comparing their antitumor effects on breast 
adenocarcinoma cell lines [29]. These studies suggest a 
synergistic effect of various Cannabis compounds and 
therefore, it is of the utmost importance to study the 
antitumor effects of whole Cannabis extracts.

In this research we attempt to characterize the 
antitumor effects of 12 whole Cannabis extracts on 12 
different cancer cell lines sourced from different tumor 
origins. We evaluate the effects of these Cannabis extracts 
to determine whether whole Cannabis preparations with 
specific phytocannabinoid profiles could be advantageous 
as therapy for certain cancer sub-types.

RESULTS

The heterogeneous composition of Cannabis 
extracts

In order to comprehensively quantify 
phytocannabinoids in the 124 natural and decarboxylated 
Cannabis extracts, we applied an electrospray ionization 
liquid chromatography mass spectrometry (ESI-LC/MS) 
method recently developed in our lab [30]. Overall, 89 
phytocannabinoids were observed in these extracts, of 
which 54 phytocannabinoids are presented in the heat-map 
in Figure 1. Criteria for a phytocannabinoid’s inclusion 
in the analysis was its detection in at least three extracts 
and a minimum concentration of 0.1 % w/w in any of 
the studied extracts. According to Figure 1, significant 
differences in phytocannabinoid compositions exist 
among the 124 Cannabis extracts. Hierarchical clustering 
of the corresponding z-score matrix of association 
showed five major clusters (1-5) characterized by 
patterns of phytocannabinoid compositions. According 
to this hierarchical clustering, it is apparent that minor 
constituents can also significantly contribute to the 
variance among Cannabis extracts, as previously 
suggested by Berman et al. (2018) [30].

Based on the extract profiling results, we selected 
12 representative Cannabis extracts (CAN1-CAN12) 
from these five clusters which varied significantly in their 
phytocannabinoid compositions (Figure 1, Supplementary 
Figure 1). For example, CAN2, CAN3 and CAN9 
contained more CBD- and cannabichromene (CBC)-type 

phytocannabinoids and degradation products (cluster 2), 
while CAN1 and CAN8 exhibited large concentrations 
of cannabidiolic acid (CBDA)-type phytocannabinoids 
and degradation products (cannabielsoic acid, CBEA-
type) and were categorized in cluster 3. Similarly, 
CAN5, CAN7 and CAN12 contained relatively higher 
concentrations (>35%) of Δ9-THC-type phytocannabinoids 
and were categorized in cluster 4, while CAN4, CAN6 
and CAN11 all consisted of relatively high contents of 
(-)-Δ9-trans-tetrahydrocannabinolic acid (Δ9-THCA)-type 
phytocannabinoids and degradation products (cannabinolic 
acid, CBNA- and (±)-trans/cis-cannabitriolic acid, CBTA-
types) and were therefore categorized in cluster 5. CAN10 
had the highest concentration of cannabigerol (CBG)-
type phytocannabinoids compared to all other samples, 
and therefore was individually categorized as cluster 1. 
Interestingly, some of the additional phytocannabinoids 
identified in our previous publication [30], whose absolute 
chemical structures could not be determined with certainty 
at this point, were also observed and clustered in the 
different groups. For example, 329-11a and 329-11c, 327-
13a to 327-13c, 313-16b and 331-18a were identified in 
decarboxylated CBD-rich extracts, whereas 329-11b and 
329-11d were identified in Δ9-THC-rich extracts. Specific 
phytocannabinoids can also be observed clustered with 
the acid-type phytocannabinoids. These agree with the 
neutral-acid pairing suggested in [30] according to the 
MS/MS fragmentation spectra (for example, 357-16a 
is the acid form of 313-16b, and both are most highly 
expressed in CBD-rich extracts). This suggests of mutual 
biosynthetic and/or degradation pathways with the major 
phytocannabinoids. Interestingly, 331-18b and 331-18d, 
are highly expressed in Δ9-THCA-rich extracts (as well as 
in all other samples), although according to their MS/MS 
spectra they are neutral phytocannabinoids.

Effect of Cannabis on cancer cell line survival

We then examined the effects of the 12 chosen 
Cannabis extracts (CAN1 – CAN12) on the survival 
of 12 well-characterized cancer cell lines. Cells were 
treated with increasing concentrations (2-10 µg/ml) of 
the Cannabis extracts for 24 h, and cell survival was 
monitored using Hoechst and PI staining. The effects of 
these 12 differing Cannabis extracts on the survival of 
A549 cells, a lung carcinoma cell line, is shown in Figure 
2. As shown, CAN2, CAN3, CAN4, CAN5, CAN6, 
CAN7, CAN9, CAN10 and CAN12 affected A549 cell 
survival in a dose-dependent manner as opposed to 
CAN8 and CAN11 which did not significantly affect cell 
viability.

Each extract’s effects on cell survival was then 
assessed on 12 human cancer cell lines (Supplementary 
Table 1 and Figure 3A demonstrating the effects of 4 µg/
ml of each extract on these cells). Excluding its effects on 
the HT-29 cell line, CAN7 on average created the most 
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potent cytotoxic effects on the selected cancer cell lines, 
with IC50 values ranging from 3.06 to 5.74 µg/ml. With 
IC50 values above 10 µg/ml, CAN1, CAN8 and CAN11 
were the least potent extracts on all the cancer cell lines 
excluding the LNCaP cell line (Figure 3, Supplementary 
Table 1).

These varying effects of the Cannabis extracts 
on the survival of cancer cell lines appeared in most of 
the cell lines tested (Figure 3A). Interestingly, differing 
cancer cell lines from the same organ origin were affected 
differently by the same Cannabis extracts. For example, 
in comparison to the PC-3 prostate cancer cell line, which 
was more susceptible to CAN7, the LNCaP prostate 
cancer cell line was more sensitive to the effects produced 
by the CAN1, CAN4, CAN6, CAN8 and CAN11 extracts 
(Figure 3A-3C).

Overall, CAN2, CAN5, CAN7, CAN9 and CAN10 
extracts were found to be the most potent in affecting 
cancer cell survival above all other tested extracts (Figure 
3A, Supplementary Table 1). The common feature that 
these extracts shared was that they contained a high 
content (≥50% w/w) of phytocannabinoids in their 
decarboxylated form. However, this phenomenon was 
not uniformly produced in all cells tested, as presented 
in Figure 3D and 3E. The extracts comprising mainly of 
phytocannabinoids in their decarboxylated forms were 
significantly more potent in affecting cell survival on the 
A549 cell line (Figure 3D). However, Cannabis extracts 
containing more phytocannabinoids in their natural acid 
forms were more potent in reducing the survival of the 
LNCaP prostate carcinoma cell line (Figure 3E). These 
results emphasize the selective nature of Cannabis extracts 
to affect the survival a certain cancer cell line.

Anti-proliferative and proapoptotic effects of 
Cannabis extracts

In order to verify the cause of the reduction in cell 
survival following Cannabis exposure, we examined 
the abilities of various Cannabis extracts to induce 
cell death via apoptosis. A549 cells were treated with 
three different Cannabis extracts: CAN5, a Δ9-THC-
rich extract; CAN9, a CBD-rich extract; and CAN10, a 
CBG-rich extract. Treatment with each of these Cannabis 
extracts for 24 h led to apoptosis of A549 cells in a dose-
dependent manner (Figure 4A-4B). In order to further 
verify the proapoptotic effects of these extracts, we 
assessed caspase-3 cleavage of A549 cells by western 
blot analysis. Our findings showed induction of cleaved 
caspase-3 occurred following incubation of A549 cells 
for 24 h with either CAN5, CAN9, or CAN10 extracts 
(Figure 4C).

We went on to test if Cannabis extracts not only 
promote cancer cell death rates but also inhibit cell 
proliferation. In order to assess the anti-proliferative 
effects of these extracts, we applied CAN5, CAN9 and 
CAN10 extracts onto A549 cells at concentrations (1-2 
µg/ml) which we tested previously and found them to 
not affect cell survival (Figure 2). We found that after 
48 h, 2 µg/ml of CAN5, CAN9, and CAN10 extracts 
reduced the percentage of A549 proliferating cells 
to 46.0, 36.7, and 51.0%, respectively, compared to 
67.5% in the control (Figure 5A-5B). However, while 
the CAN5 and CAN9 extracts produced statistically 
significant reductions, the decrease following CAN10 
application onto A549 cells was not statistically 
significant.

Figure 2: The effect of various Cannabis extracts on the survival of cancer cells. A dose-response curve of A549 cells after 24 
h incubation with or without (control) 2-10 μg/ml of CAN1-CAN12 calculated from at least 5 independent experiments.
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Figure 3: Differential effect of different Cannabis extracts on the survival of various cancer cells. Cancer cell lines of 
various tumor origins were treated with 4 µg/ml of 12 different Cannabis extracts for 24 h. Data are reported as mean ± SE of % dead cells 
out of total cells (N=7). (A) The effect of different Cannabis extracts on cell lines A549, NCI-H460, A375, A-431, SW480, HT-29, MCF7, 
MDA-MB-231, LNCaP, PC-3, U-87 MG and T98G. Asterisks represent statistically significant differences compared to control (*P < 0.05, 
**P < 0.005, ***P < 0.0005; one-way ANOVA). (B) A comparison between the effect of Cannabis extracts on PC-3 and LNCaP prostate 
carcinoma cell lines. Asterisks indicate statistically significant differences between LNCaP and PC-3 cell lines (*P < 0.05, **P <0.005, 
*P < 0.0005; two-way ANOVA with Bonferroni's post hoc multiple comparisons test) (C) Representative fluorescent images overlaid onto 
transmitted light images of LNCaP and PC-3 prostate cancer cells treated with or without (control) 4 µg/ml of CAN6 (blue- Hoechst- all 
cells, red- PI- dead cells). (D-E) A comparison between the effect of neutral (white columns) and heat-decarboxylated (black columns) 
phytocannabinoid contents of Cannabis extracts on A549 and LNCaP cells. Asterisks indicate statistically significant differences between 
extracts (*P < 0.05, **P < 0.005, ***P < 0.0005; two-way ANOVA with Bonferroni's post hoc multiple comparisons test).



Oncotarget4096www.oncotarget.com

Figure 4: Proapoptotic effect of Cannabis extracts on cancer cells. A549 cells were incubated for 24 hours with 4 or 8 μg/mL 
CAN5, CAN9, CAN10 extracts or with DMSO (control). Apoptosis (early and late) was assessed by Annexin V/PI staining using flow 
cytometry. Results were calculated as % of positive annexin V-FITC cells out of total cells counted. (A) Representative dot plots of cells 
treated with 4 or 8 μg/ml CAN5, CAN9 and CAN10 extracts. (B) Bar chart of total apoptosis following incubation with extracts. Data 
are presented as mean ± SE (N=5). Asterisks indicate statistically significant differences compared to control (***P < 0.0001; two-way 
ANOVA with Bonferroni's post hoc multiple comparisons test). (C) Cells were lysed and resolved on 15% SDS-PAGE followed by western 
blotting with anti-cleaved caspase 3 and Anti β-Tubulin antibodies.
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Selectivity of Cannabis extracts on the survival 
of cancerous and non-cancerous human lung 
epithelial cells

Some research has shown that certain Cannabis 
preparations selectively promote cancer cell death better 
than non-cancerous cells [20, 31, 32]. Therefore, we 
tested this theory by applying Cannabis extracts CAN1-
12 onto normal airway epithelial cells (AECs) and onto 
lung carcinoma A549 and NCI-H460 cancer cell lines. We 
found that the A549 and NCI-H460 cancer cell lines were 
statistically more sensitive to specific Cannabis extracts 
CAN2, CAN5, CAN7, CAN9, and CAN10 compared 
to normal AECs (Figure 6A-6B). CAN7, a Δ9-THC-rich 
extract, was the least discriminatory of the twelve extracts, 
as it significantly reduced the survival of both cancerous 
and non-cancer lung epithelial cell lines (Supplementary 
Figure 2).

As presented in this work, various cancer cell lines 
respond differently to the same Cannabis extracts. Of 
all the cell lines examined in this study, the HT-29 cell 
line was the least sensitive to all Cannabis extracts and 
concentrations tested (Figure 3A, 6C-6D). Remarkably, all 
extracts tested displayed weak potency against HT29 cells, 
as shown by IC50 values higher than 10 µg/mL (Figure 
6C, Supplementary Table 1).

We therefore screened an additional 43 different 
extracts on HT-29 cell survival and none of them 
affected its cell survival at 4 µg/mL (Figure 6E). Thus, 
the HT-29 cell line possesses a unique characteristic 
or set of properties which relays relative resistance 
to Cannabis extract effects. One such property of 
the cells might be that they express a differing set 
of cannabimimetic receptors. As the expression 
of certain receptors in a specific cell line might 
affect its response to certain Cannabis extracts, we 
analyzed the mRNA levels of seven cannabimimetic 
receptors in human cancer cell lines using real-time 
qPCR. The mRNA of CNR1 (CB1), GPR55, TRPV1, 
TRPV2, TRPA1 and TRPM8 were differentially 
expressed in various cell lines grown in vitro (Figure 
6F). TRPV1 and TRPV2 were expressed by all 
12 tested cell lines (Figure 6F) while CNR1 was 
expressed by nine of the 12 cell lines examined. 
CNR1 levels in HT-29, LNCaP and T98G cells were 
not detected using the applied method.

CNR2 (CB2), was reported to be expressed mainly 
by immune cells, and therefore Jurkat T-cells were used 
as a positive control cell line for CNR2 expression. As 
expected CNR2 was found to be expressed only in the 
Jurkat cell line (Figure 6F). We further verified the CNR2 
qPCR results by applying PCR onto the same cell lines 

Figure 5: Anti-proliferative effect of Cannabis extracts on cancer cells. A549 cells were treated with 1-2 μg/ml CAN5, CAN9 
or CAN10 extracts or control (DMSO) for 48 h. Cells were stained with anti-proliferation marker Ki67 antibody and counterstained with 
Hoechst. Percentage proliferation was calculated as % of Ki67-positive cells out of total cells. (A) Representative images of control and 
CAN9 treatment (1-2 μg/ml). Blue - Hoechst, green - Ki67, Turquoise - overlay of Hoechst and Ki67. (B) Bar chart presents % proliferation 
following incubation with CAN5, CAN9 or CAN10. Data are presented as mean ± SE (N=5). Asterisks indicate statistically significant 
differences between extract treatments vs. control. (*P < 0.05, **P < 0.005, ***P < 0.0005; two-way ANOVA with Bonferroni's post hoc 
multiple comparisons test).
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and again found that only the Jurkat cell line expressed 
CNR2 (Supplementary Figure 3).

HT-29 and MCF7 cell lines were found to be 
the least sensitive to the 12 Cannabis extracts in 
this study, (Figure 3A and Supplementary Table 

1). Moreover, HT-29 cell line was resistance to 43 
additional different extracts at 4 µg/mL (Figure 6E). 
This was correlated to the low or under detectable 
expression levels of CNR1, GPR55 and TRPM8 in 
these cell lines.

Figure 6: Selectivity of Cannabis extracts on the survival of human cells. (A) A549 and NCI-H460 lung carcinoma cells and normal 
bronchial epithelial cells (Normal AECs) were incubated with 4 µg/ml of CAN1-12 or control (ctl). Data are reported as mean ± SE of percentage 
of dead cells out of total cells relative to control treatment (N=3). Asterisks indicate statistical differences between cancer vs. normal AECs 
treated with Cannabis extracts (*P < 0.05, **P < 0.005, ***P < 0.0005; two-way ANOVA with Bonferroni's post hoc multiple comparisons 
test). (B, D) Representative brightfield images of normal AECs and lung carcinoma (NCI-H460, A549) (B) or HT-29 colon carcinoma (D) cell 
lines treated with control or CAN5. (C) Dose-response curve of HT-29 cells after 24 hours incubation with or without (control) 2-10 μg/ml of 
CAN1-CAN12. Data are presented as mean ± SE (N=9). (E) Screening results of 4 μg/ml of 43 different Cannabis extracts, or control on the 
survival of HT-29 cells (N=1). (F) Cannabimimetic receptors CNR1 (CB1), CNR2 (CB2), GPR55, TRPV1, TRPA1, TRPV2, TRPM8 mRNA 
levels were evaluated by qPCR. Expression levels were represented as ΔCT levels of the receptors. *Jurkat cell line was added as a control for 
CNR2 expression. Results are presented as mean expression of N=3 and normalized to the GUSB housekeeping gene. Values were color-coded 
according to the magnitude of expression. UD - Under Detectable Level. The higher the ΔCT values are the lower receptor expression.
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The correlation between phytocannabinoid 
profile and effect on cancer cell survival

We further examined which components of the 
Cannabis extracts determine their potency as an antitumor 
agent. CAN5 and CAN7 were found to be two of the most 
potent extracts by affecting the survival of most cell line 
tested and both contained high amounts of Δ9-THC (56.6 
and 67.8%, respectively). Δ9-THC is one of the most 
common and well-studied components of the Cannabis 
plant and we suspected it might be the key factor in the 

antitumor effect of these two Δ9-THC-rich extracts. In 
order to answer this question, we examined the effects of 
pure Δ9-THC (>99%) along with 12 additional Δ9-THC-
rich extracts (≥45% w/w Δ9-THC) from cluster 2 (Figure 
1) on the A549 cell line (Figure 7A).

Although the 14 Δ9-THC-rich extracts seemed 
to possess similar phytocannabinoid profiles (Figure 1 
and Supplementary Figure 4), they nonetheless exerted 
significantly different effects on the survival of the A549 
cell line (Figure 7A and Supplementary Figure 5). For 
example, 4 µg/ml of both CAN5 and CAN13 extracts 

Figure 7: Differential effect of different high Δ9-THC extracts on the survival of cancer cells. (A) A549 cells were treated 
for 24 h with 4 µg/ml of 14 Δ9-THC-rich Cannabis extracts or pure Δ9-THC. Data are reported as mean ± SE of % dead cells out of total 
cells (N=5). Extracts are ordered on the x-axis by increasing Δ9-THC content in each extract (µg/ml). Statistical analysis was performed by 
one-way ANOVA, followed by Bonferroni's multiple comparisons test. Bars labelled with different letters are significantly different (P ≤ 
0.05) from one another, according to the post-hoc ANOVA statistical analysis. (B) Principal Component Analysis (PCA) of 14 Δ9-THC-rich 
extracts according to the phytocannabinoid content. Criteria for cannabinoid inclusion in the PCA were detection in at least three extracts 
and a minimum concentration of 0.5 % w/w in one of the included extracts. (C) Linear regression of the percentage of dead A549 cells in 
response to 14 Δ9-THC-rich extracts according to their PC1 score.



Oncotarget4100www.oncotarget.com

contained 2.3 µg/ml Δ9-THC, and yet these extracts 
induced an average of 55% and 5.5% of A549 dead cells, 
respectively. The effects of the chosen Δ9-THC-rich 
extracts on A549 cell survival was weakly correlated to the 
amount of Δ9-THC in the extracts (r=0.4553, p=0.0049). 
The effect of 4 µg/ml of purified Δ9-THC on A549 cell 
survival was not statistically different than the control. In 
fact, purified Δ9-THC was less potent in producing cell 
death than the Δ9-THC-rich extracts CAN5 and CAN7 on 
all the studied cancer cells lines (Supplementary Table 1). 
We then calculated the correlation between the percentages 
of dead cells to the amount of 13 other phytocannabinoids 
which were identified in these extracts (Supplementary 
Table 2). Each of these additional 13 phytocannabinoids 
showed a weak to moderate correlation to the percentage 
of dead A549 cells following incubation with Δ9-THC-rich 
extracts (Supplementary Table 2).

Next, we employed principal component analysis 
(PCA) to analyze the effects of the 14 Δ9-THC-rich 
extracts on A549 cell survival. This was done in order 
to identify which of the specific components were the 
most influential to the variance among the extracts, and 
to predict the extract's potency. For the PCA statistical 
analysis, each analyzed compound represented a variable 
while its quantity (% w/w) represented the observation. 
Figure 7B shows a bi-plot of the score and loading scatter 
plots of the first two principal components (PC1 and PC2). 
PC1 and PC2 were linear transformations of 14 identified 
phytocannabinoids and accounted for 47% of the total 
variance. According to the PC1 and PC2 scores in Figure 
7B, the 14 Δ9-THC-rich extracts are divided into two main 
clusters, groups 1 and 2. Interestingly, group 1 clustered 
the three most potent extracts affecting A549 cell survival 
out of the 14 Δ9-THC-rich extracts: CAN5, CAN7 and 
CAN18 as summarized in Figure 7A. Furthermore, the 
effects of these Δ9-THC-rich extracts on A549 cell survival 
(described as percentage of dead cells) were highly 
correlated to the extracts' PC1 score (Figure 7C). This 
correlation to PC1 score was stronger than the correlation 
of the amount of each of the 14 phytocannabinoids alone 
in each extract to the effect of these extracts on A549 cell 
survival (Supplementary Table 2).

DISCUSSION

Cannabis compounds have shown to exert anti-
proliferative and proapoptotic effects on cancer cell lines 
as well as produce antitumor effects in experimental 
models of cancer [18–25]. Although there is great 
chemical diversity in Cannabis (Figure 1), most studies 
thus far, have focused on the therapeutic effects of only 
two prominent phytocannabinoids, Δ9-THC and CBD. 
This study demonstrates the anti-cancer activity of various 
whole Cannabis extracts on a set of human cancer cell 
lines. Our work clearly shows that whole-Cannabis 
extracts exhibit different and selective anti-cancer effects 

according to the varying toxicities observed for specific 
cell lines (Figures 3 and 6).

We found that specific Cannabis extracts such as 
CAN5, CAN9 and CAN10, which vary greatly in their 
phytocannabinoid profiles, significantly impaired the 
survival of various cancer cell lines tested (Figure 3 and 
Figure 4). Nevertheless, the studied cancer cell lines also 
differed in their susceptibilities towards the antitumor 
effects of various Cannabis extracts (Figure 3). Colon 
carcinoma HT-29 and breast carcinoma MCF-7 cell lines 
were the least sensitive to the Cannabis extracts used in 
this study (Figure 3 and Supplementary Table 1). The 
LNCaP prostate carcinoma cell line was exceptionally 
sensitive to extracts containing natural phytocannabinoids 
in their carboxylated form (e.g. Δ9-THCA, CBDA 
and others) (Figure 3). These results suggest that 
phytocannabinoids work through different pathways and 
receptors, which vary in different cancer cell populations.

As reviewed by Pertwee RG et al. (2010) 
[6], phytocannabinoids are known to produce 
certain physiological effects by binding to specific 
cannabimimetic receptors throughout the ECS. Previous 
reports indicated that Δ9-THC activates CB1 and GPR55 
receptors [6, 33, 34]. However it was also recently shown 
that CB1 and GPR55 play opposing roles in colorectal 
cancer models in mice [15]. CBC and CBD were shown 
to be very potent activators of TRPA1 [10]. CBD was also 
reported as an antagonist or negative allosteric modulator 
of CB1 [35, 36]. Additional research has shown that Δ9-
THC and CBD are able to activate TRPV2, TRPA1 and 
TRPM8 receptors [10, 37]. CBG was found to be a partial 
agonist of CB1, TRPA1, TRPV1 and TRPV2 receptors 
and an antagonist of TRPM8 [10, 38].

We therefore examined the mRNA expression of 
seven cannabimimetic receptors – CNR1 (CB1), CNR2 
(CB2), GPR55, TRPV1, TRPV2, TRPA1, TRPM8 – and 
found them to be differentially expressed amongst the 12 
tested cancer cell lines (Figure 6).

The presence or absence of these receptors in the 
tested cell lines may explain the differential potency of 
the extracts towards reducing cell survival. Both the HT-
29 and MCF7 cell lines displayed low or under detectable 
expression levels of CNR1, GPR55 and TRPM8 (Figure 
6F), which may explain why these cell lines were less 
responsive to Cannabis extracts.

It is important to mention that the lack of CB1 
expression in HT29, LNcAP and T98G is in contradiction 
with previous works [39–41]. In addition, previous studies 
have shown that CB2 receptors are expressed by various 
cell lines including HT-29 [42], PC-3 [13] and LNCaP 
[41]. However, other studies [6, 43, 44] and observations 
found in the Human Protein Atlas [45] described that 
CB2 receptors are predominantly expressed by immune 
cells. In line with these studies, our qPCR and PCR 
results indicated CB2 mRNA expression to be under 
detectable levels in all examined cell lines, excluding the 
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T lymphocyte Jurkat cells (Figure 6F and Supplementary 
Figure 3). These discrepancies might be a result of 
different methods used or a potential genomic evolution 
which might have occurred in these cell lines and resulted 
in gene expression variation [46].

Many previous reports highlight and demonstrate 
the anti-tumor effects of cannabinoids [23, 24, 32]. The 
majority of these reports were conducted with pure 
cannabinoids and thus ignored the potential effects of 
the whole preparation and its benefits. However, a few 
studies did suggest a synergistic effect between Δ9-THC 
and CBD. It has been reported that CBD neutralized Δ9-
THC's adverse effects [47, 48] and that the combined 
administration of these two phytocannabinoids could 
act synergistically to reduce tumor growth [21, 28, 29]. 
Reinforcing this concept, De Petrocellis et al. (2011) 
demonstrated that some Cannabis extracts enriched 
with specific cannabinoids were more potent agonists 
of TRPA1, TRPV1, TRPV2 and TRPM8 receptors when 
compared to applying these same pure phytocannabinoids 
singularly [10]. These results support the supposition that 
beyond the major phytocannabinoids present in these 
extracts, other Cannabis extract components may play 
a role in either increasing phytocannabinoid potency or 
phytocannabinoid affinity to respective cannabimimetic 
receptors, and therefore are important for the anti-tumor 
effects produced by Cannabis [29, 49, 50].

Overall, we found that Cannabis extracts were very 
potent in producing cell death and some of these extracts 
were of Δ9-THC-rich type. However, in line with the 
studies mentioned above, we suggest that using whole 
Cannabis extracts is more effective in inducing cancer 
cell death than applying pure Δ9-THC on the studied cells 
lines. Furthermore, not all Δ9-THC-rich extracts produce 
the same effects when applied at the same concentrations 
on a specific cancer cell line. These findings indicate that 
compounds other than Δ9-THC in these extracts might 
act together in a polypharmacology way and determine 
the extract efficacy as antitumor agents (Figure 7, 
Supplementary Figure 5, Supplementary Tables 1 and 2).

Although we observed that specific Δ9-THC-rich 
Cannabis extracts were very potent in inducing cell death, 
their cytotoxic effects cannot be explained solely by the 
amount of Δ9-THC in the extracts. Nor can the potencies 
of these extracts be explained by other individual 
phytocannabinoids detected in them (Supplementary Table 
2). Using PCA, we demonstrated that the combination of 
14 specific phytocannabinoids identified in these extracts, 
may predict their potencies (Figure 7B). This PCA score 
scatter plot showed a clear division between the highly 
and less cytotoxic Δ9-THC-rich Cannabis extracts. The 
PC1 score was found to better describe the relationship 
between the extract composition and its cytotoxic effect 
on A549 cells compared to each phytocannabinoid alone 
(Supplementary Table 2 and Figure 7C). We suggest 

that this type of analysis might be used as a predictive 
tool for other Δ9-THC-rich Cannabis extracts in order to 
choose the most potent extract for a specific cancer cell 
type. The results from this research validate the need for 
comprehensive phytocannabinoid profiling and analysis 
for each Cannabis extract, as recently suggested in a 
publication from our group [30].

Taken as a whole, we concluded that medical 
Cannabis does not consist of a single therapeutic agent 
but rather a heterogeneous array of treatments. We propose 
that the fate of specific cancer cells following Cannabis 
extract application is dependent upon the synergistic 
effects of its phytocannabinoid composition, concentration 
applied, along with the cell specific characteristics (e.g. 
cannabimimetic receptor expression). Further research 
should investigate specific properties and mechanisms of 
cancer cell insensitivity to Cannabis extract effects. Future 
studies could focus on matching Cannabis extracts with 
specific phytocannabinoid compositions and their effects 
on specific cancer sub-types in order to optimize treatment 
effects. We hope that this study will lay the groundwork 
for future preclinical studies and randomized controlled 
clinical trials in order to provide evidence for effective 
Cannabis treatments for many cancer subtypes.

MATERIALS AND METHODS

Phytocannabinoid extraction and sample 
preparation

Air-dried medical Cannabis strains were obtained 
from several Israeli medical Cannabis distributors. 
Cannabis extracts were prepared as detailed in the 
Supplementary Materials. The extracts were reconstituted 
in DMSO to achieve a concentration of 50 mg/ml. For 
phytocannabinoid profiling, a fraction of the sample was 
diluted in DMSO to achieve final concentrations of 10, 1 
and 0.1 µg/ml Cannabis extract to DMSO. Pure Δ9-THC 
(>99%) was acquired as a kind gift from Breath of Life 
(BOL) Pharma in Israel.

Phytocannabinoid identification and 
quantification

Phytocannabinoid analyses were performed 
using a Thermo Scientific ultra-high-performance 
liquid chromatography (UHPLC) system coupled 
with a Q Exactive™ Focus Hybrid Quadrupole-
Orbitrap MS (Thermo Scientific, Bremen, Germany). 
The chromatographic method and MS parameters are 
detailed in the Supplementary Materials. Identification 
and absolute quantification of phytocannabinoids was 
performed by external calibrations as described by Berman 
et al. (2018) [30].
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Cell cultures

Twelve well-characterized human adherent cancer 
cell lines from different solid tumor types were purchased 
from the American Type Culture Collection (ATCC, 
Manassas, VA, USA): MCF7 and MDA-MB-231 for 
breast adenocarcinoma; A375 for malignant melanoma; 
A-431 for epidermoid carcinoma; A549 and NCI-H460 
for lung carcinoma; PC-3 for prostate adenocarcinoma; 
LNCaP for prostate carcinoma; SW480 and HT-29 for 
colorectal adenocarcinoma; U-87 MG and T98G for 
glioblastoma as well as primary normal bronchial/tracheal 
epithelial cells. Jurkat acute T cell leukemia cells were 
provided as a gift from Professor Yoram Reiter at the 
Technion, Israel Institute of Technology.

MCF-7, MDA-MB-231, A375, A-431, HT-29, U-87 
MG and T98G cells were grown in high glucose DMEM 
(Sigma-Aldrich, D5796). A549, NCI-H460, PC-3, LNCaP, 
SW480 and Jurkat cells were grown in RPMI-1640 
medium (Sigma-Aldrich, R8758) supplemented with 10% 
FBS (Biological Industries, 04-007-1A) and 100 units/ml 
of penicillin G and 100 μg/ml of streptomycin (Biological 
Industries, 03-031-1B). Primary normal cells were grown 
in serum-free conditions in Airway Epithelial Cell Basal 
Medium (ATCC, PCS 300-030) supplemented with the 
adequate cell growth kit (ATCC, PCS-300-040). All cells 
were maintained in a humidified atmosphere of 5% CO2 
at 37 °C.

Cell survival assay

Cells were cultured in 96-well plates, at 10,000 or 
8,000 (for A549) cells/well in respective growth media. 
Following overnight incubation, growth media were 
replaced with media containing 0.5 % FBS. Different 
Cannabis extracts or pure Δ9-THC were added in triplicate 
at concentrations ranging from 2-20 µg/ml. DMSO 
was used as control and applied in the same amount as 
in the diluted extracts. Following 24 h incubation, the 
fluorescent probes propidium iodide (PI) (Sigma-Aldrich, 
P4864) and Hoechst (Thermo Fisher Scientific, H3570) 
were added to stain dead cells or all cells, respectively. 
Cells were visualized using an ImageXpress Micro® 
system (Molecular Devices, Sunnyvale, CA, USA). 
Four sites were imaged in each well and the number of 
detected signals per well was counted and analyzed by 
MetaXpress® software (Molecular Devices). Percentage 
of cell death was determined as the number of dead cells 
(stained with Hoechst and PI) divided by the total cells 
(stained with Hoechst), multiplied by 100.

Cell apoptosis assay

Cells were cultured in six-well plates, at 3×105 
cells per well in respective growth media overnight. After 
overnight incubation, media were replaced with media 
containing 0.5 % FBS and Cannabis extracts or DMSO 

(control). All were then incubated for 24 h. Apoptotic cells 
were detected by annexin V/PI assay using flow cytometry 
or via detection of cleaved caspase-3 using a western blot 
assay as described below.

Annexin V/PI assay

Apoptosis was assessed by annexin V-FITC 
(BioVision, 1006-200) and PI staining in annexin 
binding buffer (BioVision, 1006-100) according to the 
manufacturer’s instructions. 10,000 cells were acquired 
using a BD™ LSR II digital four-laser flow cytometer 
(BD Biosciences) and analyzed by BD FACSDiva™ 
software, version 6.1.2. (BD Biosciences). Results were 
calculated as the percentage of positive annexin V-FITC 
cells out of total cells counted.

Cell lysis and western blot analyses

Following treatment, cells were solubilized in 
radioimmunoprecipitation assay buffer (Sigma-Aldrich, 
R0278) and protein concentration in lysates were 
determined using Bradford reagent (Sigma-Aldrich, 
B6916). Equal amounts of protein were resolved by 
Novex™ 4-20% Tris-Glycine Mini Gels (Thermo Fisher 
Scientific, XP04200BOX) and electrophoretically 
transferred to a nitrocellulose membrane (Bio-Rad, 
1704159S). Membranes were blocked with Tris buffer 
saline (TBS) 0.1% Tween 20 buffer containing 5% BSA 
(Sigma-Aldrich, A7906) for one h. The blots were then 
incubated overnight at 4 ºC with anti-cleaved caspase-3 
antibody (Cell Signaling Technology, 9664S) and 
β-tubulin (Cell Signaling Technology, clone D3U1W, 
86298). This was followed by incubation with horseradish 
peroxidase (HRP) -labeled matching secondary antibodies. 
Immunoreactive bands were detected by Luminata™ 
HRP substrate (Millipore, WBLUR0500) and visualized 
using a MicroChemi imager (DNR Bioimaging Systems, 
Jerusalem, Israel).

Immunofluorescence for Ki67 marker

A549 Cells were cultured in 96-well plates, at 
8,000 cells/well in respective growth media. Following 
overnight incubation media were replaced with media 
containing 0.5% FBS and Cannabis extracts were added 
in sub-lethal concentrations, as determined in preliminary 
experiments (1-2 µg/ml). Extract were then incubated for 
48 h in 37 °C with 5% CO2. Following this, cells were 
fixed using 4% paraformaldehyde, permeabilized using 
0.1% Triton and blocked using 5% Normal Donkey 
Serum (Jackson ImmunoResearch Inc., 017-000-121) 
in PBS. Following blocking, cells were incubated with 
mouse anti-human Ki-67 antibody (BD Biosciences, 
610969) overnight at 4°C. This was followed by 
incubation with Alexa Fluor® 488-conjugated donkey 
anti-mouse antibody (Thermo Fisher Scientific, A-21202) 
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and counterstained with Hoechst (2 µg/ml). Cells were 
visualized with ImageXpress® Micro System at 10× 
magnification. The percentage of proliferation was 
calculated as the number of Ki-67 positive cells divided 
by the number of total cells counted in each well, 
multiplied by 100.

RNA extraction

Total RNA was isolated from cells (1×106 cells/
sample) using Trizol® (Thermo Fisher Scientific, 
15596026) and RNeasy kit (Qiagen, 74104) according 
to the manufacturers’ instructions. Sample quality 
was assessed by both spectrophotometer (Nanodrop 
Technologies®, Wilmington, DE, USA) and agarose gels 
(1%).

Real-time quantitative PCR

cDNA was synthesized from 1 µg of RNA with 
the qScript™ cDNA synthesis kit (Quanta Biosciences, 
95047) according to the manufacturer’s instructions. 
The mRNA expression levels of human receptors CNR1 
(CB1), CNR2 (CB2), GPR55, TRPV1, TRPV2, TRPM8 
and TRPA1 were quantified using TaqMan® Gene 
Expression assays (Applied Biosystems - Thermo Fisher 
Scientific, 4448892) and a quantitative-PCR 7300 system 
(Applied Biosystems - Thermo Fisher Scientific). Relative 
expression values were normalized using an endogenous 
housekeeping gene GUSB control and calculated using 
standard ∆-Ct methods.

Statistical analysis

Resulting LC-MS data of cannabinoid content (% 
w/w) was subjected to unsupervised hierarchical clustering 
analysis using R software [51] and the pheatmap package 
[52]. PCA was created to provide a visual depiction of 
the variation in phytocannabinoid compositions among 
extracts using R software and the ggbiplot package [53]. 
Linear regression was done using R software.

All other statistical analyses were conducted 
using GraphPad Prism software version 7.04 (GraphPad 
Inc.). Data were reported as the mean ± SEM of at least 
three independent experiments. Multiple groups were 
compared using one-way or two-way ANOVA followed 
by Bonferroni post-hoc multiple comparisons test. A 
value of at least P ≤ 0.05 was considered significant for 
all tests.
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