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Antitumoral effects of cannabis in Notchl-mutated T-cell

acute lymphoblastic leukemia

Dear Editor,

In T-cell acute lymphoblastic leukemia (T-ALL), an
aggressive hematologic cancer with poor clinical out-
comes, more than 50% of cases show NOTCHI-driven
transformation [1]. The NOTCHI receptor signaling path-
way is activated through a series of proteolytic cleavages,
ultimately causing the release of the active intracellu-
lar domain (NICD), which translocates to the nucleus
where it promotes transcription of target genes involved
in cell growth. The importance of NOTCHI1 mutations
in T-ALL has generated great interest in the develop-
ment of anti-NOTCHI targeted therapies. A new and
promising emerging field in cancer treatment is medi-
cal cannabis. Accumulating evidence suggests the direct
effects of cannabis on tumor progression in cell lines and
animal models [2]. Cannabis, and its unique secondary
metabolites, known as phytocannabinoids, directly affect
the propagation of cancer cells by modulating key cellsig-
naling pathways [3]. We have previously demonstrated that
different cannabis extracts, each containing a unique com-
position of metabolites, selectively impaired the survival of
cancer cell lines depending on a match between the chemi-
cal composition of the extract and the characteristics of the
specific cancer cell line [4]. In the present work, we set out
to investigate whether cannabis extracts with unique phy-
tocannabinoid profiles can selectively facilitate antitumor
effects in T-ALL cells that harbor a Notchl mutation.

We first performed a preliminary screening in which the
viability of four distinct T-ALL cell lines was tested when

Abbreviations: ANOVA, Analysis of variance; c-Cas-3, Cleaved
Caspase-3; CBD, Cannabidiol; CRISPR/Cas9, Clustered regularly
interspaced short palindromic repeats/ CRISPR-associated nuclease9;
FITC, Fluorescein isothiocyanate; gRNA, Guide RNA; HES], Hairy and
Enhancer of Split 1; NICD, Notchl intracellular domain; NOD/Scid,
Nonobese diabetic - severe combined immunodeficiency; PI, propidium
iodide; PTEN, Phosphatase and tensin homolog; qPCR, Quantitative
(a.k.a. real-time) polymerase chain reaction; SEM, Standard error of the
mean; T-ALL, T-cell acute lymphoblastic leukemia; UHPLC/UV,
Ultrahigh-performance liquid chromatography with an ultraviolet
detector.

treated with 15 extracts from different cannabis chemovars
(Figure 1A). The composition of each extract was analyzed
using ultra high-performance liquid chromatography with
an ultraviolet detector (UHPLC/UV) method we devel-
oped [5], and substantial differences were found in their
content of phytocannabinoids (Extracts 1-15, Supplemen-
tary Table S1). The four T-ALL cancer cell lines varied
in their sensitivity to the cytotoxic effect of the extracts.
Extract 12 was found to dramatically impair the viability
of MOLT-4 and CCRF-CEM cells and to a lesser extent
the viability of Jurkat and Loucy cells (Figure 1A). Extract
12 is a cannabidiol (CBD)-rich extract containing high
amounts of this major non-psychoactive phytocannabi-
noid. Moreover, Extract 12 was found to be significantly
more potent against MOLT-4 and CCRF-CEM cell lines
than other high-CBD extracts (Extracts 16-19, Supplemen-
tary Table S1) or pure CBD at the same concentration as
in the extract (Figure 1B). These findings suggested that
a unique combination of secondary metabolites potenti-
ates the cytotoxic effects observed for Extract 12 but not
for CBD alone. To assess whether the reduction in via-
bility is due to increased apoptosis, we examined the
protein levels of cleaved caspase-3 (Figure 1C) and per-
formed Annexin-V and propidium iodide (PI) staining
(Figure 1D-E). Treatment with Extract 12 led to signifi-
cantly enhanced apoptosis of MOLT-4 and CCRF-CEM
cells compared to Jurkat or Loucy cells. Analyzing the
genetic differences between these cells led us to conjec-
ture that the antitumor effect of Extract 12 is dependent on
abnormal NOTCHI signaling, as MOLT-4 and CCRF-CEM
cell lines harbor Notchl mutations while Jurkat and Loucy
do not. By testing three additional cell lines, HPB-ALL
and DND-41 that harbor Notchl mutation and wild-type
PTEN and T-ALL1 which harbors wild-type Notchl and
wild-type PTEN, we confirmed that the cytotoxic effect
of Extract 12 was not mediated via PTEN-related muta-
tions as only HPB-ALL and DND-41 cells demonstrated
significantly increased apoptosis upon Extract 12 treatment
(Supplementary Figure S1A).
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FIGURE 1 Cannabis Extract 12 induces apoptosis in NOTCHI-transformed T-ALL cell lines and inhibits cancer progression in vivo.
Dose-dependent AlamarBlue®© viability assays were performed on Loucy, Jurkat, CCRF-CEM and MOLT-4 cell lines following 24 h treatment
with either (A) cannabis Extracts 1-15, (B) five high-CBD cannabis extracts (Extracts 12 and 16-19) or pure CBD in the same concentration as in
Extract 12. The assays were performed at concentrations of 1 to 5 ug/mL in triplicates (n = 3). (C) A representative blot of cleaved caspase-3
(c-Cas-3) in the four T-ALL cell lines following treatment with either vehicle or Extract 12 (5 ug/mL) for 3 h, with S-tubulin as the loading
control (n = 3). (D) Analysis of apoptosis via Annexin V/PI staining using flow cytometry in the four T-ALL cell lines following 24 h treatment

85U8017 SUOWWIOD 3AIEa.D 3|qeoljdde au Aq pausenob a1e Sajolie VO ‘SN 0 Sa|NnJ 104 Akeiq1 8UIIUO AB]IA UO (SUORIPUOD-PU-SWLBH LD A8 |IM"Ale1q 1[BUI|UO//SHRY) SUORIPUOD PUe SWwiie | 8U1 89S *[£202/50/50] U0 AriqiTaulluO A8 |IM BulyD8URIL0D Ad Z212T 2980/200T OT/I0p/LLI0D" A8 |1M Aleid 1 Bul|UO//SANY WO papeo|uMoq ‘0 ‘8SEEZST



LETTER TO THE EDITOR

ANCER
COMMUNICATIONS J_3

To test the hypothesis that NOTCH1 mutations make
T-ALL susceptible to the cytotoxic effects of Extract 12,
we first measured the mRNA expression of Notchl in
the four T-ALL cell lines, confirming that Notchl expres-
sion was significantly higher in MOLT-4 and CCRF-CEM
cells (Figure 1F). Next, we used CRISPR-Cas9 to knock-
out Notchl. Knocking out Notchl resulted in apoptotic
cell death of CCRF-CEM and MOLT-4 cells which har-
bor a Notchl mutation, but not of Loucy or Jurkat cells
which are Notchl wild-type (Figure 1G and Supplemen-
tary Figure S1B). We confirmed in Jurkat and Loucy cells
which survived the CRISPR/Cas9 manipulation that NICD
expression was reduced (Figure 1H). These results demon-
strate the dependency of MOLT-4 and CCRF-CEM cells
on NOTCH]1 expression. Next, we tested whether Extract
12 directly affects the activity of NOTCHI in MOLT-4 and
CCRF-CEM cells. A designated reporter assay showed that
Extract 12 treatment resulted in a reduction of 62% and 95%
of NICD transcription activity in the nucleus of MOLT-4
and CCRF-CEM cell lines, respectively (Figure 11). Addi-
tionally, we showed by immunoblotting that the levels
of the NICD protein and its downstream targets, c-Myc
and Hairy and Enhancer of Split 1 (HES1), key pro-
teins in NOTCH1 signaling, were significantly reduced
following treatment with Extract 12 to 59%, 31% and 74%,
respectively, in MOLT-4 cells and 36%, 13% and 38%, respec-
tively, in CCRF-CEM cells (Figure 1J). Overexpression
of the NICD in MOLT-4 cells was able to rescue them
from Extract 12-induced apoptosis (Supplementary Figure

S1C-F). The full-length immature form of NOTCHI accu-
mulated in the membrane upon treatment with Extract 12
(Supplementary Figure S1G-I).

Next, the antitumor properties of Extract 12 on tumor
growth in vivo were tested. NOD/Scid mice were engrafted
subcutaneously with MOLT-4 cells. After two days, the
mice were randomly divided into two groups and treated
with either vehicle or Extract 12 every other day for four
weeks. Tumor volume was significantly smaller in the
Extract 12-treated group compared to the vehicle-treated
group already after three weeks (Figure 1K). At the end-
point of the experiment, excised tumors from Extract
12-treated mice weighed significantly less than tumors
from the vehicle-treated group (Figure 1L-M). This exper-
imental setup was repeated with MOLT-4-Luc cells and
tumors were tracked by bioluminescence images acquired
over time. The bioluminescence signal of MOLT-4-Luc
tumors was detectable as early as 2 days post-injection, and
its intensity increased over time to reach approximately
108 photons emitted/s per tumor on day 44. Treatment
with Extract 12 significantly inhibited tumor growth, as
indicated by lower luminescence intensity (Figure 1N).
When the subcutaneous tumors were allowed to develop
for two weeks before initiating Extract 12 treatment (Sup-
plementary Figure S2A), immunofluorescence staining of
DAPI and NICD demonstrated that the expression levels
of NICD were much lower in tumors from the Extract
12-treated group compared to the vehicle-treated group
(Supplementary Figure S2B). The volumes and weights of

with either vehicle or Extract 12 (1-5 ug/mL). (E) A representative flow cytometry dot plot of MOLT-4 and Jurkat cell lines following 24 h
treatment with either vehicle or Extract 12 (5 ug/mL). (F) Notchl mRNA expression in T-ALL cell lines by qPCR. (G) Representative dot plots
of apoptosis assessed by Annexin V/PI staining using flow cytometry following CRISPR-Cas9 knockout of Notchl in Jurkat, Loucy,
CCRF-CEM and MOLT-4 cell lines. (H) Representative NICD blots with -tubulin as the loading control after Notchl knockout in Jurkat and
Loucy cells. (I) MOLT-4 and CCRF-CEM cells were infected with Cignal Lenti RBP-Jk Reporter, and following 3 h treatment with vehicle or
Extract 12 (5 ug/mL), luciferase intensity was measured indicating NICD transcription activity (n = 3). (J) MOLT-4 and CCRF-CEM cell lines
were treated for 3 h with vehicle or Extract 12 (5 ug/mL), and the expression of NICD, c-Myc and HES-1 was evaluated via Western blotting
with -tubulin as the loading control. The intensity analysis of three independent experiments is presented on the right. (K) Female NOD/Scid

mice (n = 5/group, three independent repeats) were engrafted subcutaneously with 1 x 10° MOLT-4 cells. After two days, the mice were

randomly divided into two groups and alternate-day treated intraperitoneally with either vehicle or Extract 12 (150 mg/kg). Ectopic tumor

volume was measured using a vernier caliper and calculated according to the formula (Iength x width?) X 0.5. The average difference between
vehicle- and Extract 12-treated groups is presented and was statistically analyzed by Bonferroni’s multiple comparisons test. (L) Excised
tumors were weighed (n = 15), and the difference between groups was statistically analyzed by unpaired Student’s t-test. (M) Representative

photograph of excised tumors. (N) Bioluminescence-based tumor quantification of MOLT-4-Luc cells injected subcutaneously to mice (n = 5)

that were treated intraperitoneally with either vehicle or Extract 12 for six weeks. Luminescence is calculated as total photon flux relative to

vehicle control on day 2, and differences were statistically analyzed by unpaired Student’s ¢-test; representative images captured by IVIS

imaging system are presented on the right.

Data are presented as mean + SEM and statistically analyzed by two-way ANOVA unless otherwise stated (*P < 0.05, **P < 0.01, ***P < 0.001).
Abbreviations: ANOVA, Analysis of variance; CBD, Cannabidiol; c-Cas-3, cleaved caspase-3; CRISPR-Cas9, Clustered regularly interspaced
short palindromic repeats and CRISPR-associated protein 9; FITC, Fluorescein isothiocyanate; gRNA, Guide RNA; HESI, hairy and enhancer
of split-1; IVIS, in vivo imaging system; Luc, Luciferase; NICD, Notchl intracellular domain; NOD/SCID, Nonobese diabetic/severe combined
immunodeficiency; PI, Propidium iodide; qPCR, Quantitative polymerase chain reaction; SEM, standard error of the mean; T-ALL, T-cell

acute lymphoblastic leukemia.
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tumors were also significantly lower, while the average
weight of the mice was similar, and in this setup as well
the differences were apparent approximately 3 weeks after
treatment initiation (Supplementary Figure S2C-F).

In summary, targeting NOTCH1 signaling has gener-
ated much interest for its therapeutic potential. However,
so far, efforts to develop such treatments have been
unsuccessful [6]. The cannabis plant contains over 140
phytocannabinoids, many of which are presumed to have
pharmacological properties, and accumulating evidence
suggests anticancer capabilities [4]. Here, we identified a
specific CBD-rich extract that selectively induced apopto-
sis in NOTCHI1-mutated T-ALL cells. Although CBD by
itself was able to induce cell death, the whole extract
was more effective, suggesting that other metabolites from
the plant are required to achieve full potency. We have
previously demonstrated this phenomenon in a mouse
model of epilepsy, where CBD-rich extracts with equal
amounts of CBD but varying concentrations of other minor
compounds led to diverse anticonvulsant effects [5]. A
possible mechanism previously suggested to explain the
difference between the effects of purified phytocannabi-
noids versus full-spectrum extracts is the “entourage
effect” [7], where one compound may enhance the activ-
ity and efficacy of another on the same target. While
this synergy is well-established for endogenous cannabi-
noids of the endocannabinoid system [8], only very few
studies demonstrated this phenomenon for phytocannabi-
noids [9]. Cannabis is already being prescribed to cancer
patients for its palliative qualities; however, the huge vari-
ety between different chemovars in their composition is
disregarded [10]. Matching an effective extract to certain
cancer subtypes will ultimately lead to personalized cancer
treatments and medications that not only treat symptoms
but also treat the disease. As dysregulation of NOTCHI1
signaling has been found in various cancers other than T-
ALL and in non-cancerous diseases, our findings suggest
a novel therapeutic strategy for the effective treatment of a
variety of malignancies.
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