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Cannabidiol enhances cytotoxicity 
of anti‑cancer drugs in human head 
and neck squamous cell carcinoma
Yoon Young Go1,2, Su Ra Kim1, Do Yeon Kim1, Sung‑Won Chae1 & Jae‑Jun Song1,2*

Cannabidiol (CBD) has anti‑tumorigenic activity. However, the anti‑cancer effect of CBD on head 
and neck squamous cell carcinoma (HNSCC) remains unclear. The cytotoxicity of CBD on HNSCC was 
analyzed using cell survival and colony‑forming assays in vitro. RNA‑seq was used for determining 
the mechanism underlying CBD‑induced cell death. Xenograft mouse models were used to determine 
CBD’s effects in vivo. CBD treatment significantly reduced migration/invasion and viability of 
HNSCC cells in a dose‑ and time‑dependent manner. HNSCC mouse xenograft models revealed 
anti‑tumor effects of CBD. Furthermore, combinational treatment with CBD enhanced the efficacy of 
chemotherapy drugs. Apoptosis and autophagy processes were involved in CBD‑induced cytotoxicity 
of HNSCCs. RNA‑seq identified decreased expression of genes associated with DNA repair, cell 
division, and cell proliferation, which were involved in CBD‑mediated cytotoxicity toward HNSCCs. We 
identified CBD as a new potential anti‑cancer compound for single or combination therapy of HNSCC.

Head and neck squamous cell carcinoma (HNSCC) is a malignant tumor that occurs in widespread areas of the 
head and neck region, including the oral and nasal cavities, salivary glands, pharynx, and larynx, with a heteroge-
neous mixture of upper aerodigestive tract  malignancies1. HNSCC is considered the sixth most common cancer, 
accounting for approximately 4% of all cancers worldwide, and the 5-year survival rate in patients with late-stage 
HNSCC is less than 50%2. Currently, chemotherapy with cisplatin, methotrexate, and 5-fluorouracil is applied in 
patients with HNSCC as single agents or in combination with radiotherapy to reduce the initial tumor area before 
physical  surgery3. Chemotherapeutic agents, especially platinum compounds (Cisplatin), taxanes (Paclitaxel), and 
5-Fluorouracil are well-known effective drugs for cancer treatment. However, use of chemotherapeutic agents 
cause undesirable side effects such as severe hair loss, nausea, vomiting, kidney problem, and decreased immunity 
to infections as well as drug  resistance4,5. Therefore, mono-targeted therapies based on molecular research to 
treat HNSCC have been developed and tested in clinical studies, the FDA has approved several single agents for 
HNSCC including cetuximab and  pembrolizumab6,7. Although cetuximab was specifically developed to target 
the epidermal growth factor receptor (EGFR), which is overexpressed in HNSCC, low treatment response and 
side effects such as acquired resistance often limit its application in chemotherapy for all patients with  HNSCC6. 
Therefore, more effective agents are needed for chemotherapy strategies in patients with HNSCC.

Cannabidiol (CBD) is one of the components in the Cannabis sativa L. (marijuana) family of plants, and 
basic research has been elucidating the chemical structure of CBD compounds since the  1960s8. Cannabis plants 
consist of two major components, CBD and tetrahydrocannabinol (THC), which have different bioactive and 
medicinal effects on the human body. For example, THC has been well known for its psychoactive and addictive 
properties, whereas CBD attenuates the psychoactivity of THC in the nervous  system8. There are concerns about 
CBD’s effects on physical and mental health; yet, preclinical studies suggest there are medical benefits of CBD for 
treating drug and tobacco addiction in  humans9. Therefore, CBD is considered a safe pharmacological constituent 
of the cannabinoid family, which is known to have various medicinal effects, including anti-inflammatory and 
anti-ischemic effects, plus potential to treat neuropathic pain and childhood seizure  disorders10–12. Currently, 
CBD is widely consumed as an extract or oil from cannabis plants in European countries and  America12.

CBD has potential benefits for treating cancer, including extensive inhibition of tumor growth, angiogen-
esis, and metastasis in various cancer  models13,14. The molecular mechanism underlying the anti-cancer effect 
of CBD is not fully understood, but the majority of studies have shown that it inhibits cancer cell proliferation 
via apoptosis  signaling15. In addition, one of the most well-known advantages of CBD regarding its medici-
nal effects is cancer-associated pain relief. Compared with side effects of chemo-anticancer drugs, CBD can 
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effectively alleviate nausea and vomiting induced by chemotherapy during cancer  therapy16. Therefore, CBD 
can have a dual advantage for cancer therapy. Recently, it has been reported that cannabinoids can induce the 
carcinogenesis of human papillomavirus (HPV)-positive  HNSCC17. However, it is still unclear the effects of CBD 
on HPV-negative HNSCC. In this study, we investigated the mechanisms underlying CBD-induced cell death 
in HPV-negative HNSCC cell lines, and determined the synergistic efficacy of combining chemotherapy agents 
with CBD. Additionally, we also provide in vivo evidence that CBD reduces head and neck tumor growth as an 
effective cytotoxic agent against HNSCC.

Results
Cytotoxic effect of CBD on HNSCC cells. To investigate the cytotoxic effect of CBD on human HNSCC 
cells, we first measured the cell viability of four HNSCC cell lines using CCK8 assays after treatment with various 
concentrations of CBD (0–15 µM) for 24 h. A greater decrease in viability was detected in HNSCC cells cultured 
with CBD (< 6 µM) than in normal human oral keratinocytes (HOK) (Fig. 1A). In addition, viability of HNSCCs 
was significantly suppressed by CBD in a time-dependent manner upon treatment for 48–72 h, indicating the 
significant cytotoxicity of CBD as an anti-cancer drug (Fig. 1B). Similar to the CCK8 assay results, trypan blue 
exclusion assay results also showed induction of HNSCC cell death at day 2 under treatment with different 
concentrations of CBD, suggesting that CBD has anti-cancer potential in HNSCC cells (Fig. 1C). We then inves-
tigated whether CBD has anti-migration and anti-invasion effects on human HNSCC cells (SCC15 cells). For 
migration and invasion assays, CBD-treated and -untreated SCC15 cells were allowed to transmigrate in tran-
swell insert systems and then the number of migrated/invaded cells was determined. The number of transmi-
grated SCC15 cells significantly decreased upon CBD treatment in a dose-dependent manner, compared with 
that for the control SCC15 cells in both migration and invasion assay systems (Fig. 1D,E). These results dem-
onstrated that CBD inhibits the migration and invasion of human HNSCC cells and also has cytotoxic effects.

Anti‑tumor effect of CBD in vivo. Next, we further validated the anti-tumor capacity of CBD using a 
xenograft mouse model. Two different FaDu cell xenograft mouse models were generated by injecting 2 × 106 

Figure 1.  Cannabidiol (CBD) induced cytotoxicity in head and neck squamous cell carcinoma (HNSCC) 
cells. (A) A normal cell line (HOK) and HNSC cells (FaDu, SNU899, SCC15, Hep2) were treated with various 
concentrations (0, 0.1, 0.5, 1, 5, 10, 15 µM) of CBD for 24 h and then cell viability was determined by CCK8 
assay.  EC50 indicates the efficient concentration for 50% cell death. (B) FaDu, SCC15, and Hep2 cells were 
treated with 0, 0.1, 0.5, 1, 3, 5, and 10 µM of CBD. The cell viability was measured by CCK8 assay at 24, 48, 
and 72 h. (C) FaDu cells were seeded in a 24-well plate and then exposed to CBD in each growth medium for 
48 h. Cells stained with 0.4% trypan blue solution were observed by light microscopy. The scale bar represents 
200 μm. (D,E) SCC15 cells were exposed to 0 or 6 µM of CBD for 24 h and then added cells into Matrigel-coated 
or uncoated transwell upper inserts in serum-free media. After incubation for 24 h, transmigrated cells were 
stained by Diff Quick solution and then visualized by light microscopy. The migrating and invading cells were 
counted for each group. Scale bars, 200 μm. Data were represented as mean and standard deviation (SD) (n = 3); 
*p < 0.05; **p < 0.01; and ***p < 0.001 compared with the corresponding control.
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cells subcutaneously or into tongues of BALB/c nude mice. As shown in Fig. 2A, tumor sizes of tongue xenograft 
tumors were significantly decreased in CBD-treated mice compared with those in untreated control mice. This 
result indicated that CBD inhibited the growth of HNSCC cells in vivo. Moreover, remarkable inhibitions of 
tumor growth and weight were observed in mice that received combination therapy with both CBD and Cispl-
atin (Cis) (Fig. 2B–D), which means that CBD can be used in combination with general anti-cancer drugs such 
as Cis.

CBD enhances the effect of anti‑cancer drugs in HNSCCs. General anti-cancer chemotherapy drugs 
including Cis, 5-Fluorouracil (5-FU), and Paclitaxel (Taxol) decreased the survival rate of FaDu cells in a dose-
dependent manner (Supplementary Fig. S1); specifically, 10 µM Cis, 18 µM 5-FU, or 15.2 µM Taxol in single 
treatments were determined to be the effective concentrations for 50% death in HNSCC cell lines (Fig. 3B lower 
panel). To assess whether CBD enhances the efficacy of anti-cancer drugs, we compared the cell survival rate 
for single treatment with a general anti-cancer chemical drug with survival rates upon combinational treatment 
with CBD (Fig. 3A). The lower panels of Fig. 3B showed strong synergism in FaDu cells when drug combinations 
were below 6:5 or 6:10 ratio of CBD:Cisplatin or CBD:5-Fu and/or Paclitaxel, respectively. Combination with 
3 µM or 6 µM of CBD markedly inhibited the viability of FaDu cells compared with single therapy of anti-cancer 
drugs, showing that a significantly lower amount of Cis, 5-FU, and Taxol was sufficient to kill 50% of HNSCC 
cells (Fig. 3C). To analyze the long-term effect of CBD combination with anti-cancer drugs on clonogenic sur-
vival of treated FaDu cells, colony forming assays were performed. Compared with single treatment with 5-FU, 
Cis, or Taxol, co-treatment with CBD was more effective for anti-cancer therapy (Fig. 3D and Supplementary 
Fig. S2). Taken together, these results indicated that cytotoxic drug combinations with CBD were more effective 
in cancer treatments.

CBD induces apoptosis and autophagy in HNSCC cells. We found that CBD significantly inhibited 
proliferation of HNSCC cells in this study. However, the cellular responses induced by CBD in HNSCC cells, 
especially cell death signaling, still remained unknown. To examine whether CBD triggered apoptotic signaling 
in HNSCCs, we first performed Annexin V/PI staining of the three HNSCC cell lines untreated or treated with 
CBD. CBD dose-dependently remarkably increased the number of Annexin V/PI double positive stained cells 

Figure 2.  Anti-tumor effect of cannabidiol (CBD) in a head and neck squamous cell carcinoma (HNSCC) 
xenograft animal model. (A) FaDu cells (2 × 106) injected into tongues of nude mice. After 2–3 days, mice 
were treated with EtOH or CBD (5 mg/kg) or intraperitoneally (i.p). H&E staining of FaDu cell xenograft 
mice (tongue) treated with CBD or EtOH after 3 weeks were observed by light microscopy and tumor size was 
measured. The percentage of tumor area was determined by Image J software. Scale bars represent 200 μm. (B) 
FaDu cells (2 × 106) injected subcutaneously to the animal. FaDu cell xenograft mice (Subcutaneous) treated 
with EtOH, CBD (5 mg/kg), Cisplatin (2.5 mg/kg) or CBD (5 mg/kg)/Cisplatin (2.5 mg/kg) (CBD + Cis) after 
4 weeks were sacrificed and the photographs of mice and tumors were taken using a digital camera. EtOH or 
CBD were orally (o.a) treated and Cisplatin was intraperitoneally (i.p) injected. Tumor volume (C) and weight 
(D) were statistically determined. (n = 4 mice/group and 3 images/mouse) Data were represented as mean and 
SD; *p < 0.05, and **p < 0.01 compared with the corresponding control.
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compared with numbers in untreated HNSCC cells, indicating that CBD stimulated apoptosis in HNSCC cells 
(Fig. 4A). Another experiment, shown in Fig. 4B, revealed that treating SCC15 cells with 10 µM CBD decreased 
the mRNA levels of TP53 and Bcl-2, while levels of Bax and caspase-3 and -9 were significantly elevated (Fig. 4B, 
left panel). Among these apoptotic markers, CBD treatment decreased p53 expression, meaning that low levels 
of p53 expression may be involved in cell cycle arrest, but not apoptosis, when HNSCC cells are exposed to 
 CBD18. Immunoblot analysis also revealed that CBD dose-dependently increased the expression of cleaved-
PARP and -caspase 7 in SCC15 cells (Fig. 4B, right panel). Next, we investigated whether autophagy signal-
ing-mediated cell death was involved in CBD-induced cytotoxicity of HNSCCs. Increased expression levels of 
autophagy marker genes, including Beclin- and LC3II-coding genes were observed in CBD-treated HNSCC cells 
(Fig. 4C, left panel). We also clearly detected an increase in LC3II protein level in CBD-treated FaDu and SCC15 
cells (Fig. 4C, right panel). However, CBD-induced autophagy may exert a protective function against HNSCCs. 
Therefore, we inhibited autophagy by adding chloroquine (CQ) before treatment with CBD to HNSCCs and 
then performed CCK8 assays to determine cell viability. Treatment with CQ resulted in a significant increase 
in the viability of CBD-treated FaDu, Hep2, and SCC15 cells (Fig. 4D), implying that CBD-induced autophagy 
enhanced cell death in HNSC cells, but was not a protective mechanism. Overall, CBD-mediated toxicity toward 
HNSCC cells involves both apoptosis and autophagy mechanisms in cell death signaling.

Genome‑wide changes triggered by CBD in HNSCCs: DNA damage and cell cycle arrest. We 
next investigated the changes at the whole-transcriptome level triggered by CBD treatment in HNSCCs. RNA-
seq analysis identified 1469 and 1334 genes in FaDu and SCC15 cells, respectively, as significantly differentially 
expressed genes (DEGs; < twofold) in CBD-treated HNSC cells. For FaDu cells, 450 genes were significantly up-
regulated, while 1019 genes were down-regulated. CBD-treated SCC15 cells exhibited 233 significantly upregu-
lated genes and 1101 down-regulated genes (Fig. 5A). Panel B in Fig. 5 shows the combined top 25 up- and 
down-regulated genes in FaDu and SCC15 cells. From the up-regulated genes in both cell lines, we selected 
two genes, DUSP1 (Dual specificity phosphatase 1) and KLF6 (Kruppel like factor 6), as downstream targets of 

Figure 3.  Cannabidiol (CBD) exhibited synergistic efficacy with anti-cancer drugs. (A) FaDu cells were 
treated with various concentrations of Cisplatin, 5-Fluorouracil, and Paclitaxel for 24 h and then cell viability 
was determined by CCK8 assay to determine  EC50 value of each drug. After four hours of pretreatment with 
Cisplatin, 5-Fluorouracil, or Paclitaxel with FaDu cells were exposed to 3 or 6 µM of CBD in each drug group. 
The Cell survival rate was determined using CCK8 assay at 24 h. (B) Isobologram method was used to analyze 
the additivity and/or synergy of in vitro drug combination treatment in FaDu cells. The diagonal line delineated 
95% growth inhibition. Combination Index (CI) values determined using the 50% of inhibitory concentration 
 (IC50) values from each drug combination, which were pointed by colored rounds or triangles. Antagonism 
(CI > 1) and synergy (CI < 1) were indicated above and below the line, respectively. (C) Single treatment of 
Cisplatin, 5-Fluorouracil, or Paclitaxel were compared with combination treatment with 3 or 6 µM of CBD and 
represented  EC50 value as the graph and table. (D) FaDu cells were exposed to  EC50 value of Cisplatin (10 µM), 
5-Fluorouracil (18 µM), and Paclitaxel (15 µM) alone or combination with 6 µM of CBD and then cultured for 
2 weeks. The cells were stained with crystal violet and visualized by a light microscopy. Scale bars, 200 μm. Error 
bars indicated mean and SD; *p < 0.05; **p < 0.01; and ***p < 0.001 compared with control.
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EGFR signaling and then confirmed the dose-dependent increase in expression levels of both genes in CBD-
treated HNSCCs (Fig. 5C). Additionally, we analyzed the top 50 up- and down-regulated genes in FaDu and 
SCC15 cells, respectively (Supplementary Fig. S3) 60 cancer-related genes in CBD treated FaDu and SCC15 cells 
found in our analysis (SI 1). For the DEGs up- and down-regulated by twofold or greater in CBD-treated FaDu 
cells, the key gene ontology (GO) terms in biological processes included positive regulation of apoptosis, nega-
tive regulation of cell proliferation, and down-regulation of DNA replication and repair (Fig. 6A). GADD45A 
(growth arrest and DNA damage-inducible protein alpha) is involved in DNA repair and apoptosis  processes19. 
CDKN1A (cyclin-dependent kinase inhibitor 1A), also known as p21, is associated with DNA damage-linked 
cell cycle  arrest20. Importantly, strong up-regulation of GADD45A and CDKN1A gene expression was observed 
in both CBD-treated FaDu and SCC15 cells (Fig. 6B), suggesting that CBD might induce apoptosis and cell cycle 
arrest by modulating GADD45A and p21 levels in HNSCC cells. In addition, cell cycle and DNA damage/repair 
related genes such as PARP1 (poly ADP-ribose polymerase 1), ATR  (ATM and Rad3-related), XRCC3 (X-ray 
repair cross-complementing group 3), CDK5 (cyclin dependent kinase 5), and CHEK1 (checkpoint kinase 1) 
exhibited significantly reduced expression levels in CBD-treated HNSCC (Fig. 6B). Down-regulated expression 
levels of MCM2 (mini-chromosome maintenance complex component 2), PARP1, and BRCA1 (breast cancer 
type 1) genes in CBD-treated HNSCC were confirmed by quantitative real-time RT-PCR and then compared 
with the RNA-seq results (Fig. 6C). Other significantly expressed genes related to DNA repair, cell cycle, cell 
proliferation, and cell migration in CBD-treated HNSCC were also identified by our data (SI 2).

Discussion
HNSCC is etiologically caused by exposure to carcinogens such as tobacco and alcohol, and infection with the 
human papillomavirus (HPV). As for the primary treatment, combining cytotoxic drugs and radiotherapy is the 
only available therapeutic strategy for patients with  HNSCC6. A small population of cancer cells regrows and 
expands locally or forms distant metastases according to three pathophysiological steps: invading, transporting, 
and  recurring21. Local recurrence and cancer metastasis are current challenges for treating  HNSCC6. In order to 
inhibit and effectively kill cancer cells, one of the recently suggested options for anticancer chemotherapy mainly 

Figure 4.  Cannabidiol (CBD) induced human head and neck squamous cell carcinoma (HNSCC) cell death 
via apoptosis and autophagy. (A) SCC15, Hep2, and FaDu cells were treated with 0, 3, 6, or 10 µM of CBD 
for 24 h and stained with Annexin V and PI. Apoptosis was detected by flow cytometry. (B) SCC15 cells were 
incubated with CBD at the indicated doses and then quantitative real time RT-PCR and western blot analysis 
were performed. The mRNA levels of p53, Bcl-2, Bax, caspase-3, and -9 and the protein levels of cleaved PARP 
and caspase-7 were analyzed upon exposure to CBD in HNSCC cells. (C) The expression levels of Beclin- and 
LC3II-encoding genes were determined by quantitative real time RT-PCR after treatment with 10 µM CBD for 
24 h. Protein levels of LC3II were determined in FaDu and SCC15 cells treated with 0 or 6 µM CBD for 24 h. 
(D) Pretreatment of FaDu, Hep2, and SCC15 cells with CQ were exposed to 0 or 6 µM CBD for 24 h. The cell 
viability was determined by CCK8 assay. Data were represented as mean and standard deviation (SD) (n = 3); 
*p < 0.05 compared with the corresponding control. Full-length gels and blots in (B) and (C) are included in a 
supplemental experimental procedure.
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involves anticancer drug cocktails using cytotoxic and cytostatic chemicals, as well as biotherapies (antibod-
ies, vaccines, gene therapy, and immune therapy, etc.)22. Here, we found that CBD has anti-cancer potential as 
a cytotoxic drug for HNSCC, and combining the natural product CBD with chemotherapeutic drugs such as 
fluoropyrimidines, platinum analogs, or taxanes might inhibit cancer cell growth significantly more than treat-
ment with single drugs. Cytotoxic drugs for chemotherapy can have several side effects for patients with cancer, 
including fatigue, nausea, hair loss, and diarrhea because of damage to normal cells. However, CBD can exert a 
palliative effect and is less toxic to normal cells as a natural compound, and we also revealed that CBD induced 
cytotoxicity in human HNSCC, but not in normal oral keratinocytes. Therefore, combination treatment with 
CBD can effectively alleviate uncomfortable side effects in patients with cancer by reducing the use of toxic 
chemotherapeutic drugs during cancer treatment. In the context of the cancer therapeutic potential of CBD for 
clinical use, a future study should compare CBD’s effectiveness among primary and advanced/recurrent HNSCC.

It has been known that CBD activates apoptosis-mediated cell death in several cancer cell lines such as breast, 
colorectal, leukemia, and pancreatic tumor  cells23–26. Consistently, we also observed that CBD mediated dose-
dependent apoptosis in HNSCC. Moreover, we found that treatment with CBD in HNSCC increased levels of 
cleaved PARP1 and LC3 II, meaning that the cytotoxic effect of CBD in HNSCC is associated with autophagy 
as well as apoptosis. Inhibiting autophagy prevented CBD-induced cell death in HNSCC in our study, suggest-
ing that CBD-induced autophagy is clearly involved in the cell death mechanism, but not the protective role of 
autophagy for HNSCC. Several researchers previously demonstrated that autophagy signaling is upstream of 
apoptosis in the mechanism of cell death induced by  CBD27,28. We did not explore which cell death mechanism 
controls CBD-induced cell death, but clearly demonstrated that both apoptosis and autophagy processes are 
involved in the mechanism of CBD-mediated cell death in HNSCC.

p53 is often inactivated by mutations in most HNSCC cases, and is therefore not able to facilitate the initia-
tion of apoptosis. In our study, the p53 gene was downregulated by CBD treatment as determined by RNA-seq 
and PCR. These results might represent a non-functional role of p53 for CBD-mediated apoptosis in HNSCC. 
However, cleaved PARP1 was observed in CBD dose-dependent manner in HNSCC, which can induce intracel-
lular apoptosis.

Erener et al.29 suggested an apoptosis-independent role of caspase 7 and PARP1 cleavage, introducing new 
insight into inflammatory signaling. The increase in cleaved caspase 7 and PARP1 observed in the present study 
can be evidence of apoptosis, but it also can facilitate chromatin opening of NF-kB signaling related genes, 
thereby promoting the expression of proinflammatory genes. Indeed, inflammatory response genes encoding 

Figure 5.  Cannabidiol (CBD) triggered widespread transcriptome changes in head and neck squamous 
cell carcinoma (HNSCC) cells. (A) FaDu and SCC15 cells were treated with 10 µM CBD and RNA-seq was 
performed to investigate differentially expressed genes (DEG) by CBD treatment on HNSCCs. The number of 
up- and down-regulated genes in response to CBD in FaDu and SCC15 cells is indicated, respectively. (B) The 
Top 50 up- and down-regulated genes in both FaDu and SCC15 were represented by color images and value of 
fold change (twofold difference with p < 0.05). Color depicted the levels of fold change. (C) The representative 
up-regulated genes encoding DUSP1 and KLF6 in CBD-treated FaDu and SCC15 cells were confirmed by 
quantitative real-time RT-PCR. Data indicated mean and SD; *p < 0.05; **p < 0.01; and ***p < 0.001 compared 
with the corresponding control.
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IL-8, IL-6R, NFKBIZ, IL-1R, and PTGS2 were significantly upregulated in our RNA-seq data (SI 3) suggested 
that CBD-induced cleavage of caspase 7 and PARP1 might stimulate cellular inflammatory responses in HNSCC.

DUSP1 can dephosphorylate both tyrosine and threonine residues as a dual-specificity kinase phosphatase, 
which is a known negative regulator of EGFR-initiated MAPK (mitogen activated protein kinase) signaling. 
DUSP1 is capable of inactivating MAPK isoforms in oncogenic Ras/ERK signaling through the activity of dual 
specific  dephosphorylation30. Activation of the Ras-mediated MAPK pathway promotes the cell cycle and prolif-
eration, which leads to malignant  tumors31. Recent studies considered DUSP1 as an anticancer target molecule 
to modulate the apoptosis and autophagy signaling of over-activated MAPK pathway in cancer  cells32,33. We 
also found that DUSP1 was one of the most upregulated gene by RNA-seq upon treatment of CBD on HNSCC, 
and confirmed its increased expression levels in this study. The exact mechanism of CBD in HNSCC remains 
unknown, but our results might suggest that CBD effectively suppresses HNSCC cell proliferation and growth 
by the inducing the apoptotic and autophagy activity of DUSP1.

Moreover, increased expression levels of KLF6 were also investigated in our study. KLF6 overexpression has 
been known to induce apoptosis and inhibit cell proliferation and migration in various cancer cells; one study 
showed the tumor suppressive function of KLF6 in oral cancer  cells34. In addition, KLF6 is associated with 
inactivation of the EGFR-initiated PI3K-mediated signaling pathway by inhibiting AKT and mTOR activation. 
Actually, EGFR is extensively overexpressed in HNSCC and is considered as an important therapeutic target, but 
several anti-EGFR-based therapies have not been  effective35. One of the main issues of EGFR-based therapies in 
cancer cells is constitutive activation of EGFR-mediated downstream oncogenic signaling (MAPK, PI3K/AKT, 
JAK/STAT, and AKT/NF-kB pathway) by EGFR mutation, which thereby leads to the development of treatment 
 resistance36. Therefore, CBD has great potential as an anticancer drug for HNSCC, not only due to its cytotoxic 
effect by inducing genotoxic stress, but also because it specifically targeted EGFR terminal mediators by regulat-
ing DUSP1 and KLF6 expression. Our results from RNA-seq with the in vitro and in vivo findings suggested that 
CBD might induce the expression of DUSP1 and KLF6, following the HNSCC tumor suppression via the DUSP1 
and/or KLF6 dependent activation of apoptosis and autophagy cellular signaling on HNSCC.

Interestingly, CBD-treated FaDu cells exhibited significantly downregulated DNA replication and repair pro-
cesses, confirming dysregulated expression levels of related genes such as MCM2, PARP1, and BRCA1. BRCA1 
and PARP1 play a critical role in repairing double- and single-stranded DNA breaks,  respectively37. In addition, 
MCM2 is a replicative helicase that initiates proper DNA  replication38. If DNA damage and replication become 
uncontrolled because of a lack of key factors involved in DNA repair and replication processes, DNA damage 
increases, subsequently causing apoptosis in cancer  cells5. It is still unclear how CBD interferes with DNA 
replication and repair processes, but our study suggested a possible mechanism of action of CBD on HNSCC: 
CBD-induced DNA damage via the upregulation of MCM2, PARP1, or BRCA1 can be attributed to induce 
apoptosis and CBD also subsequent activation of KLF6, which might promote CDKN1A (p21) expression in 

Figure 6.  Alteration of Biological processes by cannabidiol (CBD) treatment. (A) The significant gene ontology 
terms of associated biological processes from differentially up-and down-regulated genes in CBD-treated FaDu 
cells were listed (twofold difference with p < 0.05). (B) The list showed the DNA damage- and cell cycle arrest-
related genes in RNA-seq data. (C) The expression levels of down-regulated genes encoding MCM2, PARP1, and 
BRCA1 were confirmed by quantitative real-time RT-PCR and compared with the results of RNA-seq.



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20622  | https://doi.org/10.1038/s41598-020-77674-y

www.nature.com/scientificreports/

cells. Increased p21 protein expression consequently triggers cell cycle arrest via the inhibition of cyclin D and 
stimulation of GADD45A/B expression (Fig. 7).

In conclusion, our study determined the anti-tumorigenic potential of CBD. In addition, single treatment 
of CBD or co-treatment with chemotherapeutic agents promoted HNSCC cell death along with apoptosis and 
autophagy processes. Therefore, our study suggests that CBD can be an excellent therapeutic agent against 
HNSCC.

Materials and methods
Cell line and culture procedure. Human oral keratinocytes (HOK) were used as a control cell line against 
to HNSCC as  described4, which obtained from ScienCell (#2610) and cultured with oral keratinocyte growth 
medium supplemented with penicillin/streptomycin (1000 U/mL, Gibco, New York City, NY, USA). HNSCC 
cells including FaDu (KCLB-30043), Hep2 (KCLB-10023), and SNU-899 (KCLB-00899) were purchased from 
Korean Cell Line Bank (KCLB, www.cellb ank.snu.ac.kr) and SCC15 were obtained from the American Type 
Culture Collection (ATCC, Manassas, VA, USA; CRL-1623). FaDu, Hep2, and SCC15 cells were cultured in 
low-glucose DMEM (Lonza, Walkersville, MD, USA) with 10% fetal bovine serum (FBS) (Gibco), and 1000 U/
mL penicillin/streptomycin (Gibco). SNU-899 cell lines were maintained with RPMI-1640 medium (Lonza) 
supplemented with 10% FBS and penicillin/streptomycin (1000 U/mL, Gibco). All cells were sub-cultured at 
approximately 90% confluence and maintained at 37 °C with 5%  CO2.

Reagents and cell viability assay. CBD (Sigma Aldrich, St. Louis, MO, USA; C7515) was provided by 
Prof. Dr. Sang Cheul Oh from the Korea University of Guro hospital, Korea. CBD powder was dissolved in abso-
lute ethanol (EtOH) and then stored at − 20 °C until use. For cell viability assays, HNSCC and HOK cells were 
seeded (1 × 104 cells/well) in 96-well plates, and then cultured in growth medium for 24 h. Cells were exposed to 
CBD in serum-free medium for 24, 48, or 72 h under the indicated conditions and then cell viability was meas-
ured using the Cell Counting Kit 8 (CCK-8) (Dojindo Laboratories, Kumamoto, Japan), according to the manu-
facturer’s protocol, as  described39. Anti-cancer drugs including Cisplatin (C2210000), 5-Fluorouracil (5-FU) 
(F6627), and Paclitaxel (Taxol) (T1912) were purchased from Sigma and dissolved in 0.9% sodium chloride, 
EtOH, and DMSO, respectively. Chloroquine (CQ) was also obtained from Sigma Aldrich (C6628), solubilized 
in EtOH, and stored at room temperature until use.

Isobologram analysis were performed as previously  described40. The Combination Index (CI) values were 
calculated based on the interaction of chosen two drugs at the half of inhibitory concentration  (IC50) and then 
indicated antagonism (CI = 1), additivity (CI > 1), or synergy (CI < 1) on graphically presented Isobologram 
analysis. ED50 plus v 1.0 software was used to determine the of the  IC50 each drug as previously  described41.

Cell migration and invasion assays. For cell migration and invasion assays, 6.5-mm transwells with 8.0-
µm pore polycarbonate membrane inserts (BD Biosciences, Franklin Lakes, New Jersey, USA; 3403) were used 
in this study, following the protocol as  described42. Briefly, cells were pretreated with CBD for 24 h as indicated at 
different concentrations and then 1.5 × 104 cells/well in 100 µL of serum-free DMEM media (Lonza) were added 
in the upper chamber. For invasion assays, 10 µg/mL of Matrigel (Gibco) was added into the upper chamber 

Figure 7.  Schematic representation of the proposed anti-cancer mechanisms by CBD treatment on HMEECs.

http://www.cellbank.snu.ac.kr
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and polymerized at 37 °C for 2 h, and then the indicated amounts of cells were seeded. The lower chamber of 
transwells were filled with 600 µL of media containing 20% FBS. Cells were allowed to migrate or invade for 24 h, 
and then migrated cells were stained with Diff-Quick (Sysmex, Kobe, Japan; 24606) stain, following the protocol 
as  described43, and observed under a microscope.

Trypan blue staining assay. FaDu cells (2 × 104 cells/well) were seeded in 24-well plates, and maintained 
in complete media for 24 h. The next day, cells were treated with 0, 0.25, 2.5, 10, or 20 µM CBD for 24 h. Prepared 
trypan blue solution (0.4%) (Sigma; T8154) was used to distinguish between viable and non-viable cells.

Mouse xenograft tumor model. Animal studies were approved by the Institutional Animal Care and 
Use Committee (IACUC) and all animals were maintained in a Specific Pathogen-Free (SPF) animal facility 
according to the guidelines of the IACUC of Korea. Six-week-old female Immunodeficient mice (BALB/c) were 
purchased from Orient Bio (Seoung-Nam, Republic of Korea) and utilized in this in vivo study. Five mice were 
tested in each group. FaDu (2 × 106) cells were subcutaneously injected or into the tongue and mice were then 
housed for 3 days. For the subcutaneously implanted tumor model, CBD was administered orally at 5 mg/kg 
body weight for 4 times in a week. Mice implanted with FaDu cells into their tongue were added to CBD (5 mg/
kg) by intraperitoneal (i.p) administration 3 times per week. Cisplatin (2.5 mg/kg) was intraperitoneally injected 
every week. The tumor size was determined every 2–3 days and calculated using the formula: V = L × W2/2 as 
 described44. Tumors were weighed after animals were sacrificed at 4 weeks.

Colony formation assay. FaDu (1 × 102) cells were seeded in 6-well plates, and then treated with CBD or 
anti-cancer drugs. After 2 weeks, colonies were fixed in 4% paraformaldehyde for 5 min and stained with crystal 
violet (Sigma; V5265). The colonies were calculated and normalized to the number of colonies in the untreated 
control group.

Apoptosis assay. Apoptosis assay for HNSCCs was performed using a FITC Annexin V/Propidium Iodide 
(PI) detection kit (BD Biosciences) as  described42, and determined by flow cytometry. After treatment with 0, 3, 
6, or 10 µM CBD for 24 h, the cells were harvested and mixed with Annexin V and PI in the dark for 30 min at 
room temperature.

RNA extraction and quantitative real time RT‑PCR. RNA was obtained from HNSCC using TRIZOL 
reagent (Invitrogen, Carlsbad, CA, USA) to analyze differentially expressed gene. cDNA reverse-transcribed 
using a PrimeScrip 1st strand cDNA synthesis kit (Takara Bio, Tokyo, Japan) from 1 μg RNA, according to the 
manufacturer’s instructions. Quantitative real-time polymerase chain reaction (qRT-PCR) was carried out in 
an ABI Prism 7300 Detection System (Applied Biosystems) using ABI SYBR green dye (Applied Biosystems, 
Foster City, CA, USA). The  2(−∆∆Ct) method was used to analyze relative expression levels of mRNA and values 
were normalized to that of GAPDH45. The specific primer sequences are shown in a supplemental experimental 
procedure.

Western blot analysis. HNSCC cells were cultured in 6-well culture plates with 5 × 105 cells/well and 
exposed to CBD in FBS-free medium and further incubated for 24 h. Collected cells were lysed and then same 
amount of proteins were loaded by 8–12% sodium dodecyl sulfate polyacrylamide gel electrophoresis. The 
proteins were transferred to membranes, which were then blocked with 5% (w/v) skim milk contained TBST 
(494 mM Tris, 2.74 M NaCl, 54 mM KCl, adjusted to pH 7.4 using HCl) for 30 min at room temperature. The 
membrane blots were probed with primary antibodies against cleaved PARP (1:1000; Cell Signaling Technol-
ogy, Danvers, Massachusetts, USA; 5625S), cleaved Caspase-7 (1:1000; Cell Signaling Technology; 8438S), LC3 
(1:1000; Cell Signaling Technology; 4108S), and β-actin (1:2000; Santa Cruz Biotechnology, Dallas, Texas, USA; 
sc-47778). The following day, the membranes were incubated with a secondary antibody against horseradish 
peroxidase-conjugated anti-rabbit or anti-mouse IgG (Invitrogen, 1:5000) for 1 h at room temperature and then 
images were captured using a Fusion Solo Imaging System (Vilber Lourmat, Marne-La-Vallée, France). Full-
length gels and blots are included in a supplemental experimental procedure.

RNA‑seq. Total RNA was isolated from FaDu, Hep2, and SCC15 cell lines either untreated or treated with 
CBD using TRIZOL reagent (Invitrogen) and then quantified in a Nanodrop ND-2000 spectrophotometer. RNA 
purity was checked using Agilent 2100 Bioanalyzer. Ion Torrent sequencing libraries were prepared, accord-
ing to the AmpliSeq Library prep kit protocol (Thermo Fisher, Part# MAN0010742) as  described46. An Ion 
AmpliSeqTM Transcriptome library was constructed with the Ion Transcriptome Human Gene Expression Kit 
(Thermo Fisher, SKU # A26325) as per manufacturer’s protocol. 50 ng of total RNA was used for cDNA library 
preparation and amplified by the Ion AmpliSeq Transcriptome Human Gene Expression kit (over 20,000 human 
RefSeq genes). Adapters and barcodes were ligated to the library amplicons followed by magnetic bead purifica-
tion. The concentrated library was measured using an Ion Library TaqMan Quantitation Kit (Thermo Fisher, 
SKU#4468802), according to the manufacturer’s procedure. Multiple libraries were combined together with 
equal molar ratios for one Ion 550 chip and clonally amplified using the Ion Chef System (Thermo Fisher), and 
then sequenced on an Ion Torrent S5xI machine (Thermo Fisher).

Sequence in Ampliseq transcriptome target regions were read with the Torrent Mapping Alignment Program 
(TMAP) and sequences were quality-controlled by Casava v1.8.2 Pipeline and Cutadapt v1.647,48. The result genes 
were normalized, and deferential expression tested using DESeq2 and Bioconductor  package49,50. The Benjamini 
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and Hochberg correction was used to obtain adjusted p values < 0.05. Genes that were up- and down-regulated 
by twofold or more each were assessed for functional and pathway enrichment analysis, such as Gene Ontol-
ogy (GO) using the Database for Annotation, Visualization and Integrated Discovery (DAVID) bioinformatics 
 resources51. Heatmaps were generated with Multi Experiment Viewer 4.9.0 (MeV 4.9.0)52.

Statistical analysis. All representative data were presented as mean ± standard deviation (SD) from at least 
in triplicate experiments. Statistical analysis was carried out using the student’s two-tailed t test and one-way 
ANOVA in SPSS software. p values of < 0.05 (*), 0.01 (**), and 0.001 (***) were considered statistically significant.

Received: 24 March 2020; Accepted: 11 November 2020

References
 1. Shrivastava, S. et al. Identification of molecular signature of head and neck cancer stem-like cells. Sci. Rep. 5, 7819. https ://doi.

org/10.1038/srep0 7819 (2015).
 2. Vigneswaran, N. & Williams, M. D. Epidemiologic trends in head and neck cancer and aids in diagnosis. Oral Maxillofac. Surg. 

Clin. N. Am. 26, 123–141. https ://doi.org/10.1016/j.coms.2014.01.001 (2014).
 3. Srivastava, G. et al. Anticancer activity of pyrithione zinc in oral cancer cells identified in small molecule screens and xenograft 

model: implications for oral cancer therapy. Mol. Oncol. 9, 1720–1735. https ://doi.org/10.1016/j.molon c.2015.05.005 (2015).
 4. Khan, Z. et al. Growth inhibition and chemo-radiosensitization of head and neck squamous cell carcinoma (HNSCC) by survivin-

siRNA lentivirus. Radiother. Oncol. https ://doi.org/10.1016/j.radon c.2015.12.007 (2015).
 5. Dasari, S. & Tchounwou, P. B. Cisplatin in cancer therapy: molecular mechanisms of action. Eur. J. Pharmacol. 740, 364–378. https 

://doi.org/10.1016/j.ejpha r.2014.07.025 (2014).
 6. Feldman, R. et al. Molecular profiling of head and neck squamous cell carcinoma. Head Neck 38(Suppl 1), E1625–E1638. https ://

doi.org/10.1002/hed.24290  (2016).
 7. Larkins, E. et al. FDA Approval summary: pembrolizumab for the treatment of recurrent or metastatic head and neck squa-

mous cell carcinoma with disease progression on or after platinum-containing chemotherapy. Oncologist 22, 873–878. https ://doi.
org/10.1634/theon colog ist.2016-0496 (2017).

 8. Shannon, S. & Opila-Lehman, J. Cannabidiol oil for decreasing addictive use of marijuana: a case report. Integr. Med. (Encinitas, 
CA) 14, 31–35 (2015).

 9. Prud’homme, M., Cata, R. & Jutras-Aswad, D. Cannabidiol as an intervention for addictive behaviors: a systematic review of the 
evidence. Subst. Abuse 9, 33–38. https ://doi.org/10.4137/SART.S2508 1 (2015).

 10. Bruni, N. et al. Cannabinoid delivery systems for pain and inflammation treatment. Molecules 23, 2478. https ://doi.org/10.3390/
molec ules2 31024 78 (2018).

 11. Hayakawa, K., Mishima, K. & Fujiwara, M. Therapeutic potential of non-psychotropic cannabidiol in ischemic stroke. Pharma-
ceuticals (Basel, Switzerland) 3, 2197–2212. https ://doi.org/10.3390/ph307 2197 (2010).

 12. Maroon, J. & Bost, J. Review of the neurological benefits of phytocannabinoids. Surg. Neurol. Int. 9, 91–91. https ://doi.org/10.4103/
sni.sni_45_18 (2018).

 13. Blázquez, C. et al. Inhibition of tumor angiogenesis by cannabinoids. FASEB J. 17, 529–531. https ://doi.org/10.1096/fj.02-0795fj e 
(2003).

 14. Qamri, Z. et al. Synthetic cannabinoid receptor agonists inhibit tumor growth and metastasis of breast cancer. Mol. Cancer Ther. 
8, 3117–3129. https ://doi.org/10.1158/1535-7163.MCT-09-0448 (2009).

 15. Śledziński, P., Zeyland, J., Słomski, R. & Nowak, A. The current state and future perspectives of cannabinoids in cancer biology. 
Cancer Med. 7, 765–775. https ://doi.org/10.1002/cam4.1312 (2018).

 16. Russo, E. B. Cannabinoids in the management of difficult to treat pain. Ther. Clin. Risk Manag. 4, 245–259. https ://doi.org/10.2147/
tcrm.s1928  (2008).

 17. Liu, C. et al. Cannabinoids promote progression of HPV-positive head and neck squamous cell carcinoma via p38 MAPK activa-
tion. J. Clin. Cancer Res. 26, 2693–2703. https ://doi.org/10.1158/1078-0432.CCR-18-3301 (2020).

 18. Lai, P., Chi, T.-Y. & Chen, G. Different levels of p53 induced either apoptosis or cell cycle arrest in a doxycycline-regulated hepa-
tocellular carcinoma cell line in vitro. Apoptosis 12, 387–393. https ://doi.org/10.1007/s1049 5-006-0571-1 (2007).

 19. Liu, J. et al. Down-regulation of GADD45A enhances chemosensitivity in melanoma. Sci. Rep. https ://doi.org/10.1038/s4159 
8-018-22484 -6 (2018).

 20. Stewart-Ornstein, J. & Lahav, G. Dynamics of CDKN1A in single cells defined by an endogenous fluorescent tagging toolkit. Cell. 
Rep. 14, 1800–1811. https ://doi.org/10.1016/j.celre p.2016.01.045 (2016).

 21. Valastyan, S. & Weinberg, R. A. Tumor metastasis: molecular insights and evolving paradigms. Cell 147, 275–292. https ://doi.
org/10.1016/j.cell.2011.09.024 (2011).

 22. Lu, D. Y. et al. Drug combination in clinical cancer treatments. Rev. Recent Clin. Trials 12, 202–211. https ://doi.org/10.2174/15748 
87112 66617 08031 45955  (2017).

 23. Shrivastava, A., Kuzontkoski, P. M., Groopman, J. E. & Prasad, A. Cannabidiol induces programmed cell death in breast cancer cells 
by coordinating the cross-talk between apoptosis and autophagy. Mol. Cancer Ther. 10, 1161–1172. https ://doi.org/10.1158/1535-
7163.Mct-10-1100 (2011).

 24. Jeong, S. et al. Cannabidiol-induced apoptosis is mediated by activation of Noxa in human colorectal cancer cells. Cancer Lett. 
447, 12–23. https ://doi.org/10.1016/j.canle t.2019.01.011 (2019).

 25. McKallip, R. J. et al. Cannabidiol-induced apoptosis in human leukemia cells: a novel role of cannabidiol in the regulation of 
p22phox and Nox4 expression. Mol. Pharmacol. 70, 897–908. https ://doi.org/10.1124/mol.106.02393 7 (2006).

 26. Carracedo, A. et al. Cannabinoids induce apoptosis of pancreatic tumor cells via endoplasmic reticulum stress-related genes. 
Cancer Res. 66, 6748–6755. https ://doi.org/10.1158/0008-5472.Can-06-0169 (2006).

 27. Salazar, M. et al. Cannabinoid action induces autophagy-mediated cell death through stimulation of ER stress in human glioma 
cells. J. Clin. Invest. 119, 1359–1372. https ://doi.org/10.1172/jci37 948 (2009).

 28. Armstrong, J. L. et al. Exploiting cannabinoid-induced cytotoxic autophagy to drive melanoma cell death. J. Invest. Dermatol. 135, 
1629–1637. https ://doi.org/10.1038/jid.2015.45 (2015).

 29. Erener, S. et al. Inflammasome-activated caspase 7 cleaves PARP1 to enhance the expression of a subset of NF-κB target genes. 
Mol. Cell 46, 200–211. https ://doi.org/10.1016/j.molce l.2012.02.016 (2012).

 30. Kidger, A. M. & Keyse, S. M. The regulation of oncogenic Ras/ERK signalling by dual-specificity mitogen activated protein kinase 
phosphatases (MKPs). Semin. Cell. Dev. Biol. 50, 125–132. https ://doi.org/10.1016/j.semcd b.2016.01.009 (2016).

https://doi.org/10.1038/srep07819
https://doi.org/10.1038/srep07819
https://doi.org/10.1016/j.coms.2014.01.001
https://doi.org/10.1016/j.molonc.2015.05.005
https://doi.org/10.1016/j.radonc.2015.12.007
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1002/hed.24290
https://doi.org/10.1002/hed.24290
https://doi.org/10.1634/theoncologist.2016-0496
https://doi.org/10.1634/theoncologist.2016-0496
https://doi.org/10.4137/SART.S25081
https://doi.org/10.3390/molecules23102478
https://doi.org/10.3390/molecules23102478
https://doi.org/10.3390/ph3072197
https://doi.org/10.4103/sni.sni_45_18
https://doi.org/10.4103/sni.sni_45_18
https://doi.org/10.1096/fj.02-0795fje
https://doi.org/10.1158/1535-7163.MCT-09-0448
https://doi.org/10.1002/cam4.1312
https://doi.org/10.2147/tcrm.s1928
https://doi.org/10.2147/tcrm.s1928
https://doi.org/10.1158/1078-0432.CCR-18-3301
https://doi.org/10.1007/s10495-006-0571-1
https://doi.org/10.1038/s41598-018-22484-6
https://doi.org/10.1038/s41598-018-22484-6
https://doi.org/10.1016/j.celrep.2016.01.045
https://doi.org/10.1016/j.cell.2011.09.024
https://doi.org/10.1016/j.cell.2011.09.024
https://doi.org/10.2174/1574887112666170803145955
https://doi.org/10.2174/1574887112666170803145955
https://doi.org/10.1158/1535-7163.Mct-10-1100
https://doi.org/10.1158/1535-7163.Mct-10-1100
https://doi.org/10.1016/j.canlet.2019.01.011
https://doi.org/10.1124/mol.106.023937
https://doi.org/10.1158/0008-5472.Can-06-0169
https://doi.org/10.1172/jci37948
https://doi.org/10.1038/jid.2015.45
https://doi.org/10.1016/j.molcel.2012.02.016
https://doi.org/10.1016/j.semcdb.2016.01.009


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20622  | https://doi.org/10.1038/s41598-020-77674-y

www.nature.com/scientificreports/

 31. Sebolt-Leopold, J. S. & Herrera, R. Targeting the mitogen-activated protein kinase cascade to treat cancer. Nat. Rev. Cancer 4, 
937–947. https ://doi.org/10.1038/nrc15 03 (2004).

 32. Shen, J. et al. DUSP1 inhibits cell proliferation, metastasis and invasion and angiogenesis in gallbladder cancer. Oncotarget 8, 
12133–12144. https ://doi.org/10.18632 /oncot arget .14815  (2017).

 33. Wang, J., Zhou, J.-Y., Kho, D., Reiners, J. J. Jr. & Wu, G. S. Role for DUSP1 (dual-specificity protein phosphatase 1) in the regulation 
of autophagy. Autophagy 12, 1791–1803. https ://doi.org/10.1080/15548 627.2016.12034 83 (2016).

 34. Hsu, L.-S. et al. KLF6 inhibited oral cancer migration and invasion via downregulation of mesenchymal markers and inhibition 
of MMP-9 activities. Int. J. Med. Sci. 14, 530–535. https ://doi.org/10.7150/ijms.19024  (2017).

 35. Beck, T. N. et al. EGFR and RB1 as dual biomarkers in HPV-negative head and neck cancer. Mol. Cancer Ther. 15, 2486–2497. 
https ://doi.org/10.1158/1535-7163.Mct-16-0243 (2016).

 36. Sangodkar, J. et al. Targeting the FOXO1/KLF6 axis regulates EGFR signaling and treatment response. J. Clin. Invest. 122, 2637–
2651. https ://doi.org/10.1172/JCI62 058 (2012).

 37. Helleday, T. The underlying mechanism for the PARP and BRCA synthetic lethality: clearing up the misunderstandings. Mol. 
Oncol. 5, 387–393. https ://doi.org/10.1016/j.molon c.2011.07.001 (2011).

 38. Cheung, C. H. Y. et al. MCM2-regulated functional networks in lung cancer by multi-dimensional proteomic approach. Sci. Rep. 
7, 13302–13302. https ://doi.org/10.1038/s4159 8-017-13440 -x (2017).

 39. Takanezawa, Y., Nakamura, R., Sone, Y., Uraguchi, S. & Kiyono, M. Atg5-dependent autophagy plays a protective role against 
methylmercury-induced cytotoxicity. Toxicol. Lett. 262, 135–141. https ://doi.org/10.1016/j.toxle t.2016.09.007 (2016).

 40. Chou, T. C. Drug combination studies and their synergy quantification using the Chou–Talalay method. Cancer Res. 70, 440–446. 
https ://doi.org/10.1158/0008-5472.Can-09-1947 (2010).

 41. Offman, M. N. et al. Rational engineering of L-asparaginase reveals importance of dual activity for cancer cell toxicity. Blood 117, 
1614–1621. https ://doi.org/10.1182/blood -2010-07-29842 2 (2011).

 42. Hu, A. et al. Curcumin as therapeutics for the treatment of head and neck squamous cell carcinoma by activating SIRT1. Sci. Rep. 
5, 13429. https ://doi.org/10.1038/srep1 3429 (2015).

 43. Nishimura, Y. et al. Overexpression of YWHAZ relates to tumor cell proliferation and malignant outcome of gastric carcinoma. 
Br. J. Cancer 108, 1324–1331. https ://doi.org/10.1038/bjc.2013.65 (2013).

 44. Faustino-Rocha, A. et al. Estimation of rat mammary tumor volume using caliper and ultrasonography measurements. Lab Anim. 
42, 217–224. https ://doi.org/10.1038/laban .254 (2013).

 45. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) Method. Methods (San Diego, CA) 25, 402–408. https ://doi.org/10.1006/meth.2001.1262 (2001).

 46. Dyjack, N. et al. Minimally invasive skin tape strip RNA sequencing identifies novel characteristics of the type 2-high atopic 
dermatitis disease endotype. J. Allergy Clin. Immunol. 141, 1298–1309. https ://doi.org/10.1016/j.jaci.2017.10.046 (2018).

 47. Martin, M. CUTADAPT removes adapter sequences from high-throughput sequencing reads. EMBnet. J. https ://doi.org/10.14806 
/ej.17.1.200 (2011).

 48. Nakazato, T., Ohta, T. & Bono, H. Experimental design-based functional mining and characterization of high-throughput sequenc-
ing data in the sequence read archive. PLoS ONE 8, e77910. https ://doi.org/10.1371/journ al.pone.00779 10 (2013).

 49. Love, M., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-Seq data with DESeq2. Genome 
Biol 15, 550. https ://doi.org/10.1186/s1305 9-014-0550-8 (2014).

 50. Huber, W. et al. Orchestrating high-throughput genomic analysis with bioconductor. Nat. Methods 12, 115–121. https ://doi.
org/10.1038/nmeth .3252 (2015).

 51. Huang, D. W. et al. DAVID bioinformatics resources: expanded annotation database and novel algorithms to better extract biology 
from large gene lists. Nucl. Acids Res. 35, W169–W175. https ://doi.org/10.1093/nar/gkm41 5 (2007).

 52. Howe, E. A., Sinha, R., Schlauch, D. & Quackenbush, J. RNA-Seq analysis in MeV. Bioinformatics 27, 3209–3210. https ://doi.
org/10.1093/bioin forma tics/btr49 0 (2011).

Acknowledgements
This work was supported by a Korea University grant and the National Research Foundation of Korea (NRF) 
grant funded by the Korea government (MSIT) (No. 2017R1A2B4005163).

Author contributions
Y.Y.G. and J.J.S.: Designed the experiments. Y.Y.G., S.R.K. and D.Y.K.: Performed the experiments. Y.Y.G. and 
J.J.S.: Analyzed and Interpreted the data. S.W.C. and J.J.S.: Acquisition of data (provided facilities and animals). 
Y.Y.G. and J.J.S.: Wrote the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-77674 -y.

Correspondence and requests for materials should be addressed to J.-J.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/nrc1503
https://doi.org/10.18632/oncotarget.14815
https://doi.org/10.1080/15548627.2016.1203483
https://doi.org/10.7150/ijms.19024
https://doi.org/10.1158/1535-7163.Mct-16-0243
https://doi.org/10.1172/JCI62058
https://doi.org/10.1016/j.molonc.2011.07.001
https://doi.org/10.1038/s41598-017-13440-x
https://doi.org/10.1016/j.toxlet.2016.09.007
https://doi.org/10.1158/0008-5472.Can-09-1947
https://doi.org/10.1182/blood-2010-07-298422
https://doi.org/10.1038/srep13429
https://doi.org/10.1038/bjc.2013.65
https://doi.org/10.1038/laban.254
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.jaci.2017.10.046
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0077910
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/nmeth.3252
https://doi.org/10.1038/nmeth.3252
https://doi.org/10.1093/nar/gkm415
https://doi.org/10.1093/bioinformatics/btr490
https://doi.org/10.1093/bioinformatics/btr490
https://doi.org/10.1038/s41598-020-77674-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cannabidiol enhances cytotoxicity of anti-cancer drugs in human head and neck squamous cell carcinoma
	Results
	Cytotoxic effect of CBD on HNSCC cells. 
	Anti-tumor effect of CBD in vivo. 
	CBD enhances the effect of anti-cancer drugs in HNSCCs. 
	CBD induces apoptosis and autophagy in HNSCC cells. 
	Genome-wide changes triggered by CBD in HNSCCs: DNA damage and cell cycle arrest. 

	Discussion
	Materials and methods
	Cell line and culture procedure. 
	Reagents and cell viability assay. 
	Cell migration and invasion assays. 
	Trypan blue staining assay. 
	Mouse xenograft tumor model. 
	Colony formation assay. 
	Apoptosis assay. 
	RNA extraction and quantitative real time RT-PCR. 
	Western blot analysis. 
	RNA-seq. 
	Statistical analysis. 

	References
	Acknowledgements


