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Abstract

JWH-015, a cannabinoid receptor 2 (CB2) agonist has tumor regressive property in various cancer 

types. However, the underlying mechanism by which it acts in lung cancer is still unknown. Tumor 

associated macrophage (TAM) intensity has positive correlation with tumor progression. Also, 

macrophages recruited at the tumor site promote tumor growth by enhancing epithelial to 

mesenchymal (EMT) progression. In this study, we analyzed the role of JWH-015 on EMT and 

macrophage infiltration by regulation of EGFR signaling. JWH-015 inhibited EMT in NSCLC 

cells A549 and also reversed the mesenchymal nature of CALU-1 cells by downregulation of 

EGFR signaling targets like ERK and STAT3. Also, in vitro co-culture experiments of A549 with 

M2 polarized macrophages provided evidence that JWH-015 decreased migratory and invasive 

abilities which was proved by reduced expression of FAK, VCAM1 and MMP2. Furthermore, it 

decreased macrophage induced EMT in A549 by attenuating the mesenchymal character by 

downregulating EGFR and its targets. These results were confirmed in an in vivo subcutaneous 

syngenic mouse model where JWH-015 blocks tumor growth and also inhibits macrophage 

recruitment and EMT at the tumor site which was regulated by EGFR pathway. Finally, JWH-015 

reduced metastatic lesions in a tail vein syngenic mouse model. These data confer the impact of 

this cannabinoid on anti-proliferative and anti-tumorigenic effects, thus enhancing our 

understanding of its therapeutic efficacy in NSCLC. Our findings open new avenues for 

cannabinoid receptor CB2 agonist- JWH-015 as a novel and potential therapeutic target based on 

EGFR downregulation mechanisms in NSCLC.
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INTRODUCTION

Lung cancer is one of the major causes of cancer related deaths worldwide. Non-small cell 

lung cancer (NSCLC), the most common form of lung cancer, contributes to about 85% of 

cases with possibility of advanced stages in two-thirds of NSCLC patients. Adenocarcinoma 

and squamous cell carcinoma, the two most common histological subtypes of lung cancer 

are categorized as NSCLC. Tumor heterogeneity in NSCLC leads to poor patient outcome 

and drug resistance complications [1-2].

The genetic abnormalities associated with lung cancer are attributed to alterations in the 

signaling pathways which are targets for drug therapies. Most of these stimulatory signaling 

pathways are driven to malignant phenotype characterized by uncontrolled proliferation and 

apoptosis escape mechanism. Epidermal growth factor receptor (EGFR) is a member of 

family of four Receptor tyrosine kinases (RTKs) EGFR (ERBB1, HER1), ERBB2 (HER2, 

Neu), ERBB3 (HER3) and ERBB4 (HER4) [3]. EGFR is frequently overexpressed or 

mutated in NSCLC and was the first mutation identified to be more aberrated in non-

smoking lung cancer patients. Hence, EGFR has been considered as a predicted biomarker 

in NSCLC patients which led to rise of several TKI (Tyrosine Kinase Inhibitors) [4]. 

Targeting EGFR would lead to better treatment of lung cancer in future.

Epithelial to Mesenchymal Transition (EMT) is a dynamic, significant event in cancer 

progression. EMT is correlated with malignant properties like migration, invasion, evasion 

of apoptosis, stemness, metastasis, etc. in vitro and in vivo. E-cadherin dysfunction 

contributes to poor patient prognosis in lung cancer. Also, EMT markers have been clinically 

associated with pathology of NSCLC [5]. EGFR is frequently attributed to dysfunction in 

tumors of epithelial origin, leading to EMT like features. In NSCLC cell line A549, EGF 

stimulates EMT by inducing a morphological change, downregulation of epithelial marker 

E-cadherin and upregulation of mesenchymal markers N-cadherin, fibronectin and vimentin. 

Loss of E-cadherin leads to disruption of cell-cell junctions, thus making the cells more 

motile and migratory. MMPs (matrix metalloproteinases) are secreted which degrade the 

ECM (extra-cellular matrix), thus allowing the cells to become more invasive, ultimately 

leading to metastasis to distant organs [6-7]. Reports suggest that EMT can lead to acquired 

resistance to conventional EGFR-TKI chemotherapeutic drugs, thus increasing the difficulty 

in lung cancer treatment.

The tumor microenvironment (TME) comprises of variety of cell types like cancer 

associated fibroblasts (CAF), natural killer (NK) cells, tumor associated macrophages 

(TAM), myeloid derived suppressor cells (MDSC), endothelial cells, etc. These infiltrated 

cells secrete various factors which play crucial role in cancer progression, EMT and 

metastasis. Emerging targets focus on the interplay between cancer cells and their 

microenvironment [8-9]. Macrophages are involved in regulation of tissue homeostasis, 

inflammation and are associated with several pathological diseases. TAM density is 

inversely correlated with patient prognosis in various cancer types. Also, TAMs have been 

related to angiogenesis, invasion, metastasis and immune modulation in different carcinomas 

[10]. Reports suggest that M2 macrophages induce EMT by regulating TLR4/IL-10 

signaling in pancreatic cancer cells [11]. In hepatoma cells, activated macrophages enhance 

Ravi et al. Page 2

Mol Carcinog. Author manuscript; available in PMC 2020 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the migratory and invasive properties, leading to decreased E-cadherin levels [12]. Also, 

macrophages secreted activators for EGFR and STAT3 which enhanced the invasiveness in 

breast tumors [13]. These confirm a strong crosstalk between macrophages and tumor 

progression, mainly through stimulation of EMT.

The cannabinoid family is categorized into endogenous, synthetic and phytocannabinoids 

which activate specific G-protein coupled receptors- CB1 and CB2. CB1 is mainly 

expressed in the brain and CNS whereas CB2 is expressed in immune system. The use of 

cannabinoid agonists as anti-cancer agents has proven successful in various in vitro and in 
vivo cancer models such as glioma, breast, prostate, colon, leukemia and lymphoid tumors. 

They have been shown to modulate various cell survival pathways such as ERK, PI3K, p38 

MAPK, AKT and ceramide pathways [14]. JWH-015 is a synthetic CB2 agonist which 

possesses anti-proliferative and anti-invasive effects in various cancer types [15-17]. 

Although JWH-015 is involved in modulating various signaling pathways, not much is 

known about how it regulates EGFR signaling in NSCLC.

In our present study, we show that JWH-015 has anti-migratory and anti-invasive effects in 

NSCLC cells. Also, we hypothesize that JWH-015 inhibits recruitment of macrophages to 

the tumor site by inhibiting EMT. This may be possible through downregulation of EGFR 

signaling by JWH-015 at the tumor site which might be activated by EGF secreted by the 

macrophages. We prove our hypothesis by performing in vitro co-culture experiments as 

well as in vivo. This study shall pave the way for novel target affecting EGFR pathway, 

which might be useful in NSCLC, considering the resistance of this cancer to various EGFR 

targeting drugs.

MATERIALS AND METHODS

Cell culture

Human NSCLC- A549 cells (ATCC) were cultured in DMEM (Corning Cellgro). Murine 

lung cancer ED1 cells (kindly provided by Dr. Ethan Dmitrovsky), CALU1 and THP1 cells 

(ATCC) were cultured in RPMI-1640 (Corning Cellgro). The media were supplemented 

with 10% FBS (Corning Cellgro) and 1% penicillin/ streptomycin (Corning Cellgro).

Reagents and antibodies

JWH-015 and SR144528 were purchased from Tocris Bioscience. Antibodies used were P-

AKT, E-cadherin (Cell Signaling), P-ERK, ERK, AKT, GAPDH, P-EGFR, EGFR, 

VCAM-1, STAT3 (Santa Cruz), N-cadherin, P-FAK (Abcam), P-STAT3 (BD Biosciences).

Real Time Reverse Transcription PCR

RNA was isolated from tumors using TriZol (Invitrogen). RT-PCR was performed as 

described earlier [18].

Immunochemical (IHC) analyses

IHC was performed as described earlier [19-22].
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MTT assay

Cells were seeded at a density of 5000 cells per well in 96 well plates and allowed to grow 

for 24h. Briefly, cells were treated for 48h and cell viability was measured using the MTT 

assay (Roche) as described in the supplier’s protocols, based on the absorbance reading at 

570nm with respect to the control.

Chemotaxis assays

For migration assay, 8μm transwell plates (Corning-Costar) were used. Briefly, cells were 

seeded in upper chamber and EGF (100ng/ml) or conditioned media from M2 macrophages 

were added to lower chambers [21,23]. 12 hours later, cells that migrated to lower chamber 

were fixed, stained using Hema stain and counted. For invasion assay, pre-coated Matrigel 

invasion chambers (BD Falcon) were used. After 24 hours of stimulation similar to 

migration assay, invaded cells were stained and counted. [21,24].

Immunofluorescence

Cells were seeded in 8 well chamber slides, treated, fixed and incubated with primary 

antibodies overnight at 4°C. After washing, cells were stained with Alexa Fluor- 488 or 594 

conjugated secondary IgG antibodies and visualized under Olympus FV1000 Filter confocal 

microscope.

Western blotting

Cells were washed, lysed and protein estimation was performed using Bradford assay. 

Aliquots of cellular lysates (50μg) were electrophoresed on Novex SDS-PAGE, transferred 

to nitrocellulose membrane and blocked with 5% non-fat dry milk for an hour at room 

temperature. The membranes were probed overnight with specific primary antibody (1:1000) 

overnight at 4°C. After washing thrice with 1X TBST, blots were exposed to secondary 

antibody (1:2000) for an hour, washed thrice and detected using ECL chemiluminescence 

(Thermo Scientific).

Mouse xenograft model

EDI cells (3×106) in 100μl PBS were injected subcutaneously into the left flank of each 

syngenic 7 week old male FVB mouse. Once the tumors reached palpable size, they were 

treated with JWH-015 (7.5mg/kg) (n=5), for 3 weeks and sacrificed.

in vivo tumorigenicity assay

ED1 cells (1×106) in 100μl PBS were injected by tail vein in syngenic 7 week old male FVB 

mice. After a week of injection, mice were treated with ethanol control or JWH-015 

(7.5mg/kg) (n=5), intraperitoneally for 3 weeks. After treatment, lungs were isolated and 

surface metastatic lesions were counted.

Flow cytometry

For FACS, single cell suspensions from tumor infiltrating cells were blocked with 1% FBS 

in PBS and incubated with anti-F4/80 PE, anti-CD11b APC, and anti-CD206 Alexa Fluor 
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488 for 1h. Then, the cells were washed and analyzed with FACS Caliber using CellQuest 

software (BD Biosciences).

Statistical analysis

Results were represented as mean ± SD which were analyzed using Student’s two-tailed t 

test. A value of P<0.05 was considered to be statistically significant.

RESULTS

JWH-015 inhibirs EGF induced proliferation in NSCLC cells

Previously, we have shown that JWH-015 exerts its effects by activating CB2 receptor in 

breast and lung cancer cells [15,17]. To understand the function of this ligand and how 

activation of CB2 affects EGFR pathway, we initially checked for the expression of CB2 and 

EGFR in lung cancer cell lines- A549 (epithelial cells), CALU-1 (mesenchymal cells) and 

ED1 (murine cells). Both the receptors were expressed in these cells (Fig. 1A). Also, 

JWH-015 significantly inhibited EGF induced proliferation in these cell lines (Fig. 1B, C, 

D).

JWH-015 inhibits EGF induced EMT in A549 cells

To study the effect of JWH-015 on EGF mediated proliferation, we performed colony 

formation assay, the ability of single cell to form clones. JWH-015 potently decreased the 

number of colonies in absence as well as presence of EGF in A549 cells (Fig. 2A). Cell 

migration is initiated by protrusion into the dense ECM and moving through this membrane 

with the help of actin rich structures in cell membranes. This movement is highly enhanced 

by secretion of chemoattractants like EGF which activate cancer cells [25]. JWH-015 

inhibited EGF directed cell migration in A549 as shown by migration assay (Fig. 2B). This 

activity of JWH-015 was reverted when CB2 antagonist- SR144528 was used, proving the 

direct implication of CB2 receptor in this growth inhibitory effect.

Cancer progression begins with dissemination of tumor cells from the extra-cellular matrix 

(ECM) into other distant sites. The initial event involves detachment of cells due to 

regulation of cell adhesion molecules (CAM) like cadherins, integrins, selectins and 

immunoglobulin superfamily [26]. To test how JWH-015 affects the ability of cancer cells to 

detach from the tumor site and become more motile, we treated A549 cells with JWH-015 

for 48h and checked for markers involved in ECM regulation like FAK, VCAM1 and 

MMP2. Focal adhesion kinase (FAK) is a tyrosine kinase that is activated by ECM-integrin 

binding. Activated FAK is involved in various cellular functions involved in tumorigenesis 

like cell adhesion, migration, invasion and evasion of apoptosis [26-27]. Vascular cell 

adhesion molecule-1 (VCAM-1), an adhesion molecule that belongs to the immunoglobulin 

superfamily promotes adhesion of tumor cells to vascular endothelial cells which ultimately 

leads to tumor angiogenesis and metastasis [28]. JWH-015 significantly inhibited p-FAK 

and VCAM-1 (Fig. 2C).

A549 is a human lung adenocarcinoma cell line with epithelial characteristics. It has been 

shown that the ligand EGF induced EMT in A549, thus converting it from epithelial to 

Ravi et al. Page 5

Mol Carcinog. Author manuscript; available in PMC 2020 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fibroblastic, mesenchymal phenotype [29]. EMT is marked by downregulation of epithelial 

markers like E-cadherin and upregulation of mesenchymal markers like N-cadherin, Snail, 

Slug and Vimentin. Also, loss of E-cadherin leads to loss of adherent junctions that exist 

between cells. The mesenchymal property helps the cells disperse and invade the basement 

membrane, thus becoming more migratory [8].

To study the effect of JWH-015 on EMT progression, we induced A549 cells with EGF to 

stimulate EMT in the presence or absence of JWH-015 and analyzed various EMT markers. 

As expected, EGF induced EMT by upregulation and downregulation of mesenchymal and 

epithelial markers respectively. Also, JWH-015 inhibited EGF induced EMT by reversing 

the EMT process. We observed decrease in mesenchymal markers like N-cadherin, Snail, 

Slug and increase in epithelial markers like E-cadherin (Fig. 2D, E, F). These results show 

that JWH-015 inhibits EMT by downregulation of EGFR pathway in A549 cells.

JWH-015 promotes mesenchymal to epithelial transition in CALU-1 cells

CALU-1 is a human lung adenocarcinoma cell line with fibroblastic, spindle shaped 

morphology, characteristic of mesenchymal property [30]. We further investigated the role of 

JWH-015 on EMT by assessing whether it can revert the mesenchymal phenotype to 

epithelial morphology. We initially checked for the effect of JWH-015 on proliferation of 

cells. JWH-015 inhibited EGF induced proliferation as shown by colony formation assay 

(Fig. 3A).

A crucial step in EMT progression is the ability of cells to elongate, migrate and invade the 

ECM barrier by degradation of various enzymes secreted by the membrane. This migratory-

invasive feature is the hallmark for metastasis. JWH-015 potently inhibited EGF induced 

migration (Fig. 3B) and invasion (Fig. 3C) in CALU-1 cells. The effects of JWH-015 in 

EGF induced migration were abrogated in the presence of CB2 antagonist- SR144528, thus 

showing CB2 dependent inhibitory effects. Also, we observed reduced secretion of MMP-2 

in the presence of JWH-015 as shown by zymogram (Fig. 3D). MMPs are matrix 

metalloproteinases involved in ECM degradation. In early stage lung adenocarcinoma, 

higher expression of MMP-2 is involved in worse prognosis [31]. These results were 

strengthened by inhibition of other invasive markers like FAK and VCAM-1 (Fig. 3E).

Since we are interested in regulation of EGF induced EMT by JWH-015, we studied the 

signaling molecules involved in EGFR pathway. Activation of this pathway leads to onset of 

various events like cancer proliferation, migration, invasion and survival. Extra-cellular 

regulated kinase (ERK) is important downstream target of EGFR [32]. We treated CALU-1 

cells with JWH-015 for 24h and then stimulated the cells with EGF at various time points to 

check the activation of EGFR targets. We found that JWH-015 decreased the 

phosphorylation of EGFR and ERK (Fig. S1).

To understand the molecular mechanism related to MET reversion, we treated CALU-1 cells 

with JWH-015 and checked for various EMT markers. We observed that JWH-015 inhibits 

and reverses the mesenchymal property of this cell line by increasing expression of epithelial 

markers like E-cadherin and decreasing mesenchymal markers like N-cadherin, Snail and 
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Slug (Fig. 3F, G). These results show that JWH-015 attenuates the mesenchymal phenotype 

of CALU-1 cells.

JWH-015 inhibits M2 macrophage induced EMT in A549 cells

Emerging therapies focus on the tumor microenvironment (TME) as a vital component of 

cancer progression and metastasis. TME is composed of different kinds of cell types which 

penetrate into the tumor site and influence changes in ECM by secreting or recruiting 

tumorigenic factors [8,33]. Macrophages, which reside in most tissues play important role in 

tumor-stromal interactions. TAMs are a unique population in TME that foster tumorigenesis 

and metastasis by secreting factors that increase invasion, alter ECM composition, cause 

immune suppression, imbalance homeostasis, etc. [11,34].

Macrophage activation can be classified into two types- M1 (classical) and M2 (alternative). 

LPS, IFN-γ trigger macrophages into M1 state, whereas, IL-4, IL-10 trigger macrophages 

into M2 state. M1 macrophages defend the host against infections and act as tumor 

suppressors. M2 macrophages suppress M1 mediated functions and promote cancer 

progression and angiogenesis [10]. Also, macrophage derived growth factors and cytokines 

alter the composition of tumor population, exhibiting a strong paracrine loop. Reports 

suggest that macrophage activation and secretion of factors into the tumor site enhances 

migration, invasiveness, promoting EMT of cancer cells [11-12].

To investigate the effect of macrophage activation and secretion of factors that affect the 

tumor progression, we performed indirect co-culture assays with human monocyte cell line 

THP1 and lung adenocarcinoma cell line A549 [33]. We stimulated THP1 cells with PMA 

together with IL-4 for 24h before indirectly co-culturing with A549 cells. IL-4 induced 

THP1 cells exibit M2 property (tumor inducing macrophages) which was verified by higher 

expression of M2 marker Arginase-I (Fig. S2). Co-culture of conditioned media (CM) of M2 

macrophages with A549 cells enhanced proliferative (Fig. 4A) and migratory (Fig. 4B, 4C) 

abilities of A549 cells which were inhibited by treatment of A549 with JWH-015. Also, M2 

macrophages increased the invasiveness of A549 which was shown by higher levels of 

invasive markers like MMP2, pFAK and VCAM-1. These markers were significantly 

decreased when A549 cells were pre-treated with JWH-015 before co-culture with M2 

macrophages (Fig. 4D, 4E).

We hypothesize that macrophages secrete factors that activate the EGFR pathway, which 

promote tumorigenesis of cancer cells by stimulating EMT process. To test our idea, we 

performed co-culture experiments of M2 macrophages with A549 cells and checked for 

EGFR targets. We observed that M2 macrophages activated pSTAT3, pERK in A549 cells 

which were inhibited by treatment of A549 with JWH-015 (Fig. 4F). These data show that 

macrophages secrete ligands/factors that stimulate EGFR signaling in lung cancer cells that 

is markedly inhibited by JWH-015 treatment.

To further validate our data, we checked for EMT markers in the M2-macrophage-A549 co-

culture experiment. M2 macrophages promoted EMT in A549 cells which was attenuated by 

JWH-015. This was proved by downregulation of mesenchymal markers like Snail, Slug and 
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N-cadherin after JWH-015 treatment (Fig. 4G, H). Hence, M2 macrophages activated EGFR 

pathway, thus inducing EMT in A549 cells which was inhibited by JWH-015.

JWH-015 inhibits NSCLC tumor growth in vivo in a subcutaneous mouse model

To evaluate the tumor suppressive effects of JWH-015, we used ED1 cells, syngenic with 

FVB mice. To confirm whether JWH-015 exerts tumor suppressive effects in this cell line, 

we performed EGF induced proliferation (Fig. S3), which was significantly inhibited by 

JWH-015. Then, we injected ED1 cells into the right flank of 7 week old male syngenic 

FVB mice to induce tumor formation. When the tumors reached palpable size, we treated 

the tumors with either ethanol control or JWH-015 (7.5 mg/kg) (n=5), thrice a week for 3 

weeks. Tumor volume was monitored and measured every week. Cannabinoid 

administration blocked the subcutaneous growth of tumor cells very significantly, as verified 

by tumor volume (Fig. 5A) and weight (Fig. 5B, C). To correlate the reduction in tumor 

growth with important cellular parameters, we performed IHC staining of tumors for Ki67 

(proliferation marker) and CD31 (vascularization marker) to dissect the effect of JWH-015 

on proliferation and angiogenesis. JWH-015 treated tumors expressed lower Ki67 and CD31 

levels compared to control (Fig. 5D, E).

JWH-015 exerts tumor inhibitory effects in in vivo tumorigenicity assay

Since we did not observe any surface lung lesions in the subcutaneous mouse model system, 

we extended our findings to in vivo tumorigenicity assay in FVB mice. Mouse ED1 lung 

cancer cells were injected intravenously into immunocompetent FVB mice. After a week of 

injection, mice were treated with ethanol control or JWH-015 (7.5 mg/kg) (n=5), 

intraperitoneally for 3 weeks and surface lung metastases were identified (Fig. 5F) and the 

metastatic lesions were counted. We observed a drastic reduction in lung colonization in 

mice treated with JWH-015 with respect to control (Fig. 5G). This proves that JWH-015 

possesses significant tumor inhibitory effects.

JWH-015 decreases macrophage recruitment to tumor site and inhibits EMT of tumor cells 
by downregulation of EGFR signaling

To further confirm our in vitro findings, we performed flow analysis of digested tumor cells 

harvested from the subcutaneous ED1 tumors. We observed that there was significant 

reduction in CD11b/F4/80/CD206 M2 macrophage population in JWH-015 treated tumors 

compared to control (Fig. 6A). There was no significant difference in other immune 

populations like CD3, CD4, CD8 T cells and CD11b/Gr1 (myeloid derived suppressor cells) 

(not shown). This was further confirmed by IHC, where there was reduced expression of 

Arginase-I (M2 macrophage marker) in tumors treated with JWH-015 compared to control 

(Fig. 6B). To investigate whether reduced macrophage recruitment inhibits EMT of tumor 

cells, we checked for EMT markers and found that there was downregulation of 

mesenchymal markers in JWH-015 treated tumors with respect to control (Fig. 6B, C).

To prove that JWH-015 inhibits macrophage induced EMT by downregulation of EGFR 

pathway, we checked for EGFR targets in tumor lysates and observed marked reduction of 

pEGFR, pSTAT3 and pERK in tumors treated with JWH-015 with respect to control (Fig. 
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6D). Also, the JWH-015 treated tumors expressed lesser MMP2 levels compared to control 

(Fig. 6E).

These results show that macrophages are recruited to the tumor site, which enhance EMT 

process by activation of EGFR pathway. This process is inhibited by treatment of tumor cells 

with JWH-015 leading to downregulation of EGFR signaling, thereby, reduced macrophage 

recruitment and attenuation of EMT (Fig.7).

DISCUSSION

Cannabinoids were originally derived from the marijuana plant Cannabis sativa. Currently, 

there are more than 60 compounds isolated from this plant, apart from the synthetic and 

endogenous cannabinoids [35-36]. Initially, they were used in patients for palliative care 

against emesis, pain, etc. Recently, they have been identified and studied for their potent 

anti-cancer properties. Evidence from the last decade proves that these cannabinoids inhibit 

tumorigenesis in various cancer types like breast, lung, brain, colon, prostate, etc. These 

compounds affect various pathways like cell cycle, inflammation, angiogenesis, 

proliferation, migration, invasion, metastasis, etc. Cannabinoids modulate this complex array 

of signaling pathways mainly through cannabinoid receptors- CB1 and CB2 [37-38].

JWH-015 is a synthetic compound that is selective for CB2 receptor. Reports suggest that 

JWH-015 inhibits growth of hepatocellular carcinoma (HCC) via activation of autophagy 

and apoptosis by AMPK activation and TRB3 regulation [39]. Also, PPARγ plays a major 

role in JWH-015 induced autophagy in HCC [40]. In prostate cancer cells, JWH-015 exerted 

anti-proliferative effects by promoting ceramide synthesis induced cell death by regulation 

of JNK and AKT signaling molecules [16]. JWH-015 exerts anti-tumorigenic effects in other 

cancer tissue types like breast [15,41], lung [17] and lymphoblastic leukemia [42]. Although 

the anti-tumorigenic effects of JWH-015 have been established in various cancer types, the 

mechanism by which JWH-015 exerts these effects is not well known, especially in lung 

cancer. Our data reveals a novel mechanism by which JWH-015 exibits its tumor 

suppressive properties in NSCLC.

In our present investigation, we identified that JWH-015 inhibits EGF induced EMT in vitro 
in an epithelial cell line A549 and a mesenchymal cell line CALU1. EGFR has contributed 

to lung cancer growth by involving in vital cellular responses like proliferation, migration, 

invasion, metastasis, etc. [3] Also, EMT, which is activated by receptor tyrosine signaling, 

oncogenes, etc. contributes to lung cancer development [5,7,43]. Our results confirm these 

data that EGF induces EMT and JWH-015 significantly inhibits this process. In epithelial 

cell line A549, EGF induced EMT promoted mesenchymal character that is reversed by 

JWH-015. This was further strengthened in mesenchymal cell line- CALU1, where 

JWH-015 inhibits mesenchymal markers and upregulates epithelial markers. Also, JWH-015 

inhibits phosphorylation of EGFR and ERK, a downstream target of EGFR pathway [44], 

thus proving that blockade of EMT is through downregulation of EGFR pathway. Finally, 

the aggressiveness of EGF induced effects like migration and invasion were reduced by 

JWH-015 by decreasing the expression of invasive markers like MMP2, VCAM-1 and FAK. 

This is of great importance considering the fact that EGF induced EMT has been shown in 
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various cancer types and expression of EMT markers like E-cadherin and vimentin may be 

used as predictive biomarkers in analyzing the efficacy of EGFR inhibitors in NSCLC [6].

Our results indicate that JWH-015 inhibits TAM induced EMT in A549 cells in an indirect 

co-culture model. The tumor microenvironment is composed of various cellular and non-

cellular elements [9,45]. Among these multiple and unique cell types, tumor associated 

macrophages (TAMs) are crucial components because of their diverse interactions with the 

cancer cells. TAMs are M2 macrophages, which are tumor promoting macrophages [10-12]. 

We prove that TAMs secrete EGF like ligands/factors which activate the EGFR pathway in 

cancer cells, thus promoting EMT. This macrophage induced EMT is significantly inhibited 

by treating A549 cancer cells with JWH-015, which downregulates the EGFR pathway. This 

data correlated with our previous result that the effects of EGF induced EMT is reversed by 

JWH-015. Thus, blockade of tumor progression and malignancy is dependent on the 

interplay between cancer cells and host cells of the tumor microenvironment.

Mouse models are very important to validate the in vitro results and also to study the 

efficacy of the anti-tumorigenic compound in vivo. Also, the regulation of the tumor 

microenvironment is well understood in vivo. We studied the effect of JWH-015 in 

subcutaneous xenografts of mouse ED1 cells in immunocompetent FVB mice. JWH-015 

significantly reduced tumor growth which was confirmed by decrease in proliferation 

marker- Ki67 and angiogenic marker- CD31. CD11b/ F4/80/ CD206 M2 macrophages 

which are recruited to the tumor site is effectively blocked by JWH-015. Finally, EMT 

markers like N-cadherin, Snail and Slug were attenuated in JWH-015 treated tumors. This 

marked reduction of EMT is due to downregulation of EGFR and its targets like ERK and 

STAT3 by JWH-015. In a metastatic tail vein model, treatment of mice with JWH-015 

reduced the number of metastatic lesions present in the lung. These experiments correlate 

our in vitro data that JWH-015 modulates the inflammatory microenvironment, thus 

inhibiting EGF mediated EMT in lung cancer cells.

Overall, the malignant properties of cancer cells can only be well understood if we study the 

crosstalk between cancer cells and the tumor microenvironment. Thus, a novel approach is 

required where the anti-tumorigenic compound has to target the tumor cells as well as affect 

its tumor microenvironment. In our study, JWH-015 was an effective anti-tumorigenic and 

anti-metastatic cannabinoid agonist. Also, it targeted the inflammatory microenvironment by 

attenuating the recruitment of tumor associated macrophages, thus inhibiting EMT in cancer 

cells by downregulation of EGFR pathway. This explores the possibility of crosstalk 

between CB2 and EGFR receptors and JWH-015 as a novel therapeutic target which is 

imperative considering the resistance of NSCLC to various chemotherapeutic drugs and its 

poor prognosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. JWH-015 inhibits EGF induced proliferation in NSCLC cells.
(A) NSCLC cell lines- A549, CALU1 and ED1 were subjected to immunoblot to determine 

expression of CB2 and EGFR. GAPDH is loading control. A549 (B), CALU1 (C) and EDI 

(D) cells were serum starved and treated with control, JWH-015 (5μM) in absence or 

presence of EGF (100ng/ml) for 48h and analyzed for viability by MTT assay. P<0.01 (**) 

as calculated by Student’s t test. Data represent mean ± SD for each experiment repeated 

three times.
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Figure 2. JWH-015 inhibits EGF induced EMT in A549 cells.
(A) 1000 individual A549 cells were subjected to colony formation assay by treating with 

control or JWH-015 (5μM) for six days. Colonies were stained and counted. (B) A549 cells 

were treated with control or JWH-015 (5μM) for 48h and subjected to EGF (100ng/ml)-

induced migration in combination with CB2 antagonist- SR144528. Number of cells 

migrated were stained and counted. (C) A549 cells were pre-treated with control (C) or 

JWH-015 at 1, 2, 3 and 4μM (J1, J2, J3, J4) for 48h and subjected to Immunoblot to 

determine expression of invasive markers like P-FAK and VCAM-1. A549 cells were pre-

treated with control or JWH-015 (2.5μM) for 24h, stimulated with EGF (100ng/ml) for 48h 

and subjected to Western blot (D) with quantification (E) or Real time PCR (F) to determine 

expression of EMT markers. Control (C), JWH-015 (J), EGF (E), JWH-015+EGF (J+E). 

P<0.05 (*) and P<0.01 (**) as calculated by Student’s t test. Data represent mean ± SD for 

each experiment repeated three times.
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Figure 3. JWH-015 promotes mesenchymal to epithelial transition in CALU-1 cells.
(A) 1000 individual CALU1 cells were subjected to colony formation assay by treating with 

control or JWH-015 (5μM) for six days. Colonies were stained and counted. CALU1 cells 

were treated with control or JWH-015 (5μM) for 48h and subjected to EGF (100ng/ml)-

induced migration in combination with CB2 antagonist- SR144528 (B) and invasion (C). 

Number of cells migrated or invaded were stained and counted. (D) CALU1 cells were 

treated with control or JWH-015 at 1, 5 and 10μM (J1, J5, J10) for 48h and supernatants 

were concentrated and run on zymogram gels. (E) CALU1 cells were pre-treated with 

control or JWH-015 at concentrations of 5 and 10μM (J5, J10) for 48h and subjected to 

Immunoblot to determine expression of P-FAK and VCAM-1. GAPDH is loading control. 

CALU1 cells were pre-treated with control or JWH-015 at 5 and 10μM (J5, J10) for 48h and 

subjected to Real time PCR (F) or Immunoblot (G) to determine expression of EMT 

markers. P<0.05 (*) and P<0.01 (**) as calculated by Student’s t test. Data represent mean ± 

SD for each experiment repeated three times.
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Figure 4. JWH-015 inhibits M2 macrophage induced EMT in A549 cells.
(A) 1000 individual A549 cells were subjected to colony formation assay by treating with 

control or JWH-015 (5μM) in the presence of M2 CM for six days. Colonies were stained 

and counted. A549 cells were treated with control or JWH-015 (5μM) for 48h and subjected 

to M2-polarized TAM CM-induced migration (B) and invasion (C). Number of cells 

migrated or invaded were stained and counted. (D) A549 cells were treated with control or 

JWH-015 (5μM) for 24h in the presence of M2 CM, then conditioned media was replaced 

by fresh media for another 48h and the supernatants were concentrated and run on 

zymogram gels. A549 cells were pre-treated with control or JWH-015 (5μM) for 24h, 

stimulated with M2 CM for 48h and subjected to Immunoblot to determine expression of P-

FAK and VCAM-1 (left panel) with quantification (right panel) (E), EGFR signaling 

pathway like P-STAT3, P-ERK (F) and EMT markers (left panel) with quantification (right 

panel) (G) and also subjected to Real time PCR (H). GAPDH is loading control. JWH-015 

(JWH), M2-polarized TAM CM (M2 CM). P<0.05 (*) as calculated by Student’s t test. Data 

represent mean ± SD for each experiment repeated three times.
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Figure 5. JWH-015 inhibits NSCLC growth in in vivo mouse models.
ED1 cells were subcutaneously injected in FVB mice and palpable tumors were treated with 

ethanol control or JWH-015 (7.5mg/kg) (n-5) every third day for 3 weeks. Tumor volume 

(A) was calculated using the formula= length x (width)2/2. (B) Representative tumors and 

(C) tumor weight measured from various experimental groups. (D) Representative 

photomicrographs of Ki67 and CD31 staining of tumors extracted from various experimental 

groups. (E) Number of Ki67 and CD31 positive cells was counted in four different fields 

using bright field microscopy in each experimental group and the average was calculated. 

ED1 cells were injected by tail vein in FVB mice and after a week, mice were treated with 

control or JWH-015 (7.5mg/kg) (n-5) for 3 weeks. After treatment, their lungs were isolated 

(F) and metastatic lesions were counted (G). P<0.05 (*) and P<0.01 (**) as calculated by 

Student’s t test. Data represent mean ± SD for each experiment repeated three times.
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Figure 6. JWH-015 decreases macrophage recruitment to tumor site and inhibits EMT of tumor 
cells by downregulation of EGFR signaling.
(A) Xenograft tumors (n-5) were subjected to flow analysis. F4/80 cells isolated were gated 

to check for CD11b+CD206+ cells to determine the population of M2 macrophages. (B) 

Representative photomicrographs of Arginase-1 and N-cadherin staining of tumors extracted 

from experimental groups. (C) Xenograft tumors (n-5) were subjected to Real Time PCR to 

determine expression of EMT markers. (D) Xenograft tumors (n-5) isolated were subjected 

to Western blot to determine expression of EGFR signaling targets. GAPDH is loading 

control. (E) Xenograft tumors (n-5) were subjected to Real Time PCR to determine 

expression of MMP2. P<0.05 (*) as calculated by Student’s t test. Data represent mean ± SD 

for each experiment repeated three times.
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Figure 7. Graphical representation.
JWH-015 inhibits EMT by inhibiting recruitment of macrophages through downregulation 

of EGFR pathway in NSCLC.
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